
The value of 1.27 holds for 450-torr xenon lamps. It has been found [6.3] from 
many flashlamp experiments that (6.5) can be generalized for other pressures and 
expressed as 

( 
p )0.2 l 

Ko = 1.27 450 d , (6.6) 

where P is the flashlamp pressure in torr. The parameter K0 obtained for krypton 
has been found to be about the same as that for xenon. 

Tube Failure 

The flash tube end-of-life can occur in either of two modes, and we can distinguish 
between catastrophic and nondestructive failures. The factors which contribute 
to catastrophic failure are explosion of the walls due to the shock wave in the 
gas when the lamp is fired, or overheating of the lamp envelope or seal and 
subsequent breakage due to excessive thermal loading of the lamp. The first 
failure mode is a function of pulse energy and pulse duration, whereas the second 
catastrophic-failure mode is determined by the average power dissipated in the 
lamp. When the flashtube is operated well below the rated maximum pulse energy 
and average power, the lamp usually does not fail abruptly. Rather, the tube will 
continue to flash with a gradual decrease in light output, which will eventually fall 
below a predetermined level necessary for the particular application. In the latter 
mode of failure, the reduced light output is caused by the erosion of the flash tube 
electrodes and of the quartz walls and by the gradual buildup of light-absorbing 
deposits within the flashtube envelope. 

Flashtube Explosion 

When a high-voltage trigger pulse is applied between the electrodes of a flash tube, 
the gas breaks down generally near the axis of the tube and a conducting filament 
is established. As energy is released into the channel, ohmic heating of the 
ambient gas causes the filament to expand radially, forming cylindrical shock 
waves. The shock front and its associated plasma travel radially from the tube axis 
to its wall. The radial velocity of the plasma discharge and the shock amplitude 
are proportional to the input energy. The velocity was measured to vary from 
about 90 to 900m/s for inputs from 60 to 600J into a 5-cm-long flashlamp 
with 6-mm bore diameter [6.11]. The cylindrical shock wave and the associated 
plasma heat cause stress on the inside of the tube wall which is axial in tension 
toward the electrodes. If the energy discharged exceeds the explosion limit for 
the lamp, the shock wave developed will be sufficiently intense to rupture the 
lamp walls and consequently destroy the lamp. 

If the lamp is operated somewhat below the explosion point, catastrophic 
failure of the lamp is preceded by the formation of hairline cracks and a milky 
deposit. The microcracks, originating around minute flaws in the quartz envelope, 
will expand with each flash, eventually resulting in lamp failure. As a result of the 
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high temperature of the expanding plasma, a steep temperature gradient is created 
near the tube surface when the plasma impinges upon the tube wall. Therefore, 
in addition to the progressive appearance of cracking and crazing of the inside 
wall, there is an associated silica deposit from evaporation and deposition [6.15]. 

Dugdale et al. [6.16] have investigated the effect of pulse heating on glass 
and ceramic surfaces. If the energy Qo per unit area is delivered to a material 
surface in time tp, a rise in surface temperature LlT takes place, given by 

(6.7) 

where K is the thermal conductivity, q, is the specific heat, and e is the density 
of the material; a is a constant between 1 and 2 depending on the heat pulse 
waveform (a = 1.08 for an exponential waveform). We can relate the pulse 
energy per unit area to the total flashlamp electrical input energy Eo by writing 

ktEo 
Qo = 1rdl ' (6.8) 

where the parameter kt depends on the type of gas and fill pressure used. During 
the heat pulse, the temperature rise is confined to a depth Llx below the surface, 
given by 

( )
1/2 

Llx =2 K~e (6.9) 

This depth lies in the range 10-4 to 10-2 em for glasses and ceramics subjected 
to heat pulses of duration 10-6 to 10-3 s. The restraint imposed by the unheated 
substrate may cause stresses l7T to develop in the hot surface layer of magnitudes 
up to 

wilT 
O"'f= --1 -JL , (6.10) 

where a is the thermal expansion of the material, IL is Poisson's ratio, and e 
is the Young's modulus of elasticity. The temperature gradient LlT which will 
cause thermal shock damage of the envelope is obtained by equating l7T with the 
rupture stress a in (6.10). From (6.7, 10) follows the lamp input pulse energy 
which will generate stresses that exceed those of the wall material. Therefore, the 
explosion energy Eex. of thin-walled flashtubes, defined as the minimum input 
energy sufficient to crack the lamp catastrophically, is 

(6.11) 

where k2 depends on the type of gas and fill pressure as well as on the physical 
and thermal properties of the lamp envelope. The explosion energy is directly 
related to the inside-wall surface area of the lamp, and to the square root of the 

288 



pulse duration. If L and d are measured in centimeters and tp is in seconds, and 
if a critically damped single-mesh discharge circuit is assumed, then it has been 
found empirically that for xenon-filled quartz flashtubes [6.2, 17] 

(6.12) 

This relation is useful for lamps with 0.5 ::;; d::;; 1.5 em and xenon fill pressures of 
300 to 450 torr, where tp is defined as the time between the one-third peak light 
output points for a damped sinusoidal waveform and the one-half light output 
points for a quasi-rectangular waveform [6.18]. Equation (6.12) cannot be applied 
directly to helical flashtubes. With helical flashtubes, radiation from adjacent 
turns effectively increases the joules-per-centimeter loading on the quartz. Eex• 
as calculated above, is a "free air" value which assumes that no radiation which 
leaves the lamp is reflected back to be reabsorbed. In an actual laser pumping 
cavity a certain fraction of the radiated energy- depending on the reflectivity of 
the cavity, its diameter, and its focal properties- is returned to the flashtube. This 
markedly increases the erosion and wear accompanying each discharge. In fact, 
the flashtube often acts as if it were being loaded with as much as 30% more 
energy than is actually being dissipated in the tube. Single-pulse explosion energy 
as a function of pulse duration is shown in Fig. 6.10 for quartz-envelope xenon 
flashlamps of different bore diameters [6.19]. For a flashlamp with a specific 
bore size and arc length, the explosion point is a function of lamp input energy 
and pulse duration. 

Having determined the ultimate limit for the tube, the question of the life that 
the tube will have in a given application has to be addressed. It has been shown 
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Fig. 6.10. Explosion energy of linear flashlamps (J/2.5 em) as a fWiction of pulse duration and bore 
diameter. The wall thickness of the lamps is 1 mm, except for the 19-mm-bore lamp which has a 
wall thickness of 1.5mm [6.19] 
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100 F ig. 6.11. Lamp life as a function of operating energy [%) [6.20) 
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that lamp life can be related to the fraction of explosion energy at which the 
lamp is operated. The life in flashes for a xenon-filled quartz-envelope flashlamp 
as a function of the single-shot explosion energy is empirically given by [6.2, 20] 

(6.13) 

The extremely strong dependence of flashlamp lifetime on the total input energy 
is a great incentive to underrate the lamp. 

In Fig. 6.11, life expectancy as a function of lamp input is shown assuming 
that the interpulse interval is sufficiently long to permit the tube to cool between 
pulses [6.20]. Statistically significant data do not exist for fractions of explosion 
energy less than 0.2. The lifetime expressed by (6.13) is defined as the number 
of shots at which the light output is reduced by 50% of initial value. The life 
expectancy of a flashlamp begins to deteriorate rapidly when peak current exceeds 
60% of explosion current. Above 60%, the lamp's life is usually limited to less 
than 100 discharges, even if all other parameters are optimized. At the 80% 
level, explosion can occur on any discharge. 

Excessive Thermal Wall Loading 

Cooling of the end seals and the lamp envelope has to be adequate. The amount 
of average power a flashlamp can handle is determined by the quartz wall area 
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available to dissipate the heat. The envelope of a flashlamp is under stress which 
is caused by the temperature and pressure differences between the inner and outer 
walls, and by stresses caused by the acoustical shock wave. The combined stress 
permissible at the envelope determines the power dissipation per unit area. The 
total electrical input power of a gas discharge lamp is divided between the heat 
dissipated by the electrodes, the quartz walls, and the emitted radiation. Typically 
30 to 50% of the lamp input power is dissipated as heat by the quartz envelope 
[6.21, 22]. Under high-average-power operating conditions the inner wall is close 
to the melting temperature of quartz, whereas the liquid-cooled outer wall surface 
is close to room temperature. As will be discussed in Sect. 6.1.2, the maximum 
heat which can be dissipated through the liquid-cooled quartz envelope of a lamp 
is 300W/cm2• 

In flashlamps a temperature rise from 300 to 12,000 K is experienced during 
the pulse, which will produce a 36-fold increase in gas pressure. As a result of the 
additional stresses caused by the pressure increase and the shock wave, flashlamps 
are operated considerably below the thermal limit. Conservative numbers assuring 
good life expectancy are 50 to 100W/cm2 for water-cooled lamps. 

Nondestructive Failure 
Operated well below the explosion limit, flashlamp lifetime is limited by electrode 
erosion with the subsequent formation of opaque deposits on the lamp jacket near 
the lamp electrodes or by outgassing or tube leakage. Of these, cathode sputtering 
caused by the bombardment of the xenon ions onto the negative lamp electrode 
is probably the most significant. The emitted hot-cathode material deposits on 
the relatively cool lamp walls and effectively attenuates the amount of radiation 
released by the plasma. Reduction of the effect of sputtering by treatment of the 
cathode material with oxides and cesium, as well as better designs of the electrode 
support structure, including seals to promote more efficient cooling, have resulted 
in the development of long-life cathodes. Time-dependence measurements of 
sputtering in a high-repetition-rate flashtube have shown that an activated cathode 
markedly reduces sputtering compared to a pure tungsten cathode. Yeamans and 
Creedon [6.23] have observed an order of magnitude improvement in lamp life 
due to reduced cathode sputtering by employing a low-level, keep-alive discharge 
in noble gas lamps during the period between pulses. 

Tube blackening which occurs in a new tube after a few shots is a sign 
of electrode impurity. The greatest hazard to a lamp during its final stages of 
processing is the introduction of water vapor from the atmosphere [6.24, 25]. 
If the water vapor is not entirely removed from the lamp, tungsten will react 
readily with water vapor traces to form wo2 and atomic hydrogen. The tungsten 
oxide vaporizes from the electrode and condenses on the cooler parts of the 
envelope. This reaction often accounts for premature blackening of the envelope 
walls. Besides darkening of the envelope, the useful life of a flashlamp is limited 
by erratic triggering and the eventual inability to reignite; this indicates that a 
significant outgassing or tube leakage has occurred. 
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In all these cases where the input energy is a small fraction of the explosion 
energy, the above-listed secondary effects dominate and the life of a lamp is 
largely determined by the lamp process control and the precautions taken during 
manufacture. Therefore, (6.13) is less reliable for lifetimes above 106 shots. 
For lamps which are operated in this regime, the useful lamp life, rather than 
being determind by a mechanical failure, is determined by the reduction of lamp 
radiation below a useful level. The term "lamp life" is used loosely, since no 
definite standards exist with regard to the determination of the end of lamp 
usefulness. Lamp manufacturers usually state lamp life as the number of shots 
after which lamp intensity drops to 50% of its initial value. The life expectancy is 
usually stated for a particular set of operating parameters and for a lamp operated 
in free air. In laser applications, lamp life is usually defined to end when the 
laser output has degraded a certain amount, for example 10 %, or when the lamp 
fails to trigger at a specified voltage. Reliability and performance data of large 
xenon filled flashtubes are summarized in [6.25]. 

Examples of Typical Operating Conditions 
of Linear and Helical Lamps 
In selecting a particular lamp the following steps are usually followed: (1) A 
flashlamp arc length and bore diameter is chosen which matches the rod size. (2) 
The explosion energy for the lamp chosen is calculated (Fig. 6.10). (3) An input 
energy is selected which is consistent with the desired lamp life (Fig. 6.11). If 
the lamp input required to achieve a certain laser output is not consistent with a 
desired minimum lamp life, the application of a multiple-lamp pump cavity has 
to be considered. ( 4) The average power loading of the lamp is calculated and 
compared with the limit specified by the lamp manufacturer. (5) In designing the 
pulse-forming network, care must be taken to avoid fast current rise times and/or 
reverse currents. To obtain the expected life, manufacturers recommend that the 
rise time of the flashlamp current be greater than 120 p,s for lamps discharging 
more than a few hundred joules. Both electrode erosion and wall vaporization 
are accelerated by fast-rising peak currents. 

First we will consider a typical small linear flashlamp used in military equip
ment such as target designators or laser illuminators. These systems operate typ
ically at a flashlamp input of lOJ with pulse repetition rates of 20pps. The lasers 
typically use 63-mm-long Nd: YAG laser rods of 6.3 mm diameter and have a 
Q-switched output of 100 to 200mJ. A 4-mm-diameter and 60-mm-long lamp 
operated at lOJ input and a pulse width of 300 p,s is operated at only 2% of the 
explosion energy. The wall loading of the liquid-cooled lamp operated at 10pps 
is 15W/cm2. From the extensive data which exist for this type of lamp operated 
in a closed coupled laser cavity, it follows that the useful lamp life (10% drop in 
laser performance) is in excess of 106 shots. An example of a large linear lamp 
employed to pump ruby and Nd: glass laser rods is the FX-67B-6.5 made by 
EG&G. This lamp is 16.5 em long and has a bore diameter of 13mm. The lamp 
has an explosion point of 8450J for a 1-ms-long pulse. The maximum long-term 
average power input for the water-cooled lamp is specified by the lamp manu-
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facturer at 10kW. This corresponds to an effective thermal wall loading of about 
60W/cm2• If the lamp is operated at an input energy of 2000J, a flashlamp life 
of 150 x 1oJ shots can be expected before the light output is decreased to 50% 
of its initial value. 

A helical lamp with a helix inside diameter of 1.7 em, a bore diameter of 
0.8 em, and a length of 10 em is an example of a small lamp employed in com
mercia! ruby and Nd: glass oscillators. Such a lamp can be pulsed with 5000 J 
in a 1-ms pulse at a repetition rate of 1 pps if the lamp is water-cooled. Under 
these operating conditions, a lamp life close to 50,000 shots can be expected. 
Detailed information on particular linear and helical flashtubes are contained in 
the data sheets issued by the major lamp manufacturers, such as EG & G, ILC, 
CGE, and Xenon Corp. Additional literature on flashlamp performance can be 
found in [6.26-30, 55]. Recently, xenon filled flashlamps with carefully designed 
cathodes achieved lifetimes around 109 shots [6.38]. 

6.1.2 Continuous Arc Lamps 

For continuous pumping of Nd: YAG lasers, the use of halogen cycle tungsten
filament lamps, noble gas arc lamps, and alkali vapor lamps has been explored. 
Since the discovery of the Nd: YAG laser in 1964, there has been a continual 
effort to find more effective means of pumping this material. One of the early 
devices used for pumping of the Nd: YAG laser is the tungsten-halogen filament 
lamp which will be discussed in Sect. 6.1.3. The pump lamps considered next 
were the inert gases, which are rich in line structure in the near-infrared. Xenon 
has the highest overall conversion efficiency and is commonly used in arc lamps. 
However, the infrared line spectra of xenon misses all of the Nd: YAG pump 
bands, which are located at 0.73 to 0.76, 0.79 to 0.82, 0.86 to 0.89, and 0.57 
to 0.60 J-tm. It has been observed [6.21, 23, 31, 32] that the line spectrum from 
krypton is a better match to Nd: YAG than the line spectrum of xenon, since 
two of its strongest emission lines (7 600 to 8110 A are strongly absorbed by the 
laser crystal (Fig. 6.12). 

The laser output from a krypton-filled lamp is about twice that obtained 
from a xenon arc lamp operated at the same input power. Krypton arc pumped 
Nd: YAG lasers are currently the highest-power and the most efficient continuous 
solid-state lasers. 

Mechanical Design. Continuous arc lamps are similar in design to linear flash
lamps (Fig. 6.4) with the exception that the cathode has a pointed tip for arc 
stability, whereas the anode is rounded. In the type of lamp employing a soft 
solder seal, additional cooling is provided to the tungsten anode cap by means of 
a water channel that forces some of the cooling flow through the copper cylinder 
and into close proximity to the tungsten. In the tungsten rod seal lamps the entire 
heat must be dissipated through the quartz envelope. In order to reduce thermal 
stresses in the walls, these lamps are often fabricated from 0.5-mm-thick tubing 
rather than the standard 1-mm thickness. 
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Fig.6.12. Emission spectrum of a typical cw-pumped krypton arc lamp (6mm bore, 50mm arc 
length, 4atm fill pressure, 1.3kW input power). (ILC Bulletin 3533) 

Cooling of the lamps is accomplished by circulating water in a flow tube 
surrounding the quartz envelope of the lamps. Often the flow tube will be made 
out of Germisii to absorb the ultraviolet content of the lamps. The design of the 
electrode holders and the flow tube must be such that localized boiling of the 
water is avoided. 

Thermal Considerations. The input power capability of a cw-pumped arc lamp 
is determined by the permissible stresses in the quartz envelope. The stresses are 
caused by the temperature gradient between the inner surface of the wall and 
the outer surface, and by the internal gas pressure during operation of the lamp. 
Since thermal considerations are of utmost importance in the operation of cw 
lamps, we will take a closer look at the mechanisms that generate heat at the 
electrodes and the lamp envelope. 

At both electrodes, heat is generated by bombardment from either electrons 
or ions, conduction of heat from the plasma, and absorption of radiation. The 
kinetic energy of electrons incident on the anode is very high compared to that 
of ions impinging on the cathode. Therefore, the anode heats up much more than 
the cathode. The anode also conducts more heat from the plasma, since the area 
of the anode that is in contact with the plasma is larger than in the case of the 
pointed cathode. As far as absorption of radiation is concerned, both electrodes 
will absorb about the same amount of power. Polished tungsten has a reflectivity 
of about 60% in the visible region. Due to emission of electrons from the cathode 
surface, this electrode is cooled to a certain extent. The heat removed by this 
process is given by 

P= L1EI , 
e 

(6.14) 
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where t1E is the work function, I is the current, and e is the electron charge. 
With t1E = 2eV, I= 30A, and e = 1.6 x 10-19 A, the heat removed from the 
cathode is 60 W in a typical lamp. 

The total electrical input power of a gas discharge lamp is divided among 
the heat dissipated by the electrodes, the quartz walls, and the emitted radiation. 
Generally, it can be assumed that 10 to 20% of the electrical input power is 
dissipated as heat through the electrodes and 30 to 50% is dissipated through the 
envelope [6.33]. The thermal loading of the tube envelope is caused by the loss 
of kinetic energy of electrons, ions, and molecules by collision with the wall of 
the tube. The thermal gradient in the envelope is 

(6.15) 

where Q is the dissipated power density, dis the wall thickness, and I< is the 
thermal conductivity. Allowing a maximum temperature difference of t1T = 
1800° C for fused quartz between the inner and outer wall surface, then with 
I< = 0.017 w;oc em and d = 0.1 em there follows for the maximum power which 
can be dissipated through the quartz wall a value of Q = 300W/cm2• Absorption 
of radiation in a quartz envelope is negligible. However, vaporization of electrode 
material leads to a gradual darkening of the lamp envelope. The deposits absorb 
radiation, hence, the wall-temperature gradient increases during the life of the 
lamps. The pressure of the fill gas when hot increases by up to a factor of 10. The 
operating pressure depends on the cold fill pressure of the lamp, the temperature 
of the plasma, and the volume of dead space behind the electrodes. Thermal 
and pressure stresses occurring in arc lamps can be calculated using equations 
given by Thouret [6.34]. Calculations carried out on cw arc lamps [6.35] have 
shown that the inner wall is under compression whereas the outer wall is under 
tension and the total stress is largest on the outside of the quartz envelope. The 
rupture stress of quartz is 100kg/cm2• Most lamps in commercial applications 
are operated at about 20 to 30 % of the ultimate tensile strength of quartz. 

Electrical Characteristics. Continuous arc lamps are ignited just like flashlamps. 
For example, a series injection trigger transformer supplying a 30 kV spike will 
lower the lamp impedance to a level that is within the range of a 300-V de supply. 
The operating parameters and impedance depend on current density, arc length, 
bore size, and fill pressure. Commercial krypton arc lamps are operated between 
80 and 150 V and 20 to 50 A. Characteristic impedance values are between 2 and 
10 D [6.33, 36]. Figure 6.13 shows typical current-voltage curves for several arc 
lamps filled at 4 atm of krypton. The discharge voltage and dynamic resistance 
increases with the increase in gas pressure. 

Optical Characteristics. At current densities obtainable in standard krypton 
arc lamps the plasma is optically thin in the region of continuous radiation. 
Calorimetric measurements of the total optical output power in the spectral region 
0.3 to 1.2 Jim reveal a radiation efficiency of about 40% for most Kr arc lamps. 
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Fig. 6.14. Krypton arc lamp radiative efficiency as a function of input power; 4-, 6-, and 10-mm 
bore, 75-mm arc length, 4 atrn of Kr fill pressure [6.33) 

Figure 6.14 shows the dependence of the radiation efficiency on lamp input power 
and bore diameter. It has been found that the useful light output of krypton arc 
lamps for pumping Nd: YAG lasers increases with bore size, fill pressure, and 
input power [6.36, 37]. For example, the conversion efficiency of a lamp filled 
with 8 atm of Kr is about 1.2 to 1.5 times as high as that of a lamp filled at 
2atm, depending on the electrical input [6.36]. A summary of the spectral data 
of a representative Kr arc lamp is given in Table 6.4. Note the large fraction of 
radiation between 0.7 and 0.9 pm. 

Combining the absorption spectra of Nd: YAG with the emission spectra 
of the krypton lamp, the spectral utilization as a function of sample thickness 
has been calculated. The result is shown in Fig. 6.15. The curve illustrates rather 
dramatically the kind of improvement one can achieve by increasing the diameter 
of a Nd: YAG laser rod in a pumping cavity. 

Lamp Life and Operating Characteristics of Typical Cw Krypton Arc 
Lamps. The main degradation mechanism in these lamps is the accumulation 
of wall deposits. These deposits either block the radiant energy emitted from 
the arc or reduce the radiance by enlarging the source diameter. The deposits 
arise from evaporation and sputtering from the electrodes and from the residual 
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Table6.4. Spectral data for cw krypton arc lamps. Data are typical for lamps having a 6-13 mm 
bore, 7.5-25cm arc length, 2-3atm fill pressure, operated at 6-16kW 

Quantity Definition Numerical Data 

Radiation efficiency Radiation output/ 0.45 
electrical input 

Spectral output Fraction of radiation 0.40 
spectral lines/ 

Fraction of radiation 0.60 
in continuum 

Spectral power Fraction of total radiation 0.10 
distribution below 0.7 I.IIIl 

Fraction of total radiation 0.60 
between 0.7 and 0.9 t£ID 

Fraction of total radiation 0.30 
between 0.9 and 1.4 I'm 

> 0.5 
.0 
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Fig. 6.15. Fractional utilization of krypton lamp 
output by Nd: YAG 

gaseous and high-vapor-pressure impurities left in the lamp after fabrication. The 
black deposit that builds up eventually completely attenuates the radiative output 
of the lamp. The underlying quartz becomes overheated, and catastrophic failure 
of the lamp occurs from excessive thermal stresses developing in the envelope 
walls. Black anode wall deposits are greatly reduced by the use of an internally 
water-cooled anode structure. 

Krypton arc lamps are available from 5 to 20cm arc length, with bore di
ameters from 3 to 10 mm, and are designed to handle electrical input powers of 
up to 15 kW [6.35]. Design parameters and performance data of typical lamps 
used in commercial lasers are summarized in Table 6.5. Some of the lamps listed 
are operated far below the manufacturer's maximum rating in order to obtain 
good lamp life. Typical overall efficiencies obtainable in krypton-pumped Nd : 
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Table 6.5. Typical operating parameters of cw pumped krypton arc lamps 

Model number FK-125-C2.75 FK-111-C3 5Kr2 
EG&G EG&G ILC 

Arc length 70mm 75mm 50mm 

Bore diameter 5mm 7mm 5mm 

Fill pressure 2atm 2atm 4atm 

Typical input power 3kW 6kW 2.5kW 

Lifetime 400--600h 4Q-{)()h 150-200h 

Wall loading 110W/cm2 145W/cm2 128W/cm2 

(40% of electrical input) 
Coolant flow rate 120cm3/s 120cm3/s 60cm3/s 
Electrical IOOV 112V 84V 

characteristics 30A 56 A 30A 

Current density 150Ncm2 140A/cm2 150A/cm2 

YAG lasers are between 2 and 3%. For example, at output levels of 100 and 
250 W, 2.9 and 2.1 % efficiencies were achieved with krypton lamps filled to 
4 atm [6.32, 39]. Efficiencies of 3.3 % have been attained at input power lev
els of 3kW with a 6-mm-bore and 50-mm-long lamp filled at 8 atm of krypton 
[6.33]. 

Besides the discharge lamps discussed so far, there are a number of spe
cial designs, either noble gas filled or containing metal vapor, which have been 
employed in solid-state laser pumping at one time or another. 

Special Noble Gas-Filled Arc Lamps. Solid-state lasers have been pumped by 
vortex-stabilized arc lamps, coaxial flashlamps, and rf-excited arc lamps. In a 
vortex-stabilized arc lamp the gas is introduced into the lamp through a ring 
of jets located near the lamp wall at one of the electrodes. The jets inject the 
gas tangentially and with an axial pitch angle. The gas passes along the length 
of the lamp and exits through a hole in the opposing electrode [6.40, 41]. The 
high-velocity swirling gas constricts the arc, serves to cool the inside wall of 
the quartz envelope, and carries away any vaporized electrode material. Since 
the arc is confined to the center of the tube and, therefore, is not in contact 
with the lamp walls, very high plasma temperatures can be achieved in these 
lamps. A vortex-stabilized plasma arc lamp filled with argon was employed to 
pump a cw Nd:YAG laser [6.42]. The highest power achieved was 200W with 
a 3-mm x 75-mm rod and 90kW of electrical power. 

In a coaxial flashlamp the laser rod is surrounded by an annular arc area. The 
plasma is generated between an inner and outer quartz tube and a pair of hollow 
cylindrical electrodes [6.43,44]. The laser rod, which can be liquid-cooled, is 
mounted at the center of the tube. The design of an electrodeless, annular, high
pressure krypton arc lamp was reported [6.45] for pumping a Nd: YAG laser 
crystal. The arc lamp, which was fabricated in the form of annuli with the laser 
rod on axis, was excited with a 27-MHz driving signal. The lamp was enclosed 
by a diffusely reflecting ceramic tube. At a 1.5-kW input power into the lamp, a 
laser output of 24 W was obtained. 
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Mercury Arcs. In mercury arc lamps an arc discharge takes place in an argon 
and mercury gas mixture. After ignition of the lamp a small amount of mercury 
is vaporized. This produces a high internal gas pressure and an extremely bright 
arc discharge. The properties of mercury arc lamps have been described in de
tail in [6.46]. The pressure-broadened line spectrum of mercury high-pressure 
tubes almost completely overlaps the absorption spectrum of ruby. The highest 
brightness is attained by the type A long arc tube which is particularly suitable 
for cw ruby lasers [6.47]. The lamp has an arc diameter of 1 mm and an arc 
length of between 28 and 50 mm. The maximum input power is 560 W/cm. Long 
arc tubes must be water-cooled in the usual way. For periodically pumped small 
ruby lasers, with a pulse repetition rate between 40 and 110Hz, a type SPP1000 
(Philips) mercury lamp has been used. The lamp, which is employed in movie 
projection systems, can handle an average power of 1 kW. A ruby, 25 mm long 
with 2mm diameter, could be pumped with a pulse energy of 12J. At the max
imum repetition rate of 110Hz an average output power of 2 W was obtained 
[6.48]. 

Doped Mercury Arcs. Mercury arcs can be doped with various elements to 
modify the spectral output of the lamps while maintaining the good mercury-arc 
characteristics [6.49, 50]. Doped Hg arc lamps are now used in almost all high
intensity lighting, such as street lights, sports arenas, etc. These lamps fall into 
two categc:nies, metal-doped Hg arcs and metal iodide-doped Hg arcs. 

The metal iodide-type lamps are very similar to conventional Hg arc lamps. 
Fused-quartz lamp jackets are used and the lamps operate at temperatures and 
pressures typical of the low-pressure Hg arcs. Metal iodide lamps produce a 
narrow line emission due to the lower pressures. Little pressure broadening and 
reversal occurs. Rb-1 has two strong lines near 8000A and is a possible Nd 
: YAG pump lamp [6.51]. 

The metal-doped Hg arc lamps must be operated at temperatures above the 
boiling point of the metal dopant. The pressure of these lamps is also very high, 
and the hot metal is usually very corrosive on the lamp jacket. Therefore, single
crystal sapphire is normally used as the lamp envelope material. The output 
spectra of sodium-doped Hg lamps are typical of sodium, and the Hg emission is 
almost completely suppressed. The high operating pressure considerably broadens 
the sodium emission lines. Sodium also strongly reabsorbs its own radiation. This 
produces a "reversal" in the emitted radiation. The wings of the broad spectral 
line are emitted, but the center is almost completely self-absorbed. Sodium, with 
mercury and argon additions as buffer and starting gases, was used to pump the 
5887-A line of Nd: YAG with its self-reversed resonance radiation. A 0.7 % 
overall pumping efficiency was achieved. 

The potassium D lines are situated almost exactly between the two Nd: YAG 
pump bands. As a line emitter, potassium would be very poor as aNd: YAG pump 
lamp. In the high-pressure metal-doped arc, however, the broadened self-reversed 
K lines have two wings that cover the two Nd : YAG pump bands. Typically in 
a potassium-mercury-argon vapor lamp the Nd: YAG absorption bands at 0.73 
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and 0.76 Jl.m and at 0.79 to 0.82 Jl.m are matched to the broadened self-reversed 
resonance lines of potassium. With such a lamp, a laser output of 10 W, with a 
lamp input power of 420W, was obtained [6.52]. One problem with the Na-Hg, 
K-Hg, and Rb-Hg lamps is that these lamps must be operated with ac current 
to prevent cataphoresis from separating the alkali metal and the Hg in the lamp. 
The resulting modulation of the laser output beam is in many applications very 
undesirable. 

Alkali Arc Lamps. Potassium arc lamps containing no mercury were devel
oped as pumps for Nd: YAG lasers [6.53]. This spectral emission is identical 
to K-Hg arc lamps without the complications arising from the presence of two 
components. Measurements performed on de-operated alkali lamps indicated that 
the potassium-rubidium spectrum matches the excitation bands of Nd: YAG bet
ter than potassium or rubidium alone. The laser threshold with the potassium
rubidium lamp is the lowest of all lamps tested. The efficiency of the potassium
rubidium lamp is higher than that of the krypton lamp at power levels up to 
1000W, and is of the order of 3 to 3.5 %. Approximately 38% of the input 
energy is radiated in the 0.7- to 1.0-Jl.m region [6.54]. Because the alkali metals 
are solids at room temperature, the lamps are operated at elevated temperatures, 
typically between 1000 and 1200° C. Pressure and spectral regulation of the lamp 
are achieved by carefully controlling the alkali metal reservoir temperature. 

6.1.3 Tungsten-Filament Lamps 

The tungsten-filament lamp was the first and still is today a very common lamp 
used for pumping Nd: YAG in the cw mode of operation. Because of the de
velopment of the halogen cycle, these lamps are compact and can operate for 
appreciable periods near the melting point of tungsten. Tungsten-halogen lamps 
are very easy to operate and are low in cost. They are used in television, mo
tion picture, and theater lighting and have been mass produced for some time. 
Electrically, they represent a simple resistive load and require an uncomplicated 
power supply. However, the lamps have a few characteristics that seriously limit 
their application. First, the pumping efficiency is low compared to krypton arc 
lamps. Second, readily available tungsten-halogen lamps are limited to 1.5 kW 
input power. Third, the lifetime of these lamps is typically less than 100 h when 
operated in a laser cavity. 

The type of tungsten-halogen lamp most commonly used to pump cw 
Nd: YAG lasers is a 1-kW lamp with a filament length of 63 mm (General Elec
tric Q100T3/1CL, Sylvania FCM 120V) and a 1.5-kW lamp (General Electric 
Q1500T4/4CL) with a 57-mm-long filament. Both lamps have a color temper
ature of 3200K and an input voltage at the rated power of 120V. The smaller 
lamp has a filament diameter of 2 mm, whereas the 1.5-kW lamp has a filament 
diameter of 3 mm. The lamps are filled with either iodine or bromine gas. The 
filament, which is centered in the bulb by spiral-shaped supports, is connected to 
the external contacts by means of a molybdenum foil ribbon that is thin enough 
to deform rather than fracture the bulb. 
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During normal operation of any incandescent lamp, tungsten is evaporated 
from the hot filament and deposited on the cold inside wall of the lamp jacket. 
The halogen cycle chemically converts the tungsten atoms boiled off the filament 
into tungsten halide molecules in the low-temperature region near the lamp walls. 
These molecules diffuse back to the tungsten filament where the high temperature 
dissociates them, thereby depositing tungsten back on the filament and freeing 
the halogen gas (iodine or bromine) to repeat the cycle. 

The halogen cycle allows operation of tungsten-filament lamps at much higher 
temperatures than is possible in vacuum jackets. Typically, tungsten-iodine lamps 
operate at 3200 K with lifetimes of 100 h compared to 2800 K temperatures 
for similar lifetime, vacuum-jacketed lamps. In order to keep the halogen cycle 
operative the bulb wall temperature must be above 250° C. Furthermore, the 
bulb temperature should be fairly uniform across the lamp. This, for example, 
necessitates that the lamps be operated in a horizontal position. 

Despite their simplicity, operating the lamps inside a laser cavity requires 
some precautions to avoid seal failures, cracks, and overheating of the quartz 
envelope. The two principal modes of failure of these lamps employed inside a 
laser cavity are seal failure, and softening and subsequent bulging of the bulb. 
Overheating of the lamp envelope can be avoided by forced-air cooling of the 
lamp or by at least providing some circulation of air inside the laser cavity. If 
the seal is operated at a temperature in excess of the maximum safe limit of 
340° C, the molybdenum oxidizes and expands. This can cause a failure of the 
seal between the lead and the quartz, permitting air to enter the lamp. Internal 
cracking of the quartz is usually accompanied by a series of concentric rainbow
hued rings. In most commercially available tungsten-pumped Nd: YAG lasers 
heat is removed from the lamp seal area by water-cooled contacts. It has also 
been found that allowing the lamp to warm up before the full input power is 
applied, reduces the frequency of seal failures. This can be attributed to the 
fact ~at thermal shocks to the seals are alleviated by a slow tum-on procedure. 
Other problems, such as filament sag or premature blackening of the lamp, can 
normally be attributed to a manufacturing problem rather than improper operating 
conditions. The former problem is usually caused by a tungsten wire or filament 
of inferior quality and the second problem is usually traced to an insufficient 
amount of iodine or bromine in the lamp. 

Spectral Data. Tungsten-filament lamps typically operate with filament tem
peratures of 3200 K, which corresponds to an emission maximum· occurring at 
8400 A for a blackbody radiator. Actually the tungsten-filament lamp. is a gray
body source having an emissivity of 0.35 at 3200 K [6.56]. Small amounts of 
iodine, though enough to maintain the iodine cycle, have very little effect on 
the spectrum [6.57]. Since the radiation from such a lamp is a broad-band con
tinuum and the pump bands of Nd: YAG are quite narrow, only moderate laser 
efficiencies can be expected from filament lamps. Figure 6.16 shows the result 
of a point-by-point computation of the absorption of Nd: YAG for blackbody 
spectra at various temperatures and for various thicknesses of Nd: YAG. The 
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absorption depends strongly on the absorption path length. This is caused by the 
wings of the narrow absorption lines in Nd: YAG, which contribute significantly 

to the overall absorption if the path length is increased. 
It will be noted that for a typical tungsten lamp operated at 3200 K and a 

Nd: YAG rod a few millimeters in diameter, the absorbed pump power in the 
crystal is of the order of a few percent of the total blackbody spectrum. Consistent 

with these considerations is the fact that the maximum observed efficiencies 
obtained from tungsten-pumped cw Nd: YAG lasers are of the order of 1% [6.58]. 

6.1.4 Laser Diodes 
The most promising alternative to flashlamp pumping of solid-state lasers is the 
diode laser. Throughout the last twenty years numerous laboratory devices have 
been assembled which incorporated single diode lasers, small laser-diode arrays 

or LED's for pumping of Nd: YAG, Nd: glass and a host of other Nd lasers. The 
low power output, low packaging density, and extremely high cost of diode lasers 
prevented any serious applications for laser pumping in the past. Overviews and 
summaries of early work in this area can be found in [6.59, 61, 62]. The digests 

of the annual Conference on Lasers and Electro-Optics (CLEO) provide excellent 

surveys of current activities in laser-diode-pumped solid-state lasers. 

The reason for the interest in this area stems from the dramatic increase 

in system efficiency and component lifetime, and reduction of thermal load of 
the solid-state laser material. The latter not only reduces thermo-optic effects 

and therefore leads to better beam quality, but also enables an increase in pulse 

repetition frequency. The attractive operating parameters combined with the low

voltage operation and the compactness of an all solid-state laser system have a 
potentially high payoff. 

The high pumping efficiency compared to flashlamps stems from the good 

spectral match between the laser-diode emission and the Nd absorption bands. 

302 



Actually, flashlamps have a higher radiation output to electrical input efficiency 
(70%) compared to laser diodes (25-50%), however, only a very small fraction 
of the blackbody spectrum is usefully absorbed by the various Nd bands. 

A concomitant advantage derived from the spectral match between the diode
laser emission and the long-wavelength Nd absorption-band is a reduction in the 
amount of heat which is deposited in the laser material. In addition, system 
lifetime and reliability will be higher in laser-diode-pumped solid-state lasers as 
compared to flashlamp-based systems. Laser-diode arrays exhibit lifetimes on the 
order of lO,OOOh in cw operation and 109 shots in the pulsed mode. Flashlamp 
life is on the order of 107 shots, and about 200 h for cw operation. 

Furthermore, the high pump flux combined with a substantial UV content 
in lamp-pumped systems causes material degradation in the pump cavity and 
in the coolant, which lead to systems degradation and contribute to mainte
nance requireme!]ts. Such problems are virtually eliminated with laser-diode
pump sources. The absence of high-voltage pulses, high temperatures and UV 
radiation encountered with arc lamps lead to much more benign operating fea
tures of laser-diode-pumped systems. 

Significant progress has been made during the last decade in developing 
monolithic, linear laser-diode arrays which have become the building blocks 
for solid-state laser pumps. Output power, slope efficiency, laser threshold and 
wavelength control have all been dramatically improved due to a combination of 
new structures and advanced growth techniques. In particular, epitaxial growth 
based on MOCVD allows close control of material composition, layer thickness 
and device geometry. 

The arrays built to date, and the laser performance which has been achieved, 
have clearly demonstrated that diode pumping is no longer a question of technical 
feasability, but rather a question of economic viability. High cost is the major 
obstacle which prevents broad acceptance of diode-pumped solid-state lasers. 
However, it is clear that the manufacturing, assembly and testing of diode arrays 
can be fully automated provided that the production volume will justify the capital 
investment. The change-over from the currently very labor-intensive fabrication 
to an automated manufacturing capability will dramatically decrease the cost per 
watt of output power. In this case, one can envisage gas-filled arc lamps being 
replaced by linear and planar laser diode arrays, just as vacuum tubes have been 
replaced by the transistor and later by integrated circuits. 

The design and performance of laser-diode arrays suitable for solid-state laser 
pumping will be discussed in this subsection. 

In designing a diode-array-pumped laser system, we must select the array 
configuration for the proposed application. Several common configurations are 
available. These include small linear arrays with a length of 100 or 200 p.m, 
1-cm long array bars, and stacked diode bars. The short arrays are particularly 
suitable for endpumping of lasers, while bars are usually employed for side 
pumping of rod or slab lasers. For high power lasers, the 1-cm linear bars must 
be combined into modules at some level to reduce complexity of the electronic 
drivers, heat removal system and mechanical structure. Stacking of diode arrays 
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is done manually or in a semi-automated mode at the present time. This process 
allows large-area arrays with dimensions up to about 1 cm2 to be fabricated. 
However, the process is labor intensive. The cost of the arrays also increases 
faster than linearly as the size of the array increases. This is because the selection 
of wavelength and current threshold of linear bars that constitute the arrays 
becomes more critical as the size of the array increases. All of the bars in the 
array must be matched for optimum performance. A trade-off exists between 
increased design complexity using arrays which consist of only a few bars and 
reduced efficiency and increased cost with large area arrays comprised of a large 
number of bars. 

As a result of this trade-off, a common module for high-power lasers is 
an array consisting of 5 one-em bars. Such an array has an aperture of about 
10 x 1 mm2• 

Multiple Stripe Lasers 

Semiconductor laser technology has produced an amazing variety of new device 
structures in the past decade. Overviews of this technology made possible by so
phisticated growth techniques such as metallorganic chemical-vapor deposition 
and molecular beam epitaxy can be found in [6.63-65]. Most techniques differ 
in the way confinement is achieved regarding the width and depth of the gain 
region and mode volume of the optical radiation. We will illustrate the key design 
features of diode lasers by describing the Single Quantum Well Separate Con
finement Heterostructure (SQW-SCH) because it is the most widely employed 
design for solid-state laser pumps. 

Junctions Width. The output power of a laser diode increases linearly with 
junction width. Early diode lasers had active regions 100 pm or more in width. 
Such wide-stripe lasers do emit substantial power, but the current in these devices 
tends to break up into filaments, rather than spread evenly through the active 
region. The device susceptibility to uncontrollable filamentary operation leads to 
localized damage of the faces and substantially reduces the life of the diodes. 

In order to achieve more stable laser operation, the broad active stripe is 
divided into many narrow stripes, each allowing single transverse mode operation. 
Today, most diode lasers are stripe-geometry types with active regions only a few 
pm wide. High powers can be generated by laser arrays that contain many parallel 
laser stripes. Figure 6.17 shows how laser action is divided into narrow stripes. In 
the gain-guiding concept, illustrated here, the drive current is restricted to small 
channels of the active layer, so that only in that region recombination of carriers 
and therefore population inversion takes place. This is achieved by deposition 
of regions of high-resistivity material beneath the contact area. Therefore, the 
current is channeled through narrow low-resistance areas of the p-GaAs surface 
layer. 

Double Heterojunction Design. The active layer shown in Fig. 6.17 is sand
wiched between two pairs of layers having a different concentration of Al. The 
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Fig. 6.17. Gain-guided, single quantum well separate confinement heterostructure stripe laser. Note: 
Thickness of layers is greatly exaggerated. Optical mode cross-section is actually 5 ttm wide and 
0.5ttm high 

main purpose of the innennost pair of layers is to confine the carriers to the 
active region, whereas the purpose of the outer layers is to confine the optical 
beam. In a diode laser, recombination of current carriers takes place in a thin 
active layer which separates p- and n-doped regions. 

Progress in high-power laser diodes for solid-state laser pumping has em
phasized the development of quantum-well structures in which laser emission is 
produced in very thin epitaxial layers (quantum wells) less than 0.02 ttm thick. 

A quantum well is a thin layer of semiconductor located between two layers 
with larger bandgap. Electrons in the quantum-well layer lack the energy to 
escape, and cannot tunnel through the thicker surrounding layers. The quantum 
well layer in Fig. 6.17 has a composition of Ga and Al indicated by x which 
defines the emission wavelength. A higher Al concentration increases the bandgap 
and shifts the output towards shorter wavelength. The quantum-well structure is 
sandwiched between two thick layers of composition which contains a higher 
concentration of Al (y > x ). The higher Al concentration increases the bandgap, 
thereby defining the quantum well, and the large thickness of the layer prevents 
tunneling of the carriers out of the quantum well. 

Due to the characteristically small dimensions of quantum-welllasers, the in
jected carriers are subject to quantum effects, that is, the conduction and valence 
bands, nonnally considered a continuum, become quantized. Quantum-well struc
tures allow a better utilization of carriers for radiative transitions compared to 
other designs. Multiple quantum wells can be fonned by alternative quantum-well 
layers with high-bandgap barriers thick enough to prevent quantum tunneling. 

Both single- and multiple-quantum-well devices are commercially manufac
tured. Single-quantum-well devices exhibit slightly lower lasing thresholds and 
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slightly higher differential quantum efficiencies, making them preferable for high
power lasers. 

Optical Mode Volume. The thin active region incorporating a quantum-well 
active layer structure provides low threshold and high electrical-to-optical effi
ciency. However, such a very small emitting surface poses one problem since 
the power from a diode laser is limited by the peak flux at the output facet. 
One can increase the output from these devices by spreading the beam over an 
area which is larger than the active layer or gain region. The standard approach 
is to deposit layers next to the active layer, each of which has a slightly lower 
refractive index than the active layer, thus making a wave guide of the active 
layer. In the separate carrier and optical confinement heterostructure (SCH) de
sign shown in Fig. 6.17, the refractive index boundary is abrupt, at the layer 
boundary. Alternatively, the refractive indices of the surrounding layers may be 
graded, forming a Graded-Index and Separate carrier and optical Confinement 
Heterstructure (GRINSCH). 

In the SQW-SCH structure, the overlap between the optical mode and the gain 
region is only about 4%, which results in a large effective aperture of the laser 
on the order of 0.3 to 0.5 p.m. This substantially reduces the energy density at the 
output facet and enhances reliability by minimizing catastrophic facet damage. 
The cavity length of the stripe lasers is typically between 250 and 350 p.m. 

Diode Arrays for Endpumping 

Commercially available diode arrays suitable for endpumping contain a small 
number of stripe lasers on a single chip, as shown in Fig. 6.18. A typical ex
ample is a 20-stripe gain-guided, SQW-SCH laser array made by Spectra Diode 
Laboratories (Model SDL-2460). The diode array contains twenty 5-p.m wide 
stripe lasers on 10-p.m centers which produce a total output of 1 W in the cw 
mode. The output is emitted from an area of 200 p.m x 1.0 p.m with a beam diver
gence of 40° by 10°. The output power vs. input current is shown in Fig.6.19. 
Forward voltage is typically Vr = 1.5 V + IRs; where Rs = 0.2 .a is the series 
resistance. Depending on the composition, the wavelength can be specified be
tween 790 and 835 nm. The device is available in different configurations such as 
an open heat sink, packaged with a window, coupled to a fiber, or mounted on a 
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Fig. 6.19. Output power vs. input current of a 1 W diode array (SDL-
2460) 

thermoelectric cooler. In the latter configuration shown in Fig. 6.20, the array is 
mounted on a pyramidal heat sink that connects to a thermoelectric cooler. Heat 
dissipates through the base, while the radiation emerges from the top. The TE 
cooler permits temperature tuning of the output to match the absorption lines of 
the solid-state laser. In a GaAlAs diode laser, the wavelength changes with tem
perature according to 0.3 nmfOC. More powerful arrays with outputs up to 3 W 
are on the market; however the greater aperture width of these devices makes 
coupling of the pump beam into the small mode volume of the solid-state laser 
fairly inefficient. 

On the other hand, if instead of the cw mode, pulsed operation is desired, a 
similar device will produce 2 W peak power from a 200 x 1.0 J.lm2 aperture. 

Linear Bars for Sidepumping 

In sidepumping of laser rods or slabs, the aperture of the pump source does not 
have to be small as is the case in endpumping. For these applications, the ten 
or twenty stripe sub-arrays discussed before, are serially repeated in a single 
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substrate to form a monolithic bar structure. Practical processing considerations 
limit the length of such bars to 1 em. An example of such a 1-cm monolithic 
linear diode bar is shown in Fig. 6.21. The device, composed of 20 ten-stripe 
laser sub-arrays spaced on 500 JLm centers, produces an output of 10 W in the 
cw mode. The spacing of the sub-arrays, which amounts to a fill factor of 20%, 
is determined by thermal limitations. Such a cw bar has produced up to 38 W 
output, but for reasonable operating lifetime (several thousand hours) the output 
must be reduced to avoid high operating temperatures at the diode junction. cw 
output power vs. input current is plotted in Fig. 6.22. 

The use of diode lasers for pumping pulsed Nd lasers requires pulse length 
on the order of several hundred JLS. One limit of the output of diode lasers is 
the temperature of the junction and associated thermal runaway condition that 
raises the local temperature of the facet to the melting temperature. Because of 
the small volume of material involved, this temperature rise occurs in less than 
1 JLS. Therefore, the output limit of diodes in the long pulse mode is the same 
as for cw operation. Thus, long pulse operation(~ 1 JLS) is also called quasi-cw 
operation. The average temperature of the diodes is governed by the mean power 
dissipated in the devices, but the instantaneous temperature of the diode junction 
will undergo excursions above the mean temperature as it is pulsed. Since the 
average heat dissipation of a pulsed array is considerably lower as compared 
to a cw bar, the fill factor is increased to 100%. A typical building block for 
pumping a pulsed Nd: YAG laser is a 1-cm long bar containing up to 1 000 
stripe lasers (as compared to 200 stripes in the cw device). The bars are etched 
periodically to avoid transverse laser emission. The performance characteristics 
of high efficiency 1-cm bars are shown in Fig. 6.23. Each bar generates 60W 
peak power or 12 mJ in a 200 JLS pulse. The electrical efficiency exceeds 45% 
in these bars. The nonlinear behavior of the overall efficiency with increasing 
current occurs because the ohmic losses in the material increase as the square 
of the current, whereas the output power is linear in current. Table 6.6 lists the 
current status of quasi-cw diode bars. 
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Fig. 6.23. 1-cm diode bar performance 
(Spectra diode Laboratories 

Table 6.6. Perfonnance of current state-of-the-an quasi cw bars 

Electrical efficiency % 45-50 
Power W/cm 60-75 
Linewidth nm(FWHM) 4-5 
Lifetime shots 109 

Thermal resistance °C/Wcm2 0.3 

Stacked Bars 
The bar concept can be extended to a stack of such bars to form a two-dimensional 
array, as illustrated in Fig. 6.24. In commercial devices intended for quasi-cw op
eration, the 1-cm bars are stacked up between 4 and 10 bars high to form a small 
two-dimensional array. Figure 6.25 illustrates the performance characteristics of 
a 10 bar array. Operation of a 10 stack array, with 200~ts pulses at 40Hz pro
duces a peak power around 500 W at 35% efficiency. Typical duty cycles are up 
to 2%, or 100Hz for a 200 J.tS pump pulse. 

Two different stacked array configurations have been employed for pumping 
high power solid-state lasers depending upon whether the laser medium is in the 
shape of a rod or rectangular slab. Slab designs generally require diode arrays 
with several square em of output area. These arrays couple most efficiently to 
the large pump face of a rectangular laser slab. Rod lasers are efficiently pumped 
by small-area arrays consisting of less than ten bars with an output area of a 
few tenths of a cm2• This configuration has become an industry standard for rod 
pumping. The output peak power density achievable from these stacks depends 
upon the packaging density, whereas the average power depends upon the thermal 
design. The peak power density of stacked arrays is on the order of 1 Kw/cm2• 

Standard designs include a liquid cooled copper heat sink to which the stacked 
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Fig. 6.25. Perfonnance of a 10-bar array (Spectra Diode Laboratories) 

diode assembly is mounted [6.66]. Quasi-cw arrays are typically operated at a 
duty cycle of around 1%. Therefore the average power from such an array is 
10W/cm2• Advanced thermal designs such as silicon microchannel coolers and 
impingement coolers permit operation of average power up to 100W/cm2• 

Spectral Properties 

The spectral properties of laser-diode arrays which are most critical for the pump
ing of solid-state lasers are the center wavelength and the spectral width of the 
emission and the wavelength shift with temperature. 

Wavelength of a diode laser depends primarily on the band gap of the material 
in which the electrons and holes recombine. In a binary compound like gallium 
arsenide, the band gap has only one possible value. In a ternary compound such 
as GaAlAs, a range of emission wavelengths can be achieved depending on the 
relative concentrations of Ga and AI. Nd ions have substantial absorption in 
the vicinity of 0.807 p.m, which is the emission wavelength of diode lasers with 
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Fig. 6.26. Emission spectrum of a 10-bar array 
(Spectra Diode Laboratories) 

Gao.91Alo.09As active regions. As far as pumping of Nd lasers is concerned, the 
output wavelength can be tailored to the peak absorption by adjustments of the 
AI concentrations. Typically, a change in AI concentration of 1% results in a 
1 nm change in wavelength. 

Compositional changes and temperature gradients within an array lead to 
a broader spectral output for the whole array as compared to a single device. 
Typical spectral width of a single bar or small stacked array is on the order of 
4 to 5 nm. State-of-the-art performance is about 2.2nm for a 10-bar array, as 
shown in Fig. 6.26. The bandwidth of the Nd: YAG absorption line at 808 nm is 
2 nm for an absorption coefficient larger than 3.8 cm-1. Similarly, in Nd: YLF, 
the absorption line is about 2 nm wide for absorption coefficients larger than 
2 em - 1. In diode pumped lasers which have only a short absorption path, it is 
important to have a narrow spectral emission from the diode array in order to 
absorb most of the pump radiation. In optically thick materials, such as large 
diode pumped lasers with rod or slab dimensions on the order of 10--15 mm, 
the difference between pump emission of different spectral widths becomes less 
important because eventually all the pump radiation gets absorbed. In Fig. 6.27, 
the absorption of diode pumped radiation for Nd: YAG is plotted vs. optical 
thickness with spectral width as a parameter. 

In a GaAlAs structure the peak emission changes 0.3 nm;oC. Therefore, 
the material composition has to be chosen such that the desired wavelength 
is achieved at the operating temperature of the junction. Figure 6.28a shows the 
spectral output from diode array as the repetition rate is increased from 10 to 
100Hz. The output shifts slightly from 807 to 810nm as a result of the increased 
junction temperature at the higher repetition rate. In Fig. 6.28b, the wavelength 
shift of a diode array is plotted vs. change in drive current. 

The question arises, what other solid-state lasers, besides Nd, can be pumped 
with laser diodes? 

By varying the composition of Ga1-xAlxAllaser diodes, the band gap can be 
tuned, and output wavelengths between 770 and 900 nm can be achieved. As long 
as the potential lasing material has good absorption between 770 and 900 nm, 
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Fig. 6.28a,b. Diode array Iinewidth vs. repetition rate (a), and wavelength shift vs. drive current (b) 

GaAlAs laser diodes are the obvious choice. For pumping Yb or Yb-sensitized 
lasers such as the Er: Yb :Glass, a pump source around 0.98 p.m is needed 
Recently so-called strained-layer super lattice lasers based upon InGaAs/GaAs 
compositions have been fabricated with emission wavelengths between 0.95 and 
0.98 p.m [6.67-69]. Traditional diode lasers are restricted to materials which can 
be lattice-matched to GaAs or loP substrates, because unmatched materials are 
prone to defects and quickly degrade. Recently, researchers have found that very 
thin layers - below a critical thickness of a few tens of nanometers - can ac
commodate the strain of a small lattice mismatch. This discovery led to the 
development of a single thin strained layer used as a quantum well which has an 
emission wavelength not achievable with GaAlAs or InGaAsP laser diodes. 
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On the short wavelength end of available diode pump sources are the visible 
AlGalnP diode lasers operating in the 640-680 om region. These devices offer the 
prospect for diode-pumpable Cr doped lasers, such as alexandrite, Cr: LiCaAlF6 
(LiCAF) and Cr: LiSrAlF6 (LiSAF). At present, both the strained-layer lasers 
and visible diode lasers are low power devices compared to GaAlAs arrays. 

Diode-laser Lifetime 
Laser-diode arrays and individual devices have been subjected to accelerated life 
testing which normally includes operation at high duty cycle and under stressing 
thermal conditions. Of particular interest is the operating lifetime of diode arrays 
at high junction temperatures. If acceptable lifetimes at elevated temperatures can 
be achieved, the need for elaborate cooling or refrigeration systems is eliminated. 
Figure 6.29 shows the results of life testing on a 60 W diode bar operating at 
20% duty cycle at a junction temperature of 75°C. The results show only a 1.6% 
output drop after 109 shots. Useful lifetimes of 1010 shots are therefore expected. 
This life corresponds to continuous operation of the system for over 10,000 h at 
250 pps. The diode arrays therefore will not be a lifetime-limiting component in 
a typical industrial or military laser system. Lifetime data for cw linear arrays are 
displayed in Fig. 6.30. Power output from the bars was 10 W. The extrapolated 
lifetime of these lasers 40,000 h or 4.5 yr. These test results indicate that the 
operating lifetime for diode-pumped lasers can be expected to greatly exceed 
that of comparable flash-lamp pumped systems. 

Thermal Management 
Diode-array pumping offers dramatic improvements in efficiency of solid-state 
laser systems. However, the need to maintain the operating temperature within 
a relatively narrow range requires a more elaborate thermal management system 
as compared to flashlamp pumped lasers. 

In end-pumped systems, the diode wavelength is usually temperature tuned 
to the peak absorption line of the laser and maintained at that wavelength by 
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Fig. 6.29. Results of life tests on 1 em (SDL) diode-bar operated at 20% duty cycle at 75°C junction 
temperature. Results indicate at least 1010 shot lifetime 
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Fig. 6.30. Life test of cw bars (Spectra Diode Laboratories} 

controlling the array temperature with a thermo-electric cooler. This approach 
works well for small lasers, and systems including TE coolers can work over a 
large range of ambient temperatures. 

In large systems, the power consumption of TE coolers is usually prohibitive. 
For these systems, a liquid cooling loop with a refrigeration stage can be em
ployed which maintains the temperature of the coolant independent of the envi
ronment. However, the coefficient of performance for refrigerators is typically 
no greater than one. Therefore, the electrical input power requirement is equal 
to the heat load to be controlled. 

Recently, the development of diode arrays which can operate at high junc
tion temperatures has eliminated the need for refrigerated cooling loops. Diode 
arrays can be operated now at junction temperatures as high as 75°C which is 
higher than ambient in most situations. A simple liquid-to-air cooling system 
provides the most efficient thermal control system for the laser because only the 
power consumption of a pump and possibly a fan is added to the total electrical 
requirements. There is a slight reduction of the diode operating efficiency (about 
0.2%/C) at elevated temperatures. However, this reduction in diode efficiency is 
small compared to the power penalty one would have to pay for a refrigeration 
cooler. 

Thermal resistance, temperature drops and coolant flow rates will be depen
dent on the exact cooling geometry selected. Heat generated in the most recent 
generation (backplane-cooled) diode arrays is conducted away from the individ
ual bars by a submount which is typically made from copper or beryllia. This 
conduction path is characterized by a finite thermal resistance. The resistance 
depends on the thickness of the mount and therefore on the spacing of the bars 
in the array. A rough calculation of the resistance is obtained from 

L1T l 
Rm=-=-Q kA 
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where Rth is the thermal resistance {C/W), land A are the length and area of the 
one em-wide laser bar submount, and k is the submount conductivity(~ 3 W/cm
C). For a 1.7 mm long by 0.4 mm thick copper submount, the thermal resistance 
is 1.4 C/W. Several options are available as coolers for the diode arrays. These 
include "impingement" and "micro-channel" type coolers. In the impingement 
cooler, turbulent flow provides a thin boundary layer between the cooler surface 
and the flowing coolant. In the micro-channel cooler, the flow is forced through 
small-area channels (~ w-4-10-5 cm2) to reduce the thickness of the boundary 
layer to a few micrometers. In either case, heat transfer between the fluid and 
the metal is improved over conventional coolers. 

In a passive cooling system, there is a considerable variation of the cooling 
fluid temperature depending on the ambient condition. At ambient temperatures 
much below the operating temperature of the laser diodes, the flow is ther
mostatically controlled. At higher ambient temperatures, and maximum coolant 
flow, the diode temperature will vary according to the ambient changes. Pro
vided that diode-array wavelength, spectral width and optical thickness of the 
solid-state laser material is properly chosen, a fairly large tolerance for tempera
ture fluctuations can be achieved. Actually, temperature insensitive performance 
closely matching the athermal behavior of lamp-pumped systems can be ob
tained. Diode-pumped systems have been designed with constant output power 
and beam quality over a -30° to +50°C temperature range without employing 
a refrigeration stage. 

This is only possible in very large diode-pumped systems with absorption 
lengths of the pump light on the order of 10--20mm. Because the laser material 
is optically thick, the tolerances for the emission wavelength and spectral width 
is much relaxed. In this case, it is actually advantageous to increase the spec
tral width of the diode in order to provide a more uniform pump distribution 
throughout the active material. The benefit of a large pathlength in the laser ma
terial is shown dramatically in Fig. 6.31. The data plotted shows that for a diode 
bandwidth of 15 nm and an absorption depth of 16 mm (8 mm double pass), the 
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Fig. 6.31. Calculated total absorption in Nd: YAG for a 15nm pump width and a 16mm optical path 
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Table6.7. Power dissipation from a diode array pumped solid-state laser 

System output: 
Diode array: 
Laser Crystal: 
Electronics/other components: 

Total electrical input: 

160W 
1300W 

160W 
380W 

2000W 

absorbed energy (and to a first approximation the laser output energy) can be held 
to within ±10% even though the center wavelength of the diode output varies 
by 26 nm. This 26 nm change in central frequency corresponds to a change in 
diode temperature of 86°C. 

The power dissipation of the various subsystems of a pulsed diode-pumped 
laser is listed in Table 6. 7. The system has a repetition rate of 200 Hz and an 
output pulse energy of 0.8 J/pulse. By far the greatest heat dissipation occurs in 
the diode pump arrays, and accounts for approximately 65% of the system input 
power. The solid-state laser medium itself dissipates heat at a rate approximately 
equal to the output power from the laser system. The electronics dissipate on the 
order of 19% of the input power. 

The use of liquid cooling is at present the simplest and most cost-effective 
method for heat removal from diode-pumped laser systems. However, expected 
material improvements can significantly reduce the heat dissipation and temper
ature control requirements on the diodes. These improvements include increases 
in the efficiency of the diode arrays, and the development of new solid-state laser 
materials in which the sensitivity to pump wavelength and linewidth is reduced. 
With continuing improvements, the need for liquid cooling can be eliminated in 
many applications altogether. For burst mode operation, the possibility exists for 
the implementation of cooling by latent heat of fusion of low-melting-temperature 
substances such as paraffin. For space-based operation, radiative cooling can be 
implemented in many systems using heat pipes for thermal transfer from the 
dissipative elements to low temperature radiators. 

Surface Emitters 
The basic method for stacking up linear arrays to create 2-D arrays requires a 
large number of fabrication processes. An intuitively appealing alternative ap
proach is to fabricate two-dimensional arrays directly at the wafer stage, thereby 
substantially reducing the manufacturing complexity. 

Figure 6.32 shows an example of a monolithic structure, in which a mirror 
at a 45° angle to the active layer deflects laser radiation from the chip surface, 
rather than the edge. The mirrors are etched into the substrate in these mono
lithic, surface emitting, quantum-well diode laser arrays [6.70]. Instead of using 
integrated mirrors, the diode radiation can be deflected with a distributed-Bragg 
reflector [6.71], or the resonator can be rotated 90° in the so-called vertical cavity 
laser [6.72]. 
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Fig. 6.32. Diode-laser array with integrated 45° mirrors 

6.1.5 Nonelectric Pump Sources 

Besides the radiation sources discussed so far, which derive their energy from 
electrical power, several radiation sources have been explored for solid state laser 
operation which consume no electrical power. 

Sun-Pumped Lasers. Considerable research has been done on sun pumping vari
ous solid-state lasers, such as Nd: glass [6.83), Nd: CaW04 [6.84], and Nd: YAG 
[6.85, 86). The usual geometry of a sun-pumped laser includes a Cassegranian 
telescope of 60-cm to 120-cm diameter to collect the solar radiation, and suitable 
optics to concentrate the pump light onto one face of an end-pumped laser rod. 
A sun-pumped Nd: YAG laser for a space communication system has produced 
5 W of cw output power [6.86]. 

Chemically Pumped Lasers. Chemical flashbulbs radiate via exothermic reac
tions of chemical species which liberate a large portion of the stored chemical 
energy as optical radiation. The advantage of this approach is the very high stored 
energy density of chemical reactions (tens of kilojoules stored in each gram of 
fuel) compared to that of electrical storage media (tenths of joules per gram of 
storage medium). 

A laser can, for example, be built where the pump source comprises expend
able chemical flashbulbs based on the combustion of oxygen and zirconium. 
Commercial bulbs such as Flash-Bar II manufactured by GE have an energy 
content in excess of 200 J/cm3• Chemical flash pumped solid-state lasers have 
been studied extensively [6.87-91]. Yang and Cook [6.89) reported on the use 
of commercial zirconium wool-oxygen based miniature photo-flashbulbs to op
tically pump aNd: glass rod. Maximum laser energy of 10.2J was obtained by 
using twelve bulbs. Zirconium-oxygen mixtures have typically a flash duration 
of 20 to 30 ms. 

Metal-shred chemical flashlamps similar to the above, except employing flu
orine as oxidizer plus halocarbon accelerants can achieve burn times of less than 
1 ms [6.90]. 
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Results with quasi-cw sources operating for several seconds via the combus
tion of metals in flowing oxygen are given in [6.87]. A comparison of laser-output 
energy obtained using expendable flashbulbs filled with oxygen and various met
als such AI, 'band Hf has been given in [6.88]. 

Detonation Pumped Lasers. Several solid-state lasers have been built where 
explosives provided the necessary pump radiation. For example, Smith et al. 
[6.91] described a cyanogen-oxygen mixture reacted in a detonation chamber to 
pump a ruby laser. 

6.2 Power Supplies 

6.2.1 Operation of cw Pump Sources 

Tungsten-filament lamps employed to pump Nd: YAG lasers require the least 
complicated supplies of all the standard pump sources used to pump solid-state 
lasers. In fact, since the most common filament lamps are 120 V devices, these 
lamps could be operated directly from the line. In practice, however, this is rarely 
done because this does not provide any input regulation, the laser output has a 
very strong 60-Hz ripple, and the lamp life is rather short as a result of the 
initial current surge when the lamp is turned on. For these reasons, laboratory
type power supplies for pumping Nd: YAG lasers contain at least a variable 
transformer, or phase-controlled SCRs, or saturable reactors for voltage control, 
and a rectifier and a filter. 

Commercially available Nd: YAG lasers have power supplies which provide 
continuously variable regulated de voltages, a start circuit which generates a slow 
ramp for the current rise when the lamp is turned on, and an interlock system 
which shuts the supply off if the laser is operated without adequate cooling, or in 
case of a lamp failure. A simplified schematic of a power supply which has these 
features is shown in Fig. 6.33. The main components of the power supply are a 
SCR phase-controlled rectifier bridge, a lamp voltage regulator unit and a L f C 
filter network. The rectified circuit consists of a bridge with phase-controlled 
SCRs in two of the branches. The SCRs are gated by voltage pulses from the 
lamp voltage regulator. The latter unit senses small voltage charges on the de 
side of the supply with respect to a reference potential, amplifies these changes, 
and controls the phase retardation of the SCRs. 

The power supply for operation of cw arc lamps is more complex because a 
trigger circuit is required to start the lamps, and in some cases when the lamps 
are filled at high pressure an additional high-voltage boost must be provided. 
A simplified schematic of a power supply (EMI, model EMK6000) which is 
employed in a large number of krypton arc pumped Nd: YAG lasers is shown in 
Fig. 6.34. The input is applied to a three-phase isolation transformer. Each output 
of the secondary of the 6kV power transformer is connected to the center of 
three pairs of series connected SCRs. This is the conventional three-phase bridge 
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rectifier configuration, with the exception that the rectifiers are SCRs. The control 
unit senses the analog input from a current-sampling resistor, compares it with 
a reference voltage, and generates phase-controlled pulses which fire the SCRs. 
Control of the SCR conductance time provides regulation of the supply. The unit 
operates as a variable time switch for each leg of the three-phase ac input. The 
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output of a rectifier is applied to a L/C filter network for ripple elimination. 
The ignitor provides the high-voltage pulse to start the lamp. This is done by 
discharging a capacitor with a SCR through the primary of a trigger transformer. 
The transformer steps up this voltage to over 30kV, which is sufficient to ignite 
the lamp. For reliable lamp starting, the voltage of the main power supply must be 
boosted to about 600 V-1 kV during the trigger phase. This is most conveniently 
done by charging the filter capacitor to this voltage with a small, low-current, 
high-voltage supply. Power supplies of this type have been built for lamp inputs 
of up to 20 kW. 

6.2.2 Operation of Flashlamps 

The major components of a power supply employed in a flashlamp-pumped laser 
are a charging unit, a pulse-forming network, and a flashlamp trigger circuit. 

Charging Unit 

The function of the charging unit is to charge the energy storage capacitor to a 
selected voltage within a specified time, which depends on the desired repetition 
rate of the laser. The capacitor-charging source usually consists of a transformer 
followed by a rectifier bridge, a switching element in the primary of the trans
former, a current-limiting element, a voltage sensor, and control electronics. The 
transformer and the rectifier bridge provide the required de voltage for the energy
storage capacitor. In order to be able to vary this voltage and, therefore, to obtain 
a variable output energy from the laser, a semiconductor switch is usually in
cluded in the primary circuit of the transformer. This control element, which can 
be either a triac, a solid-state relay, or a pair of inverse parallel SCRs, is turned 
on at the beginning of the charge cycle and turned off when a preset voltage is 
reached in the capacitor. Control signals are derived from the capacitor voltage 
as in conventional de supply designs. The charging of a capacitor presents a 
problem insofar as the discharged capacitor constitutes a short circuit. Without 
a current-limiting device in the power supply, the short circuit current is limited 
only by the resistance of the transformer windings. To protect the rectifier diodes 
and other components in the circuit, current-limiting circuits are required. Ideally, 
one would like a constant current supply, in which case the capacitor-charging 
current would be constant over the entire charging cycle. The charging current 
in this case would be 

I= CVft, (6.16) 

where C is the capacitance of the capacitor, V is the final charging voltage, 
and t is the charging time. Figure 6.35 shows a number of circuits which are 
frequently employed to limit the short circuit current into a capacitive load. 
The most straightforward way to charge capacitors is resistance-limited charging 
from a constant-voltage source as shown in Fig. 6.35a. The least amount of power 
dissipated in the current-limiting resistor is equal to that stored and discharged 
in the capacitor if three or more time constants are used in charging. For shorter 
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charging times, even more power is wasted in the resistor. For low-power, low
repetition-rate systems the heating losses usually can be tolerated. Since capacitor 
charging to high energy levels or at high repetition rates causes appreciable power 
waste when charging through a resistance, attempts have been made to produce 
power supplies without the resistance, but retaining the resistor's function of 
limiting initial capacitor-charging currents to safe values. 

Figure 6.35b shows current limitation by an inductor in the primary of the 
transformer. During initial charging, when the secondary of the transformer is 
shorted by the discharged capacitor, the peak current is limited by the inductive 
reactance. The inrush current equals the primary voltage divided by the reactance. 
As a refinement of this technique, the inductance can be built into the transformer 
as primary leakage (Fig. 6.35c). 

At repetition rates approaching the power-line frequency, it becomes difficult 
to achieve repeatable output voltage from charge to charge because of the limited 
number of current pulses within the charging period. For these cases it becomes 
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necessary to use resonant charging (Fig. 6.35d). Glascoe [6.92] gave a complete 
analysis of the circuit Current will flow from the de source for the first half-cycle 
·of the resonant frequency, charging the capacitor to twice the source voltage. 
The peak current drawn from the supply depends on the inductor, the resonant 
frequency of the LC circuit, and the voltage to which the capacitor is charged. 

The capacitance C1 shown in Fig. 6.35d is a filter to aid voltage regulation 
and is usually ten times the bank capacitance, Cz. The constant-voltage and short 
circuit current characteristics of ferroresonant line regulator transformers have 
been used to approximate a constant-current source for capacitor charging. Figure 
6.35e shows the typical ferroresonant transformer with its associated components. 
The current-limiting characteristic of the ferroresonant transformer is attained 
through the use of a magnetic shunt and a resonant tank circuit [6.93]. In addition 
to resistive and inductive current limitations, the short-circuit current can be 
reduced by repetitively transferring a small amount of energy to the energy 
storage capacitor. In the voltage-doubling circuit shown in Fig. 6.35f, the small 
capacitor Ct transfers its charge to the main capacitor Cz during each cycle of 
the ac line. A circuit in which magnetically stored energy is transferred to a 
capacitor is shown in Fig. 6.35g. 

In the following, we will describe a few typical power supplies employed in 
pumping solid-state lasers. Figure 6.36 shows the schematic of a power supply 
used to pump helical flashlamps of high-energy ruby and Nd: glass lasers. The 
lasers are operated at a repetition rate of a few pulses per minute. The power 
supply essentially consists of a standard power transformer with a solid-state 
relay in the primary, a voltage-doubling circuit, an energy storage capacitor, 
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an ignitron, and a trigger circuit. The voltage across the 400 pF energy storage 
capacitor is sampled by a high-impedance voltage divider, and the voltage is fed 
to a comparitor. If the input is equal to a reference voltage, an output from the 
comparitor will turn off the solid-state relay. This disconnects the transformer 
from the line so the voltage on the capacitor remains at a constant value. A front 
panel knob provides prediction of the final capacitor voltage; this is done by 
changing the reference voltage. The small 0.5-pF capacitor provides a constant 
charge rate of the energy storage capacitor and, as discussed before, provides 
current limitation. However, many hundred charge cycles are required before the 
energy from the small capacitor has charged up the energy storage capacitor. 
Therefore, this charge-transfer technique is useful only for low-repetition-rate 
systems. 

As we will see in the next section, large helical ftashlamps require high 
voltages of the energy storage capacitor because of their high impedance. Since 
these lamps will usually self-trigger at voltages lower than the storage bank 
voltage, a holdoff device is required Lamp breakdown during the charge cycle 
is usually prevented by an ignitron. The ignitron is a mercury-filled tube which 
is capable of handling very high currents. Triggering of the ftashlamp is initiated 
by a 15- to 20-kV trigger pulse in the series injection trigger transformer and 
by simultaneously triggering the ignitron to allow bank discharge. In Fig. 6.36 
an additional coil for shaping the ftashlamp current pulse is shown. For lamps 
which are operated considerably below their self-triggering voltage, the ignitron 
may not be required. The holdoff voltage of a 7.5-cm-long linear ftashtube is 
around 3.5kV, whereas for a helical lamp with an arc length of 72cm, holdoff 
voltage is around 6kV. 

Figure 6.37 shows a power supply which can charge a 1-kJ capacitor bank 
at a repetition rate of 10pps. The unit features a high-reactance current-limiting 
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Fig. 6.37. Power supply featuring a high-leakage transfonner 
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Fig. 6.38. Resonant charging of the energy storage capacitor in a high-repetition-rate system 

transformer, with two inverse parallel SCRs as a switching element in the pri
mary, and a full-wave rectifier bridge. Since this power supply is for a Nd: YAG 
laser welder, long pulses of the order of 5 ms are required. As we will see in 
the next subsection, this requires a multiple-mesh network. The trigger circuit, 
which we will also discuss in more detail later, consists essentially of a trigger 
transformer with a capacitor and a SCR in the primary. When the capacitor is 
discharged, a high voltage is generated at the secondary which breaks down the 
lamp. The power supply is designed to operate two linear flashlamps (FX81-C4). 
Each lamp has a bore of lOmm and a length of lOcm. This power supply can 
also be built as a three-phase supply. In this case, three separate transformers 
and voltage-rectifier bridges are connected in parallel at the de output end. 

For high repetition rates a resonant charging supply is best used. Figure 6.38 
shows the simplified schematic of a power supply which is employed to pump a 
Nd: YAG laser at repetition rates of up to 50 pps. The laser is pumped by a single 
linear flashlamp with 5-mm bore diameter and 50-mm arc length at a maximum 
of 20J. The de section of the power supply represents a variable voltage source. 
In the primary circuit of the transformer is an inductor for current limitation and 
a triac for voltage control. The stepped-up voltage is rectified by a full-wave 
bridge and filtered by means of a bank of 950-J.LF electrolytic capacitors. The de 
output voltage is controlled by a circuit which senses the voltage and generates 
trigger pulses to the gate of the triac. The resonant charging device consists 
of a hold-off diode, a 50-J.LF energy storage capacitor, and a 350-mH inductor. 
The flashtube trigger is generated by switching the energy from a small storage 
capacitor into the trigger transformer primary. The secondary of this transformer 
is connected in series with the pulseforming network (series injection triggering). 
When a flashlamp is operated at high repetition rates, the recovery characteristic 
of the lamp must be taken into account. An example of a recovery characteristic 
is shown in Fig. 6.39. The curve shows that, after cessation of current flow, the 
lamp remains ionized, hence at low impedance, for a time on the order of a few 
milliseconds. 

Power supplies used for military-type Nd: YAG lasers, such as rangefinders, 
target designators, or illuminators, mostly operate from batteries or on-board de 
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Fig. 6.40. Power supply employing a dc-to-ac inverter 

power lines. Figure 6.40 shows a simplified schematic of the power supply of 
an airborne target designator, which operates from 28 V de. The unit, which 
consists of a dc-to-ac converter, a step-up transformer, a high-voltage rectifier, 
a pulse-forming network, and a parallel trigger circuit, is capable of charging 
the capacitor to an energy of 20 J at a repetition rate of 10 pps. The ftashlamp 
(ILC L-213) has a bore of 4mm and an arc length of 50mm. Current is limited 
by an inductor on the high-voltage de side of the unit. A feature of this power 
supply is the fact that the repetition rate of the dc-ac converter progressively 
increases from 1 kHz to about 5kHz during the charge cycle in order to keep the 
peak-to-peak rms current drawn from the battery at a low value. This is achieved 
by a current sensing network which feeds a signal to the logic circuit, which in 
turn controls the switching frequency of the transistors in the dc-to-ac converter. 
At full capacitor charge, a voltage sensor turns off the driving signals to the 
transistors. A schematic diagram of another type of power supply used in small 
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Fig. 6.41. Battery-operated power supply with energy transfer from the inductor L to the PFN ca
pacitor C 

military systems is shown in Fig. 6.41. The system operates on the principle of a 
flyback dc-ac converter. The transistor is turned on for a short period of time to 
allow current flow in the primary of the inductor. When the transistor is turned 
off, the magnetic energy stored in the inductor is transferred to the energy storage 
capacitor; at the same time the voltage is stepped up from 28 V to approximately 
800V. The device is short circuit protected since the inductive voltage kickback 
charges the capacitor after the transistor has turned off. The transistor is operated 
typically at a repetition rate of 1 to 10kHz in order to keep the inductor small. 
For a 10 pps system this allows between 100 and 1000 transfers of energy from 
the inductor to the capacitor. 

Further references on the design of power supplies employed to operate flash
lamps can be found in [6.18, 94-97]. The special problems which arise in power 
supplies designed to charge capacitor banks with stored energies in the MJ range 
have been discussed in [6.97b]. 

Pulse-Forming Network 
Flashlamps are usually operated from a single- or multiple-mesh LC network. 
The network stores the discharge energy and delivers it to the lamp in the desired 
current pulse shape. In most situations, the lamp input energy Eo, the pulse width 
tp, and the lamp dimensions have been determined before the pulse-forming 
network is designed. The above-mentioned parameters completely describe the 
network's capacitance and inductance as well as the charging voltage and peak 
current. To familiarize the reader with the design of flashlamp energy-storage 
networks, we will consider first the elementary model of a pulse discharge circuit 
(Fig. 6.42). The capacitor Cis charged to an initial voltage Vo. At timet= 0 the 
switch S is closed and the energy stored in the capacitor is delivered to the load. 
We assume for the moment that the load is a linear resistor R. In this case the 
circuit is described by the second-order differential equation 

d 2q dq q 
L-+R-+- =0 

dt2 dt c (6.17) 
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Fig. 6.42. Single-mesh discharge circuit 

where q is the charge on the capacitor. With the initial charge on the capacitor 
q(O) = CVo and the initial current dqfdt(O) = 0, the voltage across R is given by 

v(t) = Vo(a/ ,B){exp[-(a- ,B)t]- exp[ -(a+ ,8)t1} , (6.18) 

where a= R/2L and ,8 = (R2 f4L2 - 1/ LC)112• 

Depending on the relative values of R, L, and C, the voltage or current 
wavefonn across R may be as follows: 

Critically Damped. In this case, ,8 = 0 and 

( L)t/2 
R=2 -c (6.19) 

The capacitor voltage decays exponentially from Vo to zero. H we define the rise 
time tr as the time required for the voltage or current at R to rise from zero to 
its maximum value, we obtain 

tr = (LC)112 • (6.20) 

The rise time measured between the 10 and 90% points of the voltage is 0.57tr. 
The discharge current as a function of time is 

i~t) = e (.!..) exp (-.!..) , 
Zp tr tr 

(6.21) 

where the peak discharge current is 

Overdarnped. The wavefonn is similar to the critically damped pulse, except 
that the peak current is reduced and the time required to reach zero is extended. 
The overdamped case (,8 real) is defined by 

( L)t/2 
R>2 -c (6.22) 
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Underdamped. The resulting pulse shape is characterized by strongly damped 
oscillations (/3 imaginary). The frequency of the oscillation depends mostly on 
Land C, whereas the decaying amplitude is a function of R only. Oscillations 
and the associated current and voltage reversal in the discharge circuit occur if 

( L)t/2 
R<2 -c (6.23) 

Nonlinear Load. As we have seen in Sect. 6.1, the flashlamp resistance is non
linear and can be described by RL(i) given in (6.4) or by the lamp impedance 
parameter Ko defined in (6.1). The design of single-mesh circuits for driving 
flashlamps has been considered in [6.13] and more recently in [6.98]. In or
der to apply the results published in the literature, we must make the following 
substitutions and normalizations: 

t 
r=

T' 
T = (LC)112 , 

. IVa 
z=-

Zo 
(6.24) 

In addition, a damping factor a is defined which determines the pulse shape of 
the current pulse. It is 

a= Ko(VoZo)-112 • (6.25) 

Solutions of the nonlinear differential equation of the lamp current for various 
values of a have been obtained using a computer [6.13]. The current waveform 
for different values of a is shown in Figs. 6.43 and 44. As can be seen from 
these curves, a = 0.8 corresponds to the critically damped case. The current 
pulse duration tp at the 10% points is approximately 3T; during this time about 
97 % of the energy has been delivered. If we substitute 

a= 0.8 and tp = 3T = 3(LC)112 

... 
c: 
~ 0.4 
::l 
u 
] 
.!::! 

~ 0.2 
15 z 
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Fig. 6.43. Nonnalized current and energy of a crit
ica11y damped flashlamp discharge circuit. Pulse 
shape factor cr-0.8 



Fig. 6.44. Overdarnped and underdamped current 
waveforms of a lamp discharge circuit 
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Normalized time, T 

for a critically damped pulse into (6.24, 25), then we can determine for a given 
lamp type the relationship between energy input, pulse duration, pulse shape, 
inductance, capacitance, and operating voltage. 

The energy initially stored in the capacitor is 

(6.27) 

The relation is used to eliminate Vo from (6.25). With o: = 0.8 we obtain from 
(6.25) the value of the capacitor 

(6.28) 

The inductance can be calculated from (6.26) 

t2 
L - p 

- 9C. (6.29) 

We now have a set of three equations (6.27-29) which, given the specifications 
of the flashlamp parameter Ko, the desired input energy Eo, and pulse width tp, 
provide explicit values of C, L, and V0 • If the lamp parameter Ko is not specified 
by the lamp manufacturer, it can be calculated from (6.5). From Fig.6.43 also 
follows the peak current for a critically damped current pulse 

. 05 Vo 
zp = · Zo · (6.30) 

The rise time to reach this peak value is 

tr = 1.25(LC)1 12 ~ 0.4tp . (6.31) 
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Differences between these solutions and those for the linear LC R circuit are 
readily apparent; For a given Zo, Vo. and peak current, the solution of the non
linear equation is more heavily damped than that of the linear case. The damping 
parameter a is dependent on Vo. the initial capacitor voltage. This is consistent 
with the experience that a discharge circuit, critically damped at one voltage, 
begins to ring as the voltage is increased. 

Multiple-Mesh Networks 

For more strict control of the pulse duration, and to create light pulses with 
flat tops, multiple-mesh networks are used. These consist of two or more LC 
networks in series. Switching an open-ended charged transmission line into a 
resistor equal to its characteristic impedance yields a rectangular pulse across the 
resistor. The width of the pulse equals twice the propagation time of the line. 
This same technique can be applied to a lumped parameter line. The principal 
advantage of the lumped-parameter delay line as an energy-storage pulse-forming 
network is its nearly constant output over the length of the pulse. This property is 
especially useful in producing long normal-mode laser pulses of constant power. 

Most pulse-forming networks employ the "E"-type circuit of a lumped con
stant transmission line. In this configuration, all capacitors are of equal value and 
the inductance values per mesh are nearly identical (Fig. 6.45). Following are the 
approximate equations of a lumped-type "E" transmission line terminated by its 
characteristic impedance [6.92]. The characteristic impedance of the network is 

= (LT)l/2 
Zn Cr ' (6.32) 

where Lr and Cr are the total inductance and total capacitance. The pulse width 
at the 70 % point is 

tp = 2(LrCT)112 . 

With the pulse duration known, the total capacitance follows from 

Cln 
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Fig. 6.45. Multiple-mesh network 

(6.33) 

(6.34) 



and the total inductance is 

(6.35) 

In order to deliver the required energy, the capacitors of the network must be 
charged to a voltage 

- (2E)l/2 V--
Cr 

(6.36) 

The peak current during the discharge from the pulse-forming network is given 
by 

. Vo 
Zp = 2Zn . (6.37) 

From (6.34, 35) it follows that the network L1 and Ct are determined by the 
desired pulse width and the lamp impedance R = Zn. The desired lamp energy 
input determines the charging voltage. 

Once LT. Cr, and Vo are calculated, the desired rise time determines the 
number of circuit meshes in the network. Experiments have shown that current 
rise times of 50 J.lS for lamps pumped up to the 100-J level and rise times of 
200 J.l-S for lamps pumped in the kilojoule regime can cause severe electrode 
sputtering and crazing of the flashtube. The number of sections chosen to make 
up the pulse-forming network is determined by first considering the rise time and 
then a convenient number of components. If n is the number of meshes, then the 
rise time from the 10 % to the 80 % level is 

and the fall time (80% to 10%) is 

tr = 3tr . 

The capacitance and inductance per mesh are 

Lr 
and LM=-. 

n 

Network Components 

(6.38) 

(6.39) 

(6.40) 

Inductors for pulse-forming networks are usually air-core coils, except for small 
systems where an iron core may be used. Besides inductance, other parameters 
of interest are the operating voltage and the rms current which determine in
sulation and wire size. Energy storage capacitors ranging from 1 to 10 kV and 
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energy levels from 10 to 5000J are commonly used Because space is usually 
at a premium, energy storage capacitors are customarily designed with a higher 
dielectric stress than is usually employed for conventional de capacitors [6.99]. 
These low-inductance capacitors are designed for quick charge and discharge. 
The capacitor's de life may be entirely different from its pulse discharge life
time. Large discharge capacitors with storage energies in the kilojoule range are 
usually castor oil-impregnated paper dielectric capacitors. These capacitors are 
designed for energy densities of 0.04 to 0.07 J/cm3 and 30 to 65 J/kg. In pulse 
discharge capacitors using high-strength dielectric materials, such as polyester 
or polypropylene film, energy densities of up to 0.5 J/cm3 and 270 J/kg can be 
achieved. These capacitors, which are used mostly in military-type systems, have 
storage energies of up to a few hundred joules. Capacitor lifetime is determined 
by the charging voltage, the percentage of voltage reversal, and the operating 
temperature. In most practical situations, where a critically damped or over
damped pulse is generated and operation occurs below the peak rated voltage 
and at temperatures under 50° C, the capacitor life is not a serious consideration 
compared to other component failures. With these operating conditions, well over 
107 discharges can be expected from the capacitor. 

In Figs. 6.46 to 49 typical current waveshapes are shown which are obtained 
from single- and mvltiple-mesh networks for various types of lamps. One usually 
finds that the final selection of the elements of a discharge circuit depends on 
commercially available components rather than on the exact calculated values. 
Furthermore, a laser system is in most cases operated over a range of input ener
gies, and theoretically the optimum network would have to be slightly different 
for each input level. 

We will illustrate the procedure for calculating a multiple-mesh network for 
the pulse shape shown in Fig. 6.46. A 5-ms-long current pulse is desired for two 
linear lamps connected in series and pumped at a total energy input of 1 kJ. Each 
of the lamps (EGG-FX81-4) has an arc length of 10cm and a bore of 1 em. 
From (6.4) it follows that with 1 = 10cm and D = 1 em, there is a resistance of 
R = 0.5 il for each lamp if we assume a peak current of ip = 650 A. As we will 
see, the design of a PFN is an iterative process. First, a peak current is assumed 

Fig. 6.46. Current wavefonn obtained from circuit shown in Fig. 6.37 at lamp input energy of 1 kJ 
and a bank voltage of 900V. (Horizontal) 2ms/div; (vertical) lOOA/div 
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Fig. 6.48. Current pulse obtained from a three-mesh network. Input energy 300 J into ILC lamp model 
L-305. (Horizontal) 100 fJS/div; (vertical) 200 A/div 

which permits one to calculate the lamp impedance. With this parameter known 
the network can be designed. However, at the end of the analysis the peak current 
has to be rechecked. With Zo = 1 Q for the total lamp resistance, it follows from 
(6.34-36) that CT = 2500 JlF, V = 900 V, and LT = 2.5 mH. Rechecking the peak 
current, we find from (6.37) a value of 450 A, which means the values of CT and 
LT must be recalculated using another assumed ip. To obtain a fairly flat 5-ms
long pulse, a four-mesh network, each section containing a 600-JlF capacitor and 
a 580-JLH inductor, is chosen. The pulse-forming network is shown in Fig. 6.37 
and the current waveform is illustrated in Fig. 6.46. The measured rise time of 
the current pulse, which is about 0.6 ms, follows also from (6.38). 

Figure 6.47 shows the current pulse of a single- and a double-mesh network. 
Each section consists of a 50-JlF capacitor and a 38-JLH inductor. For the single
mesh network the inductance is actually the saturated inductance of the trigger 
transformer. The flashlamp is 50mm long and has a bore of 3mm (ILC L-304). 
Total input energy is 25 J. The current pulse into a 75-mm-long, 4-mm-bore 
flashlamp generated by a three-mesh network is shown in Fig. 6.48. Each section 
of the network contains a 33-JLH inductor and a 120-JLF capacitor. The total 
stored energy is 300J. Figure 6.49 shows the current waveform generated by a 
single-mesh network. The load is a helical flashlamp with a tube inside diameter 
of 8 mm and a total arc length of 72 em. The lamp impedance parameter for this 
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lamp was measured to be Ko = 150 Q A 112• The values for the discharge circuit 
are obtained if one introduces tp = 500 Jl.S and Eo = 2700 J into (6.27-29). The 
pulses shown in Fig. 6.49 correspond to different charging voltages of 5, 7, 9, and 
9.5 kV. As can be seen from this figure, despite the large range in bank voltage, 
input energy, and peak current, the pulses are all approximately critically damped 
and have pulse widths of about 500 Jl.S. 

Trigger Circuit 
The discharge of the stored energy into the ftashlamp is generally initiated by a 
high-voltage trigger pulse. The function of the trigger signal is to create an ionized 
spark streamer between the two electrodes so that the main discharge can occur. 
The initial spark streamer is formed by the creation of a voltage gradient of 
sufficient magnitude to ionize the gas column. The concept of a voltage gradient 
is important here, since it implies the existence of a stable voltage reference 
surface in close proximity to the ftashlamp. Regardless of the triggering method 
used, reliable triggering cannot be achieved without this reference. Usually, an 
equipotential condition on the outside wall of the tube is achieved through the 
use of a wire wrapped around the ftashlamp or by the proximity of the metal 
parts of the pump cavity. The ignition process can be explained by assuming that 
areas of the inside glass wall behave as small electrodes capacitively coupled to 
the reference plane. When the trigger voltage is applied, a discharge takes place 
between the cathode and the nearby part of the inside wall; this part will then 
be almost at cathode potential. Next, a discharge takes place between this part 
of the glass wall and a more remote area still at high potential, and so on until 
the anode is reached [6.100, 101]. 

The two most common methods of triggering ftashlamps are external and 
series injection triggering. Other techniques are the so-called simmer and pseu
dosimmer triggers. In the external trigger device a wire is wrapped around the 
ftashlamp between the electrodes and connected to the secondary of a high
voltage transfonner. A high voltage is generated by discharging a capacitor 
through the primary of the transfonner. The switching element can be either 
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Fig. 6.50. Typical flashlamp trigger 
pulse. (Horizontal) 10 tJS/div; (verti
cal) lOkV/cm 

a SCR or krytron [6.102, 103]. The trigger voltages of flashtubes are between 5 
and lOkV. Figure 6.40 shows an example of external triggering. The waveform 
of a typical flashlamp trigger pulse is given in Fig. 6.50. The pulse shown was 
generated by discharging a 33-J.LF capacitor at a voltage of 500 V through the 
primary of a trigger transformer (EGG model TR132) with a turns ratio of 53:1. 

Sometimes it is undesirable to have a wire wrapped around the flashlamp. 
For example, the possibility of accidental voltage break-down to the surrounding 
pump cavity is greatly increased by the presence of a trigger wire. In such 
applications, a triggering scheme which does not require an external trigger wire 
is highly desirable. In the series injection method, a pulse is generated in a 
transformer whose secondary winding is in series with the flashlamp. The high
voltage pulse causes initial ionization of the plasma. The large lamp current which 
follows saturates the transformer so that its inductance is low. Examples of the 
series trigger technique are shown in Figs. 6.36-38, 41, and 49. Each method 
has its own particular advantages. External triggering provides greater design 
flexibility, because the secondary winding is not in the main discharge circuit. 
External triggering is the simplest, lightest, and most commonly used technique. 
Series triggering, on the other hand, is the choice when no exposed high-voltage 
leads are permitted. When a series trigger circuit is used, the secondary of the 
trigger transformer is part of the lamp discharge circuit, therefore the resistance 
of the secondary winding should be much less than the flashlamp resistance. This 
makes the series injection trigger transformer relatively bulky and heavy. 

On the other hand, series triggering produces generally better pulse-to-pulse 
uniformity and reproducibility than external triggering. Also, in some cases longer 
flashtube life and more efficient pumping have been observed. These observations 
may possibly be explained by the fact that when a lamp is series-triggered, the 
core of the trigger transformer is not saturated and initial current flow is limited 
by the unsaturated inductance of the transformer. It appears that the reduced 
current growth rate during the arc expansion phase results in a more uniform arc 
formation and an associated smaller shock wave. An extension of this reasoning 
has led to the development of the so-called simmer and pseudosimmer triggering 
schemes. In these schemes a low-current discharge is maintained in the lamp 
between pulses. This keep-alive discharge is accomplished by employing a low-
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Fig. 6.51. Power supply with keep-alive discharge circuit 

20 kV 
0.1 A 

current de power supply in parallel with the main supply. A typical circuit is 
shown in Fig. 6.51. 

The simmer mode of operation requires a switching element between the 
lamp and the pulse-forming network. The lamp is initially ignited by the open
circuit voltage of 20kV of the high-voltage power supply. At steady state the 
voltage drop across the lamp is between 500 V and 1 kV. Using this technique, 
considerable improvements in system performance can be achieved, including 
the following: 

1) Increased flashlamp life: An order-of-magnitude improvement in lamp life 
has been observed employing a keep-alive discharge [6.23, 104]. Improve
ment is due mainly to a drastic decrease in cathode sputtering which is 
caused to a large degree by the high-voltage surge across the lamp in stan
dard trigger schemes. 

2) Reduced coolant degradation: The fluorinated hydrocarbons, such as 3M 
FC-104 and Dupont E-4, possess the temperature characteristics required for 
military equipment, but they tend to degrade from ultraviolet irradiation. A 
major source of this radiation is the high-voltage ignition which is eliminated 
in the simmer mode. 

3) Reduced EMI/RFI radiation: A difficult requirement, particularly in military 
laser systems, is the reduction of broad-band rf radiation. For example, a 
laser operating at 10 pps presents three major electric field noise sources, the 
flashlamp igniter pulse, flashlamp current pulse, and Pockels-cell switching 
pulse. The first, and often the largest, source of this type of noise is elimi
nated in the simmer mode. 

4) Increased efficiency: It has been demonstrated that in some cases the simmer 
mode can provide increases in Kr and Xe flashlamps' pumping efficiency 
for lamps operated with a pulse length of 50 to 200 J.LS and pulse energy 
levels of 5 to 20 J. 

5) Lamp status control: By monitoring the keep-alive current, a broken flash
lamp or a short circuit can be detected before the energy storage capacitor 
is discharged. This is particularly important in large systems or in systems 
employing many flashlamps. 
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Fig. 6.52. Power supply with pseu
dosimmer discharge 

The major disadvantage of this mode of flashlamp operation is the added 
electronics and the power consumption of the continuous discharge. Small 7.5-
cm long linear lamps are operated at about 30 rnA de and consume between 
5 and lOW; large helical lamps operate at 1 kV and lOOmA, thus consuming 
lOOW. To reduce the power consumption of the simmer mode, a pseudosimmer 
was devised that combines the advantage of the light-weight external trigger 
transformer with the improvements achieved in a simmer-mode system [6.10]. 
Figure 6.52 shows a schematic block diagram of the circuit which has been 
used in small Nd: YAG systems. The lamp is ignited with an external trigger 
transformer. Lamp current initially flows through a limiting resistor, which is in 
parallel with the pulse-forming inductor and the SCR. Current flow through the 
inductor is prevented by the SCR. After an appropriate time delay, the SCR is 
turned on, and the high-current pulse is initiated. 

6.3 Pump Cavities 

The efficiency in the transfer of radiation from the source to the laser element 
determines to a large extent the overall efficiency of the laser system. The pump 
cavity, besides providing good coupling between the source and the absorbing 
active material, is also responsible for the pump density distribution in the laser 
element which influences the uniformity, divergence, and optical distortions of 
the output beam. 

6.3.1 Pump Cavity Configurations 

In the development of solid-state lasers, many different projection systems have 
been employed to transfer the radiation from a light source to the active material. 
Depending on the shape of the active material and the type of pump source used, 
one can broadly divide pumping geometries into systems in which the active 
material is side-pumped, end-pumped, or face-pumped. 

In a side-pumped illumination system, the active material, shaped in the form 
of a cylindrical rod or rectangular slab, is pumped by linear, helical, or hollow 
lamps. Pump light strikes the active material perpendicular to the laser beam. 
The most common type of illumination systems fall into this category. 
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Fig. 6.53. End-pumped glass laser. Sunlight 
collected by a 60-cm parabola is imaged onto 
the end of the glass laser rod by the unity nu
merical aperture refractive elements [6.105] 

In a few special cases where the pump source is the sun or a light-emitting 
diode, the cylindrical laser rod is pumped through one of the end faces by a 
condenser arrangement [6.83-86, 105]. Usually a lens is employed to concentrate 
the light into the laser rod, which has a reflective coating on its cylindrical surface. 
The pump light trapped in the active material propagates along the axis of the rod 
similar to a light pipe. Figure 6.53 shows the pumping scheme of a sun-pumped 
Nd:glass laser [6.105]. 

In Chap. 7 we will discuss slab geometry designs such as the disk amplifier, 
the active mirror and the zig-zag laser. The first two schemes are employed in 
large-aperture Nd : glass lasers, whereas the zig-zag slab laser is of interest in 
high-average-power laser systems. 

In all of these designs the flashlamp-reflector housing requires a careful de
sign to provide uniform illumination of the slab as well as having good coupling 
efficiency. Figure 6.54 shows several reflector geometries which are in use for 
pumping slab lasers. lllustrated are the cusp-, and "V"-shaped, and semicircu
lar reflectors (Fig. 6.54a-c), surrounding a single lamp, as well as a "V"-shaped 
reflector in combination with a diffuser to spread out direct radiation and thus 
provide a more uniform pump intensity profile (Fig. 6.54d). A cusp-shaped reflec
tor for a multiple lamp reflector is illustrated in Fig. 6.54e. A single slab pumped 
from both sides by "V" -shaped reflectors is shown in Fig. 6.54f, whereas Fig. 
6.54g illustrates a reflector design employed for the pumping of two slabs by a 
single flashlamp. Details of the designs illustrated in Fig. 6.54 can be found in 

338 



a) bl 

B ~ 
c) 

d) 6 mm Glass 

e) 

g) 

[,~;;-
Diffuser 
Sheet 

1 em Bore 
300 Torr Xe 

Location of Diffuser 
Stripe::: 1 em Wide 

fO\ 
f) 

I I 

~ 
Coolant Channel 

Flashlamp 

...____,__.., 
Silver Coated 
Pyrex Piece 

Fig. 6.54. Typical face-pumped Nd: glass disk laser ampli
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[6.151-155]. In what follows, the more common geometries for side-pumping 
laser rods will be discussed. 

The most widely used pump cavity is a highly reflective elliptical cylinder 
with the laser rod and pump lamp at each focus. The elliptic configuration is 
based on the geometrical theorem that rays originating from one focus of an 

339 



(a) Single ellipse with 
large eccentricity 

(e) Semi ellipse 

(b) Small eccentricity 

(f) Double ell ipse 

Fig. 6.55. Elliptical pump cylinders 

(c) Closed coupled (d) Exfocal 

(g) Multi elliptical cavity 

ellipse are reflected into the other focus. Therefore an elliptical cylinder transfers 
energy from a linear source placed at one focal line to a linear absorber placed 
along the second focal line. The elliptical cylinder is closed by two plane-parallel 
and highly reflecting end plates. This makes the cylinder optically infinitely long. 

Figure 6.55 illustrates different pump geometries based on the elliptical cylin
der. A single elliptical cylinder can have a cross section with a large or small 
eccentricity (Figs. 6.55a and b). In the former case, the laser rod and lamp are 
separated by a fairly large distance, in the second case they are close together. 
If the elliptical cylinder closely surrounds the lamp and rod, then one speaks of 
a close-coupled elliptical geometry (Fig. 6.55c). As we will see, this geometry 
usually results in the most efficient cavity. This cavity has the further advantage 
that it minimizes the weight and size of the laser heads. The semi-elliptical cav
ity (Fig. 6.55e) is employed in cases where conduction cooling of the laser rod 
is desired. In an elliptical cylinder, radiation passing through the rod is quickly 
defocused upon further passes within the resonator and no longer reenters the 
rod. Focusing can be somewhat improved by locating the lamp and rod be
yond the foci of the elliptical reflector [6.106]. With exfocal pumping, however, 
(Fig. 6.55d), the number of reflections from the cavity walls increases consider
ably, therefore the system efficiency is quite dependent on the wall reflectance. 
Since the energy delivered to a discharge lamp is limited, schemes to focus the 
energy from many lamps onto a single crystal are attractive. Figures 6.55f and g 
show two and four partial elliptical cylinders having one common axis at which 
the crystal is placed. 

Figure 6.56 shows examples of close-coupled nonfocusing pump cavities. 
The lamp and rod are placed as close together as possible, and a reflector closely 
surrounds them. The reflector can be circular or oval in cross section (Figs. 6.56a 
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(a) Circular cylinder (b) Single-lamp close-wrap (c) Douple-lamp close-wrap 

0 
0 a 

0 
(d) Four-lamp close-wrap configuration 

Fig. 6.56. Close-coupled configurations 

• 

• • 
(e) Close-coupled multiple coaxial 

and b). The latter type is often used in laboratory setups of low-repetition-rate 
pulsed lasers. The reflector is simply silver or aluminum foil wrapped around the 
flash lamp and laser rod. The efficiency of the closely wrapped cavity is found 
to be about as high as when an elliptical cylinder is used. The advantage of the 
pump cavity shown in Fig. 6.56b is fabrication simplicity; however, this design 
has a number of disadvantages: nonuniform pumping of the rod cross section and 
difficulties in providing adequate cooling of the rod, flashlamp, and reflector. 

Multilamp close-coupled cavities provide a higher degree of pumping unifor
mity in the laser rod than single-lamp designs. The reflectors are used for creating 
the pumping density required when large-diameter rods are employed. The de
signs shown in Figs. 6.56c, d. and e are typically used to pump long Nd : glass 
laser rods. 

Figure 6.57 shows designs which have diffuse-reflecting surfaces. If a helical 
lamp is used to pump a laser rod, the lamp is usually surrounded by a ceramic 
reflector, as shown in Fig. 6.57a. Occasionally, rods have been pumped by hollow 
lamps which were surrounded by a diffusely reflecting surface [6.45, 107, 108]. 

Lamp 

Rod 

(a) Helical flash tube (b) Coaxial flash tube 

Fig. 6.57a-c. Diffuse reflecting cavities 

(c) Diffuse cylinder 
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Rotational ellipsoidal Spherical reflector Cylinder with cones 

Fig. 6.58. Pump cavities with rotational symmetry 

In the helical lamp and coaxial lamp pumping system shown in Figs. 6.57a and 
b, the efficiency is detennined by the ratio of the inner lamp diameter to the 
rod diameter [6.108]. A very simple reflector is a ceramic cylinder with a laser 
rod and pump lamp in close proximity. In the design shown in Fig. 6.57c, the 
reflector sometimes is specular, i.e., aluminum foil or tubing. Ceramic materials 
have the advantage that they do not corrode or tarnish. 

A high-energy transfer efficiency is achieved in pump systems with reflectors 
in the fonn of an ellipsoid ofrevolution [6.109] or a sphere [6.110], as shown in 
Fig. 6.58. In the spherical reflector the lamp and rod are positioned immediately 
adjacent to each other along a diameter of the reflector; in the ellipsoid of rev
olution the lamp and rod are positioned along the major axis between the focus 
and the ellipsoid surface. Somewhat similar to the ellipsoid is a reflecting cone 
system in which the lamp and laser rod are positioned on the axis of two cones, 
joined by a cylindrical reflecting surface [6.111]. 

The elliptical cylinders shown in Fig. 6.55 focus the pumping light in two 
dimensions, that is, in a plane which is the cross section of the cylinder. In 
contrast, the configurations illustrated in Fig. 6.58 focus the pumping light in three 
dimensions, thus a highly unifonn rod illumination is achieved. Nevertheless, 
ellipsoids, spheres, and axicons have a number of disadvantages. They can be 
used for short laser rods only, and they are not very attractive from the standpoint 
of fabrication costs, size, and weight. 

Radiation Transfer in Diode-pumped System 

In contrast to flashlamps or filament lamps, the emission from laser diodes is 
highly directional, therefore different pump configurations are required Arrange
ments for transferring pump radiation from laser-diode arrays to the solid-state 
laser material will be discussed below. Figure 6.59 illustrates different techniques 
of coupling radiation from diode arrays into solid-state laser materials. Figure 
6.59a,b depicts so-called end-pumped arrangements whereby the output from a 
small 100 or 200 J.Lm wide array is focused into the laser medium. Straight for
ward is the configuration if the output from a single array is focused into the 
crystal either by employing a conventional lens system or a graded-index lens. 
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Fig. 6.59a-e. Different configurations for pumping solid-state lasers with diode arrays. (a, b) end 
pumping of a laser crystal; (c,d,e) side pumping of a cylindrical rod and slab 

Two arrays can be polarization-coupled, as shown in Fig. 6.59a. By arranging 
arrays around a conical surface and pointing them to a common focus in the 
crystal, several arrays can be used to pump a laser. Also arrays can be coupled 
via fibers for endpumping of lasers (Fig. 6.59b). Side pumping of a cylindrical 
laser crystal by a number of symmetrically-arranged diode arrays is exhibited in 
Fig. 6.59c. Whereas side pumping of a slab laser either directly by mounting the 
arrays in close proximity to the slab surface, or by means of fiber optic coupling 
is depicted in Fig. 6.59d and e, respectively [6.66, 82]. 

End-Pumping Configurations. The focused end-pumping configuration, if prop
erly designed to provide matching of the pump light distribution and resonator 
mode, is the most efficient pump-radiation transfer scheme. Since the pump beam 
from the diode array is collinear with the optical resonator, the overlap between 
the pumped volume and the TEMoo mode can be very high. In addition, the 
coupling efficiency into the rod is high and the absorption length can be as long 
as the crystal. Figure 6.60 shows the experimental setup which was first used by 
Sipes [6.112]. Tightly focused end-pump geometries have become very popular 
in the design of small diode pumped lasers. The arrangement is employed in a 
number of small commercial lasers as well as for research of new materials. 

A number of different endpumped configurations have been explored and 
lasing has been achieved at a number of different wavelengths and in a variety 
of laser materials [6.112-121]. 

In its most basic form, end pumping involves a collimating lens with a large 
numerical aperture in order to collect radiation from a large cone angle, and a 

Outpu t Coupler 
Fig. 6.60. End-pumped laser sys
tem [6.112] 
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Fig.6.61. Radiation pattern from a laser diode [6.122] 

Nd:YAGROO 
DIAMETER: 2 mm 
LENGTH: 10mm 

Fig.6.62. Coupling optics between a diode array and a Nd:YAG crystal [6.113] 

focusing lens to produce a small diameter spot inside the laser crystal. Since 
the radiation lobe emitted from a diode array has a high degree of astigmatism, 
as shown in Fig. 6.61, one can introduce prisms or cylindrical optics to trans
form the beam into a circular shape. Figure 6.62 illustrates the application of 
an anamorphic prism pair as part of the coupling optics between the laser diode 
array and the laser rod [6.113]. 

The purpose of the coupling optics is to shape the radiation distribution from 
the diode array such that the pumping volume coincides with the laser's TEMoo 
mode. Radiation from the laser diode array diverges approximately 40° in the 
plane perpendicular to the active layer. In the example shown in Fig. 6.62, the 
radiation is collected by a lens with a focal length of 6.5 mm and a numerical 
aperture of 0.615. After passing through a pair of anamorphic prisms, the radi-
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Fig. 6.63. Resonator parameters of an endpumped laser [6.113] 

ation is focused in the rod by a lens with 25.6 mm focal length. The resulting 
divergence inside the Nd: YAG rod is about 6°. Parallel to the junction, the low
divergence far field is collimated by lens L1, expanded by the prism pair, and 
focused by lens Lz into the rod. 

In the particular example, a plano-concave configuration was chosen, with 
one planar rod surface, high-reflection coated at 1.06 J.Lm and antireflection coated 
at 0.81 J.Lm, for the pump light to enter the rod. The intracavity rod surface is 
antireflection coated at 1.06 J.Lm and a 10 em radius mirror was placed about 
5.5 em from the high-reflection-coated end of the 1 em long rod. 

For the cavity shown in Fig. 6.63 the maximum TEM00 spot size was w0 = 

130J.Lm. 
The equations given in Chap. 5 for the resonator modes allow the calculation 

of mode size and position. As we recall for a plano-concave resonator the spot 
size at the flat surface is given by 

w5 = (> .. j7r)[L(R- L)]lf2' 

where R is the concave mirror and 

where lrod and nrod are the length and refractive index of the rod, and lair is the 
free space inside the resonator. 

In general, the design of end-pumped coupling geometries usually proceeds 
by calculating the cross section of the TEM00 mode for a particular resonator 
structure. Then a focusing lens is chosen, which provides a spot size and diver
gence inside the rod of the pump radiation which closely matches the TEMoo 
mode. 

End-pumping of a miniature Nd: YAG laser with laser diode arrays is an 
attractive means of obtaining efficient cw lasers. However, at present, the end
pump scheme is useful only for low-power lasers because the pump area is 
very small. In order to achieve a somewhat higher output power, two sources 
can be polarization-coupled to double the pump power available, or a double
ended pumping arrangement can be employed, as shown in Fig. 6.64. Other 
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Fig. 6.64. End pumping of a Nd: YAG crystal with two GaAIAs laser diode arrays 

configurations which have been explored include coupling of several arrays by 
means of fiber-optic bundles or GRIN lenses. 

Side Pumping of a Laser Rod. In this configuration, the diode arrays are placed 
along the length of the laser rod and pumped perpendicularly to the direction of 
propagation of the laser resonator mode. As more power is required, more diode 
arrays can be added along and around the laser rod. There are three approaches 
to couple the radiation emitted by the diode lasers to the rod: a) direct coupling. 
From a design standpoint this is by far the most desirable approach. However, this 
arrangement does not allow for much flexibility in shaping the pump radiation 
inside the laser rod. b) Intervening optics between source and absorber: In this 
case, the pump distribution can be peaked at the center of the rod allowing for 
a better match with the resonator modes. Optical coupling can be achieved by 
using imaging optics such as lenses or elliptical and parabolic mirrors, or by non
imaging optics such as reflective or refractive flux concentrators. c) Fiber optic 
coupling: Due to the coupling losses combined with the increased manufacturing 
cost of fiber coupled diode arrays, this technique is not very attractive at the 
present time. 

Whether or not to use intervening optics between the arrays and the laser 
rod depends mainly on the desired beam diameter and optical density of the 
active medium. Generally speaking, oscillator pump heads usually employ optical 
elements in order to concentrate the pump radiation in the center for efficient 
extractions at the TEMoo mode, whereas large amplifier rods are direct pumped. 
Side-pumped lasers have been described in [6.73-81]. 

Figures 6.65 and 66 illustrate typical designs. The laser rod is surrounded by 
a jacket to allow its cooling by forced convection using an axial coolant flow. 
The pumping cavity consists of a number of linear arrays symmetrically located 
around the rod. The arrays are mounted on long heat-sink structures and contain 
cylindrical optics. The optics allow the arrays to stand-off from the laser crystal 
and the arrays. The output apertures of the diode lasers are imaged near the center 
of the rod by using a symmetrical doublet of plano-convex cylindrical lenses. 
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Fig. 6.65. Side pumping of a laser rod in a symmetrical pump configuration 

Fig. 6.66. Side pumping of a cylindrical laser rod employing a hemispherical pump geometry 
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Fig. 6.67. Cross-section of diode-pumped laser head using cylindrical lenses 
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Fig. 6.68. Diode arrays and heat sink mounting and assembly details 

A simpler design is shown in Fig. 6.67 where the cylindrical lens doublet is 
replaced by a glass rod. Figure 6.68 illustrates diode array and heat sink mounting 
details of an assembly employing focusing optics and a TE cooler for temperature 
control. Shown are severall-cm diode bars, forming a small2-D array, which are 
mounted and bonded to a common copper tungsten heat sink. Two such arrays 
are soldered to copper heat-sink blocks which, in turn, are coupled to TE coolers 
and liquid-cooled heat exchangers. The entire unit consisting of the diode array, 
coupling optics and heat sink is positioned and mounted around the laser rod. 

A pump configuration of a high-power amplifier head which does not use cou
pling optics is illustrated in Fig. 6.69. The laser rod is surrounded by 8 stacked 
arrays, each containing 6 bars. Since the bars are 1-cm long, and each bar pro
duces 12 mJ in a 200 f.LS pump pulse, the rod can be pumped at 576 mJ per em 
rod length. 

Figure 6.70 displays a photograph of a pump head containing 4 rings of 
stacked diode arrays. In this design, 4 em of the 2" long rod are pumped by the 
diode arrays. 
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Fig. 6.69. Arrangement of stacked diode array bars around a laser rod 

Fig. 6. 70. Photograph of diode array pumped laser head (background) and stacked diode array bars 
mounted on copper heat sink (foreground) 

In order to optimize the uniformity and radical profile of the pump distribution 
within the gain medium, a number of ray trace programs have been developed. An 
example of such a programm called CRADLE [6.62] solves the general problem 
of radiation transport in a side-pumped laser rod using ray tracing with integration 
over the diode-array pump system. As schematically illustrated in Fig. 6.71, this 
code calculates the spatial pump distribution P(r) in the laser material as a 
function of spectral absorption a:( .X) and the spectral and spatial properties of the 
radiation source P(.X) as modified by the optical surfaces between the source and 
absorber. 

349 



Fig. 6.71. Analysis of side-pumped laser rods 

p(A.) 

Diode laser array 

Focusing lenses 

L<~scr roll and cooling jacket 

(a) 5W Linear Diode Array (b) 

Fig.6.72. Pump configuration of a conductively cooled laser rod pumped by 4 linear arrays (a), and 
contour plot of pump intensity distribution (b) 

Figure 6.72b presents the result of such a calculation for a laser rod mounted 
on a heat sink for conduction cooling and pumped by 4 diode arrays. This cw 
pumped laser head, which contains cylindrical doublets as indicated in Fig. 6.72a, 
had very good TEMoo performance due to the strong concentration of pump 
radiation at the center of the rod. The analysis was in excellent agreement with 
the measurements performed with the actual laser head. 

Side-pumped Slab Laser. Slab lasers are usually pumped by large densely 
packed 2-D arrays [6.66]. In a slab laser, the face of the crystal and the emitting 
surface of the laser diodes are in close proximity, and no optics is employed. 
Figure 6. 73 shows a typical design. 

The slab is pumped from one face only. The opposite face is bonded to a 
copper heat sink containing a reflective coating to return unused pump radiation 
back into the slab for a second pass. An antireflection coating on the pump face 
is used to reduce coupling losses (the diode array is not in contact with the active 
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Fig. 6.73. Conceptual design of diode-pumped slab laser head showing arrangement of diode and 
slab cooling 

material). Liquid cooling is employed to remove heat from the crystal and diode 
heat sink. 

The planar pump and thermal geometry achieved with a slab provides the 
possibility for one-dimensional heat flow, and simplifies heat removal from the 
laser medium and pump arrays. The design of flashlamp-pumped slab lasers has 
been extensively studied and the potential advantages and deficiencies of such 
systems will be discussed in Chap. 7. For ftashlamp pumping, the primary ad
vantages of the zig-zag slab are the minimization of stress-induced birefringence 
and thermal induced focusing by optical propagation along a zig-zag path. There 
are additional advantages for diode-pumped Nd: YAG systems. Because of the 
good spectral overlap of the output of diode lasers with the absorption bands of 
Nd: YAG, the effective absorption coefficients are large and great care must be 
taken to achieve the gain uniformity required by most laser sytems. A zig-zag 
path in the plane of the optical pumping can compensate for non-uniform gain by 
averaging out the gain inhomogeneities in that plane. Because of reduced sen
sitivity to thermal effects, relatively simple conduction cooling techniques are 
possible. The single-sided pumping that is possible with zig-zag slabs adds ad
ditional benefits. Heat removal from the slab and diode arrays becomes a simple 
matter of planar flow to liquid cooled heat sinks. 

Together with these advantages for the use of zig-zag slabs, there are draw
backs as well. The surface and angular tolerances required to achieve typical 
design goals make slabs more expensive to fabricate than rods. In practice, edge 
effects and thermally induced stresses degrade their performance from that pre
dicted. The slab geometry also supports a large number of parasitic modes that 
can limit the useful stored energy. Special coatings to suppress these parasitics or 
to allow thermal coupling to the cooling system without spoiling the total internal 
reflections can add to the cost and design complexity of slabs. The advantages 
given above and possible approaches to dealing with the disadvantages will be 
discussed in more detail below. 

The first step in a slab based design is a careful analysis of the trade-offs 
possible using different slab geometries and an analysis of fabrication issues, 
including coatings, that will be necessary for optimum performance. A choice 
between odd-bounce and even-bounce configurations will be the first decision 
that will have to be made. For even bounce slabs, the entrance and exit faces are 
parallel. This simplifies fabrication and reduces the cost of the slab compared 
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to a comparable size odd-bounce slab with opposing faces. However, for one
sided conduction cooling, the geometry of the odd-bounce slab gives symmetric 
thermal gradients at the two ends of the slab which are better compensated by 
the zig-zag path. 

Flatness tolerances on the TIR surfaces of the slabs are an important factor 
in determining the wavefront distortion of the beam after passing through the 
slab. Since there will be several bounces per pass, it is important that the flatness 
of the area intercepted at each bounce be < >..f5. However, it is not necessary 
that the overall surface be this flat as long as the two surfaces are sufficiently 
parallel.. 

The combination of relatively high localized gain regions due to strong diode 
pump absorption coupled with the highly symmetric geometry of the slab can 
cause Amplified Spontaneous Emission (ASE) and parasitic oscillations to limit 
the useful stored energy. Coating or roughening the sides of the slab helps to 
suppress modes that sample the relatively high gain region parallel to and near 
the pump face. In addition, it has been shown that breaking the symmetry of the 
slab by slightly canting the parallel surfaces and rod tip angles can significantly 
reduce the number of parasitic modes. 

A number of slab-design issues are closely linked to the single-sided diode 
pumping. The combination of a large pump absorption cross-section and the 
susceptibility of slabs to ASE and parasitics make a careful analysis of the effects 
of varying the Nd concentration and diode pump bandwidth critical. There is a 
trade-off between overall pump absorption and uniformity of energy deposition. 

6.3.2 Energy Transfer Characteristics 

Theoretical Coupling Efficiencies 
The amount of pump energy which is transferred from the source to the laser 
rod can be approximated by 

'fJ = 'f/ge X 'f/op , (6.41) 

where 'f/ge is the geometrical cavity transfer coefficient. It is the calculated fraction 
of rays leaving the source which reach the laser material either directly or after 
reflection from the walls. The parameter 'f/op expresses the optical efficiency of 
the cavity and essentially includes all the losses in the system. This parameter 
can be expressed as 

'f/op = rw(l - rr)(l - a)(l - f) , (6.42) 

where rw is the reflectivity of the cavity walls at the pump bands, rr is the 
reflection losses at the laser-rod surface or at the glass envelopes of the cooling 
jackets and Fresnel losses of any filters inserted in the cavity, a is the absorption 
loss in the optical medium between the lamp and the laser rod such as coolant 
liquid, filters, etc., and f is the ratio of the nonreflecting area of the cavity to the 
total inside area. This factor accounts for losses due to openings in the reflector 
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Fig.6.74a,b. Trajectories of photons emitted from the pump source. (a} Cross section. (b) Top view 
of elliptical pump cavity 

which are required, for example, to insert the laser rod and pump lamp. Equations 
(6.41,42) are rough approximations based on the assumption that all the lamp 
radiation undergoes just one reflection. If one were to include direct radiation 
and multiple reflections from the cavity walls, these equations would have to be 
developed in series expressions. 

The elliptical cavity has been most extensively discussed in the literature 
[6.123-130]. As mentioned before, in this configuration a linear lamp and a 
laser rod, possibly with different radii, are placed at the foci of an elliptical 
cylinder. The pump source is usually believed to be a cylindrical radiator having 
a Lambertian radiation pattern. This implies that it appears as a source having 
constant brightness across its diameter when viewed from any point. 

In Fig. 6.74 trajectories of photons are shown, which originate from a volume 
element dv of the source. In Fig. 6.74a the rays leave normal to the surface of 
the source and, therefore, remain in a cross-sectional plane. Figure 6.74b shows 
trajectories of photons which leave the source at an angle with respect to a cross
sectional plane of the ellipse. In this case the photons can be reflected off the 
end-plate reflectors as well as undergo a reflection at the elliptical cylinder. In 
an elliptical pump cavity, all rays emanating from one point of the source are 
transformed into parallel lines at the laser rod. Each line corresponds to rays 
leaving the source inclined at the same angle with respect to the major axis of 
the ellipse, but at different angles with respect to the cross-sectional plane. 

Image formation, in its usual sense, is meaningless for the elliptical cylinder, 
since rays emanating in different directions from a point on the source converge 
after reflection from the cavity at altogether different points. In a pump cavity, 
all that is actually desired is the transfer of radiant energy from the source to the 
laser rod. From the foregoing considerations, it is obvious that the condition of 
an infinitely long elliptical pump cavity can be satisfied by enclosing the ends 
of the cylinder with highly reflective plane mirrors. Therefore, in the analysis 
of this arrangement the two-dimensional case can be treated by considering the 
light distribution in a plane perpendicular to the longitudinal axes of the cylinder. 
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Fig. 6. 75. Cross section of elliptical pump 
cavity. Eccentricity e = cfa; focal point 
separation c = (a2 - 1Jl)112 

2b 

In the theoretical expressions obtained for the efficiency of elliptical config
urations, the pump system is usually characterized by the ratio of the rod and 
lamp radii 1"R/TL. the ratio of the lamp radius to the semimajor axis of the ellipse 
n/ a, and the eccentricity e = cf a, where 2c is the focal separation. Consider 
any point P on the surface of the cavity with a distance lR from the crystal, and 
distance lL from the lamp as shown in Fig. 6.75. Suppose that the lamp has a 
radius n, then, as a consequence of the preservation of angles, upon reflection 
the image will have the radius rL = nlR/lL. This means that the portion of 
the elliptical reflector nearer the lamp forms a magnified image at the laser rod 
while that portion nearer the crystal forms a reduced image of the lamp. A point 
Po. with corresponding angles a 0 and C30 meas~d from the lamp and rod axis, 
respectively, may be defined dividing these two regions. At this point, the ellipse 
generates an image of the lamp which exactly fills the crystal diameter. We must 
allow for this effect of magnification and demagnification when determining how 
much energy is captured by the crystal. From the properties of an ellipse and 
noting that at Po. lR/lL = 1"R/TL, we obtain 

cosao=~ [1- 1 ~e2 (1+~)], and (6.43) 

sin eo= (~)sin ao. (6.44) 

The geometrical cavity transfer coefficient can be calculated by considering 
what fraction of the energy radiated by the lamp into an angle da is trapped by 
the crystal. Integration over all angles leads to [6.123, 128] 

~ge=; [ao+(~)eo]. (6.45) 

This expression is plotted in Fig. 6.76. A certain portion of the reflecting surface 
behind the lamp is screened from the crystal by the lamp itself. In filament 

354 



> u 

1.0 

~ 0.6 
·u 
::: 0.4 
QJ 
~ 

QJ 

~ 0.2 
"' ~ 

0.2 0.3 0.5 
e = 0.1, \ I 0.4/0.6 0.7 0.8 

0.9 

Fig. 6. 76. Dependence of transfer efficiency 
of an elliptical reflector on the quantity 
7'R/1'L and eccentricity e [6.131] 

lamps and in pulsed flashlamps, which resemble a blackbody source, the radiation 
reflected back into the lamp will be absorbed. On the other hand, the plasma in 
cw arc lamps is optically thin, and the reflected pump radiation is transmitted 
through the plasma. If we assume the radiation reflected back to the pump source 
to be lost, we must reduce the angle 8 0 in the above formula by 8 1, where 

• Ll TL 
sm 01 =-

4ae' 
and (6.46) 

(6.47) 

This transfer coefficient is obtained from Fig. 6.77 by subtracting the lower set 
of curves from the upper curves. 

It is seen from Figs. 6.76, 77 that the efficiency increases with an increase in 
the ratio TR/TL and with a decrease in the eccentricity e. This result stems from 
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Fig. 6.77. Efficiency of a single-elliptical pumping cavity. Top set of curves is for 211../a = 0, while 
bottom set gives the loss due to finite lamp diameter. Loss multiplied by 7'R/1'L and substracted from 
efficiency given by upper curve. Left-hand scale is for top set of curves only. Right-hand scale is 
for bottom set of curves only [6.128] 
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Fig. 6.78. Three-dimensional illustrations 
of the dependence of total transfer ef
ficiency TJ upon three parameters that 
are reflectivity 'Y of mirrors, TL/ rR, and 
2a/rR, where 1L and rR are the radii of 
the lamp and the laser rod, respectively, 
and 2a is the major axis of the ellipse 
(2c/rR = 8) [6.126] 

the fact that the magnification of the pump source increases with the eccentricity 
of the ellipse. A superior efficiency is therefore obtained for an almost circular 
cavity and as small a pump source as possible. 

It should be noted that in these calculations the crystal is assumed to absorb 
the radiation which falls upon it; no second traverses of light through the crystal 
are considered. Furthermore, no allowance was made for the reflection loss at 
the cavity walls or losses due to Fresnel reflection at the surface of the laser rod. 
Multiple reflections can become significant if the absorption coefficient of the 
crystal is small compared to the inverse of the crystal diameter [6.124, 127]. 

Figure 6.78 shows a three-dimensional illustration of the dependence of the 
transfer efficiency in an elliptical cylinder on the reflectivity 1 of the end plates, 
the ratios TL/T"R. and 2a/rR [6.126]. For the elliptical portion of the cavity a 
reflectivity of one is assumed. The curves are calculated for a length of the 
cylinder of l == 20T"R. and a distance between the rod and the lamp of 2c == 8T"R.. 
Therefore, a large value of the variable 2a/T"R. indicates that the eccentricity of 
the ellipse e == c fa is small, and vice versa. As may be seen from Fig. 6. 78, 
the efficiency increases if one decreases the radius of the lamp. It should be 
noted that for 1 == 1 the cavity should have an eccentricity as small as possible in 
agreement with other theoretical calculations. However, when 1 < 1, the optimum 
eccentricity increases with decreasing values of the reflectivity. For example, for 
TL/rR == 1 and a reflectivity of 1 == 0.60, the optimum ellipse has a major axis 
of 2a/rR == 16 or an eccentricity of 0.5. For a given focal point separation 2c, 
an ellipse with a large eccentricity has a small cross-sectional area, which tends 
to reduce the losses caused by the end mirrors. 
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The analytical methods developed for the design of pumping configurations 
imply idealized systems in which reflection and refraction losses are usually 
ignored and only a single reflection from the walls is considered. In order to 
analyze pumping systems with fewer idealizations, statistical sampling methods, 
such as the Monte-Carlo method, have been employed. The Monte-Carlo method 
consists essentially of tracing, in detail, the progress of large numbers of randomly 
selected rays over many events (i.e., absorptions, reflections, and refractions) 
throughout the pumping cavity. The average transfer efficiency of these rays 
can then be taken as representative of all possible rays in the cavity. Monte
Carlo calculations for a variety of geometrical configurations are reported in 
[6.132-135]. For the single-elliptical pump cavity [6.132], the adverse effect of 
a small value of the quantity T"R/rL was confirmed. The analysis also showed the 
efficiency to be strongly dependent on the reflector reflectance. On the other hand, 
the calculated efficiency values appear to be less dependent on the eccentricity 
than indicated by the results of earlier work [6.123, 128], in which multiple passes 
were ignored. 

The results of calculations performed for a single-elliptical cavity containing 
a ruby rod pumped by a xenon flashlamp are shown in Table 6.8. Shown is the 
absorption of pump radiation by the ruby rod after one and three reflections, and 
the fraction of radiation returned to the lamp and absorbed by the cavity walls. In 
the case of perfectly reflecting walls (J = 1), the only two absorbers in the cavity 
are the ruby rod and the lamp. For small ellipses (large T"R/ a) and ellipses of low 
eccentricity, a significant fraction of the light is incident on the rod which has not 
undergone a reflection on the cavity walls. Also, in some cases, a large fraction of 
pump radiation is returned to the source. For ellipses with eccentricities between 
0.2 and 0.6, the transfer efficiency is reduced by about 35 % if reflectivity drops 
from 1 = 1 to 1 = 0.6. For ellipses with very large eccentricities, the decrease 
is about 50 %. In these cavities there is less direct pumping, and the light has to 
undergo more reflections before beeing absorbed by the rod. 

Multiple-elliptical laser pump cavities generally consist of a number of 
partial-elliptical cylinders having a common axis at which the crystal is placed. 
The results of calculations performed to obtain the efficiency of various multiple 
cavities with varying sources and crystal diameters show that, for equal diameters 
of the source and the crystal, the single-elliptical cavity has the highest efficiency. 
However, a cavity with two or more partial-elliptical cavities will allow higher 
input power, at some sacrifice in overall efficiency, if a high-power output laser 
is required. If the diameters of the source and crystal are different, these con
clusions must be modified. It should also be pointed out that the multi-ellipse 
cavity results in more uniform pumping of the laser crystal. 

Referring back to the case of a single-elliptical cylinder, (6.45) gives the 
efficiency for the case when the lamp does not block radiation. For multi-elliptical 
pump cavities one obtains the expression 

(6.48) 
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Table6.8. Transfer of pump radiation in a single-elliptical pump cavity [6.132]. Values are for 7"T = rr. 

Efficiencies 

Eccen- Lamp radius/ Wall Radiation Radiation 

tricity semimajor reflec- Direct After 1 After 3 returned absorbed 

e axis r"R/a tivity -y radiation reflection reflections to lamp by walls 

1.0 0.18 0.56 0.64 0.36 0 
0.395 0.8 0.16 0.51 0.58 0.25 0.17 

0.6 0.16 0.38 0.41 0.23 0.35 
0.4 1.0 0.05 0.67 0.74 0.25 0.18 

0.160 0.8 0.04 0.52 0.63 0.19 0.18 
0.6 0.04 0.45 0.49 0.12 0.39 

1.0 0.10 0.52 0.62 0.37 0 
0.395 0.8 0.12 0.45 0.51 0.26 0.23 

0.6 0.11 0.39 0.41 0.21 0.38 

0.6 1.0 0.02 0.55 0.76 0.22 0 
0.160 0.8 0.02 0.47 0.61 0.12 0.27 

0.6 0.02 0.37 0.46 0.11 0.43 

1.0 0.17 0.71 0.73 0.26 0 
0.195 0.8 0.17 0.62 0.63 0.20 0.17 

0.2 0.6 0.17 0.48 0.49 0.15 0.36 
1.0 O.Q7 0.77 0.82 0.16 0 

0.12 0.8 O.Q7 0.69 0.70 0.10 0.20 
0.6 0.08 0.54 0.55 0.09 0.36 

1.0 0.02 0.40 0.69 0.29 0 
0.195 0.8 0.02 0.30 0.47 0.23 0.30 

0.8 0.6 O.Q3 0.25 0.34 0.21 0.45 

1.0 0.02 0.42 0.81 0.17 0 
0.12 0.8 0.02 0.30 0.54 0.14 0.32 

0.6 0.02 0.29 0.40 0.09 0.51 

Here, ao has been reduced by an angle a2 which represents that portion of the 
reflecting wall that was cut away. Light falling in this region is assumed to be 
lost. For a double-elliptical pumping cavity, 

2e 
(6.49) cos a2 = "}"2 . 

+e 

Equation (6.48) is plotted in Fig. 6.79. 
We will briefly discuss pumping systems other than elliptical cylinders. The 

analysis of a system with a circular reflective cylinder is analogous to that for 
an elliptical system. The lamp and laser rod are symmetrically positioned at the 
same distance from the cylinder axis. The system efficiency increases with an 
increase in the ratio rR/TL and decreases for increases in the ratios ofF/ Ro. 
where F is the distance from the cylinder axis to the axes of the lamp or rod 
[6.136]. 
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The transfer efficiency of spherical and ellipsoidal cavities has been calculated 
in [6.137], and a review of most common pumping systems has been given by 
Kalinin and Mak [6.131]. 

The transfer efficiency of laser pumping cavities that have diffusely reflecting 
walls can be estimated if we assume that the light inside the cavity is isotropic. 
Since all surfaces will be equally illuminated, the light absorption at each surface 
will be the product of the area and the fractional absorption. Since all radiation 
must eventually be absorbed somewhere, the proportion of light absorbed at a 
surface area St having a fractional absorption At will be [6.134] 

"7 = '1\'n SA ' 
L..i=t i i 

(6.50) 

where the summation covers the entire internal surface of the cavity. If St is the 
exposed surface area of the laser crystal and At is the effective absorption over 
this surface, the transfer efficiency of the laser configuration is given by 

(6.51) 

where S2 and A2 are the diffusely reflective wall area and absorption coefficient 
of the cavity, S3 is the surface area of the lamps, and A3 is the absorption of 
pump radiation by the lamp. S4 is the area covered by holes in the cavity wall; 
these surfaces are treated with unit absorption, i.e., A4 = 1. 

An important parameter in the formula for transfer efficiency is A1, the frac
tion of photons which strike the laser rod surface and are absorbed by the laser 
material. This parameter, which has been called the capture efficiency, depends 
on the absorption coefficient, the refractive index, and the radius of the laser rod. 

Figure 6.80 shows the capture efficiency At of a cylindrical crystal exposed 
to isotropic light [6.134]. Radiation incident on the rod which is not absorbed 
is either reflected off the surface or passes through the laser material. For large 
values of a7'R the capture efficiency is limited only by Fresnel reflection losses 
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Fig.6.80. Capture efficiency of a cylindrical laser rod exposed to isotropic light. The parameters n, 
r, a are the refractive index, radius, and absorption coefficient of the rod [6.134] 

on the crystal surface. Using this grossly simplified analysis, no significant dis
crepancy between it and the Monte-Carlo calculation is usually found 

With the aid of (6.51) and Fig. 6.80, we will calculate the transfer efficiency 
of the diffusely reflecting cavities shown in Figs. 6.96 and 3.12. Both cavities are 
10 em long and contain a t-ern-diameter ruby crystal. In the first case, the crystal 
is pumped by a linear flashlamp and, in the second case, by a helical flashlamp. 
For ruby with an index of refraction of 1.76 and an average absorption coefficient 
in the pump bands of l.Ocm-1, we obtain a capture efficiency of At= 0.60 from 
Fig. 6.80; the surface area is S1 = 31.4cm2• For both lamps we assume that 10 
% of the pump radiation is reflected back to the lamp and is reabsorbed by the 
plasma ; that is, A3 = 0.1. The linear lamp is of the same size as the laser 
rod (S3 = 31.4cm2). The helical lamp is approximated by an annular region of 
isotropically radiating material with an inner diameter of 1.8 em. The reflectivity 
of the diffusely reflecting walls is assumed to be 95 %. The cavity diameter is 4 
em, from which we obtain S2 = 150 cm2, if we include the end walls. The area 
covered by holes and apertures is about S4 = 0.1 S2. Introducing these parameters 
into (6.51), we obtain Tf = 0.42 and .,, = 0.40 for the linear and helical lamp
pumped ruby system. 

Empirical Data 
Theoretical considerations of the efficiency of pump cavities are of utility primar
ily in their qualitative aspects and in their illustration of the gross features of the 
energy transfer in the various reflector configurations. Even under very idealized 
assumptions, calculation of the amount of energy absorbed in the laser rod is very 
tedious since the spectral properties of the pumping source, the absorption spec
trum of the laser material, and all possible path lengths of the elementary rays 
through the laser rod, determined by the specific reflector configuration, must be 
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taken into consideration. Not even the most thorough computations can take into 
account the effect of mechanical imperfections in the fabrication of the reflectors, 
optical obstructions caused by seams and gaps, aberrations by flowtubes, losses 
due to holes and apertures in the end plates, etc. 

Summarizing the experimental work carried out on pump-cavity design, we 
may draw the following conclusions: 

- For maximum efficiency and relatively short rods (up to lOcm in length) 
a small single-elliptical cylinder, an ellipsoid of revolution, or a spherical 
cavity is best. For longer rods, the closed-wrapped geometry is about as 
efficient. 

- Small elliptical cavities with low major axis-to-rod diameter ratios are more 
efficient than large cavities. In a small elliptical cavity the fraction of direct 
radiation is high, and most of the pump radiation is incident on the rod after a 
single reflection on the cavity walls. Therefore, in this geometry, a reflectivity 
of less than unity, imperfections in the geometry, and obstruction of the light 
path are less detrimental to the efficiency than is the case in a large elliptical 
cylinder. Another strong argument for making elliptical cavities as small as 
possible is the increased probability of the lost radiation being redirected to 
the laser rod if the ratio of cavity volume to laser rod volume is small. 

- In agreement with theory, the highest efficiency in an elliptical cylinder is 
obtained for a large r'R/'rL ratio. However, lamp life considerations demand 
that in most cases a ratio of one is chosen. 

- A high reflectivity is extremely important, whereas mechanical tolerances 
of the elliptical shape are not very critical in small ellipses. This is not 
surprising because in a close-coupled ellipse the cross sections of lamp and 
rod are fairly large with respect to the dimensions of the ellipse, which 
reduces the requirement for accurate imaging. 

- The length of elliptical-cylinder cavities should be as great as possible in 
relation to the diameter, but the laser rod, pump lamp, and cavity should all 
be the same length. 

- Optimum small elliptical-cylinder pump cavities are equally as good as 
ellipsoid-of-revolution pump cavities. 

- Multiple cylindrical ellipse cavities may be utilized to increase the number 
of pump lamps and to produce symmetrical pumping. If the cavity size is 
kept small, this can be achieved with a minimum sacrifice in efficiency. 
Figure 6.81 shows the reflection characteristics of a double-elliptical cavity. 

In designing a close-coupled single-elliptical cylinder, the following proce
dure can be followed: First, the smallest separation of rod and pump source is 
determined according to 

dr+dL 
2c=st +---

2 ' 
(6.52) 

where dr and dL are the clearances required for the rod and lamp assembly, 
respectively. These two dimensions are normally several times larger than the 

361 



(a) (b) 

(c) 

Fig. 6.81a-c. Reflection characteristic of double-elliptical cavities. (a) Radiation focused on the rod 
but not absorbed is focused back upon the second lamp. (b) Radiation which misses the rod on the 
first pass is intercepted after a few reflections by one of the lamps or the laser rod. (c) Direct radiation 
from the pump lamp on one side to the elliptical cylinder on the other side. Radiation that passes 
close to the laser rod will eventually be intercepted by one of the pump lamps or the laser rod. Rays 
which enter the second ellipse close to the ellipse wall are essentially lost 

physical diameter of the rod and lamp in order to allow space for flow tubes, 
0-rings, rod and lamp supports, rod holders, lamp terminals, cooling channels, 
etc. 81 is the separation between the rod and lamp assembly; it is a safety factor 
to allow for tolerance buildup. 

After the separation of the focal points has been determined, we can calculate 
the major axis of the ellipse: 

(6.53) 

where 82 is the clearance of the rod and lamp assembly from the elliptical sur
faces. We see from (6.52, 53) that in the extreme, 81 = 82 = 0, a = 2c, and the 
eccentricity of the ellipse is e = 0.5. In practical cases, e will be somewhat lower. 

The minor axis of the ellipse follows from 

(6.54) 

Figure 6.89 shows the cross section of a double-elliptical cavity of a cw
pumped Nd: YAG laser designed to yield a close separation between laser rod 
and lamps. Figure 6.90 shows the outside configuration of the laser head. 
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Pump-Light Distribution in the Laser Rod 
The pump-light distribution over the cross section of the active material is the 
result of a combination of three effects: the illumination properties of the pump 
cavity, refractive focusing occurring in the rod itself, and nonuniform absorption 
of pump radiation. How dominant these individual effects are depends on the 
pumping geometry, i.e., focusing or diffuse reflecting, on the treatment of the 
cylindrical surface of the rod, i.e., rough or polished, and on the optical thickness, 
i.e., the product of absorption coefficient and radius. 

We can superficially distinguish between strongly focused, uniform, and pe
ripheral pump light distribution. A nonuniform distribution of pump energy in the 
active medium leads to a nonuniform temperature and gain coefficient distribu
tion. Saturation effects, threshold energy, and possible laser rod damage depend 
on the gain distribution across the rod. The distribution of pump light in a cylin
drical laser rod will be considered for two cases of practical interest: a strongly 
focusing elliptical cylinder and a diffuse reflecting cavity. 

Considering first the case of a laser rod in a diffuse reflecting cavity, we 
find that if a laser rod with a polished surface is exposed to isotropic pump 
radiation, appreciable focusing results from the refraction of the pump light at 
the cylindrical surface. Rays which strike the rod periphery tangentially will pass 
the center of the rod at a radius [6.138] 

TR 
Tj=-. 

n 
(6.55) 

Furthermore, all radiation incident on the surface passes through a core bound 
by the diameter 2ri. The pump light intensity in this region is higher than in the 
boundary region TR ~ r ~ Tj. The focusing action from the refraction of pump 
light at the surface of a polished rod is modified by absorption [6.131, 139]. The 
pump intensity as a function of path length x in the rod is given by 

l(v) 
Io(v) = exp[ -a(v)x] . (6.56) 

Pump radiation propagating to the center of the rod is attenuated by absorption 
at the periphery. The compensating effects of refractive focusing and pump light 
absorption can be seen in Fig. 6.82a. Plotted is the relative energy density within 
a Nd: glass rod situated in an isotropic field as a function of normalized radius 
for a number of absorption values [6.131]. It is seen that for an optically thin rod, 
refractive focusing is predominant and the pump density is highest in the central 
region (r ~ 0.63TR) of the rod. On the other hand, in rods which are optically 
dense, the pump intensity is highest on the periphery. 

Several solutions exist to improve the pumping uniformity of laser rods lo
cated in diffuse cavities. The internal focusing effect can be reduced by rough
ening the surface of the rod, immersing the rod in a liquid (ideally an index
matching fluid), and cladding the rod. In the latter case the active core is sur-
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Fig. 6.82a, b. Relative energy density within a Nd : glass rod situated in an isotropic field as a function 

of normalized radius for different absorption values. (a) With polished, (b) with frosted lateral surface 

[6.131] 

rounded by a transparent layer, such as sapphire for ruby rods and glass for 
Nd: glass rods. This makes the collecting cross section larger than the absorbing 
cross section. 

Figure 6.82b shows the pump-light distribution in a rod with a frosted lateral 
surface. No focusing effect is observed and the rod exhibits a peripheral pump 
light distribution which is strictly determined by absorption. At low absorption 
values 0:1'R. a fairly uniform pump light distribution is obtained in the laser 
material. Generally, the most uniform pump distribution is obtained in a laser 
rod which has a roughened side wall, is optically thin, and is pumped by a helical 
flashlamp. 

H the laser rod is in a focusing pump cavity, the light source is imaged on the 
laser rod. When the region of maximum energy density in free space is smaller 
than the cross section of the laser rod, a highly illuminated core results, whose 
diameter is no longer given by the outside diameter of the rod but by the image
forming properties of the pump system and the index of refraction of the active 
material. 

Figure 6.83 shows the reflection of different light cones emerging from a 
circular light source of an elliptical reflector. Reflection at point Pa gives the 
beam of greatest diameter, perpendicular to the major axis. Reflection at Pe 
gives the beam of least diameter parallel to the major axis. The three cones 
which are reflected at points Pa and Pe define the region through which the total 
flux of the light source passes. This oval region has a long axis (ea) parallel to 
the minor axis of the ellipse, and a short axis (eb) parallel to the major axis of 
the ellipse. We have [6.140] 

364 



f\ '"" 
I \ "\_ .... , 

Fig. 6.83. Reflecuons of different light cones emerging from a 
circular light source located inside an elliptical reflector 

I I ' ' 

-~a· I -- ::~~~0=----- P, 

I L------ Light 
_J- \ mu~e 

I \ 
I I 

afe + 1 
f!a = T} / 1 ae-

(a/e)2 - 1 
and f!b = r1 (a/e)2 + 1 , (6.57) 

where r1 is the radius of the light source. Note that f!a and f!b are the boundaries 
in free space, inside a laser rod these dimensions are reduced by the ratio 1/n. 

From these considerations it follows that, while the emission of the light 
source is axially symmetrical, the energy density distribution at the site of the 
laser is no longer axially symmetrical in an elliptical cavity. There is a preferred 
axis perpendicular to the long axis of the ellipse. The region of maximum energy 
density is of interest for laser operation, since it is here that the material first 
reaches the threshold inversion. The focusing action is strongest in a laser rod 
with a polished surface located in an elliptical pumping cavity. 

The distribution of the pump energy within the laser rod can be studied by 
taking near-field pictures of the pattern of fluorescence emission. A typical picture 
obtained in this way from a ruby rod pumped by a flashlamp in a single ellipti
cal cavity is shown in Fig. 6.84 [6.142]. The pump light is mostly concentrated 
in a central core approximately elliptical in shape with its major axis orthogo
nal to the major axis of the elliptical cylinder, which is in agreement with the 
aforementioned theoretical considerations. Facing the flashlamp, a wedge-shaped 
bright region, which is caused by direct radiation from the flashlamp, is present 
in the rod. 

Figure 6.85 shows the result of a computer calculation carried out to deter
mine the pump radiation distribution in a ruby rod pumped by a xenon flashlamp 
in a single-elliptical cavity [ 6.132]. Indicated in Fig. 6.85 are the areas of the ruby 

Fig. 6.84. Distribution of fluorescence in a polished ruby rod as 
a result of illumination in an elliptical reflector [6.141] 
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Fig. 6.85. Area of ruby crystal that has reached the threshold condition for lasing as a fWiction of 
time (arbitrary Wlits) in a single elliptical pump cavity [6.132] 

crystal which reach threshold as a function of time. The pump nonunifonnity in 
the crystal is again a combination of the focusing action of the ellipse and direct 
radiation from the pump source. 

In order for strong focusing to occur, it is necessary that the rod be fairly 
transparent to the pump radiation. Standard-doped ruby, Nd: glass, and Nd : YAG 
rods of up to 1 em diameter are sufficiently transparent for strong focusing ef
fects. With three-level systems, where a substantial change in the ground-state 
population will occur during pumping, a rod that is initially opaque may become 
transparent in the course of the pump pulse. The pump radiation can "bleach" 
the rod, so to speak, or "burn" its way in. The bleaching of ruby rods can be 
very substantial when the rods are used as storage devices (amplifiers, giant pulse 
lasers). Here, no regeneration is present during the pump phase of the laser cycle 
and the ground state can be almost completely depleted. 

One of the consequences of focusing is that the threshold for oscillation is 
lowered in the focal region. Concentration of pump light at the center of the rod 
can be desirable in systems which operate at the TEMoo mode, since operation 
in this mode requires maximum gain in the center. 

If the lateral surface of the rod is frosted, then the pump radiation entering 
the rod remains diffuse; in this case radiation from the entire surface arrives at 
each point within the rod. Frosting of the lateral surface of the rod provides for a 
considerably more unifonn gain distribution, and a larger cross section of the rod 
is utilized. However, an asymmetric gain distribution remains, since the rod is 
pumped from one side. To eliminate this asymmetry, a dual flashtube and close
coupled geometry can be utilized. This configuration provides for a relatively 
unifonn gain distribution. If the laser rod is surrounded by a flowtube for water 
cooling, the glass tube can also be ground to achieve a homogeneous pump light 
distribution in the laser rod [6.142]. 
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6.3.3 Mechanical Design 
In the construction of a pump cavity, several critical design areas can be identi
fied; these are efficient cooling of the laser rod, lamps and reflector; the design 
of the various 0-ring seals; the selection of the reflector base material; polishing 
and plating procedure; and prevention of arcing. In addition, human engineering 
aspects have to be considered, such as ease of lamp replacement. In the following 
we will address these potential problem areas. 

The mechanical design of a pump cavity is determined mainly by two consid~ 
erations: the geometry chosen for efficient energy transfer from the pump source 
to the laser material, and the provisions required for extracting the heat generated 
by the pump source. Optically pumped lasers have efficiencies of a few percent, 
therefore, almost all the electrical energy supplied to the lamp will have to be 
removed as heat from the pump cavity. The causes of this low efficiency can be 
divided between the poor conversion of electrical energy to energy absorbed by 
the lasing material (typically 5 to 10 %) and the poor utilization of this absorbed 
energy in contributing to the output of the laser (approximately 20 to 30 %). 

Thermal Load of Cavity Components 

Let us consider the radiant energy-transfer processes in the pump cavity of a 
laser cavity. Figure 6.86 shows in a simplified way the energy balance in a laser 
system. The electrical input power supplied to the lamp is either dissipated as 
heat by the lamp envelope and electrodes or emitted as radiation. A portion of 
the radiation will be absorbed by the metal surfaces of the pump cavity. The 
radiation reflected from the walls will either be absorbed by the lasing medium 
or will return to the lamp. The light which is absorbed by the lamp will add 
energy to the radiation process in the same way as the electrical power does, and 
the returned light will be radiated with the same efficiency as the power supplied 
electrically. One consequence of the reabsorption is that a lamp, when enclosed 
in the pumping cavity, is operated under a higher thermal loading, resulting in 
shorter lamp life than when operated in the open for the same electrical input 
power. Since most laser cavities are liquid-cooled, a distinction is made between 
the radiation actually absorbed by the rod and the radiation absorbed by the 
surrounding cooling liquid, flowtubes, filters, etc. The pump power absorbed by 
the laser rod causes stimulated emission and fluorescence at the laser wavelength 
and other main emission bands. The remainder is dissipated as heat by the laser 
material. The percentages which appear in Fig. 6.86 are based on the electrical 
input power to the lamp. The numbers are typical for cw and pulsed pumped 
Nd: YAG lasers employing noble gas arc lamps. 

The specific percentage values of Fig. 6.86 were measured on a Nd: YAG 
laser pumped by two cw krypton arc lamps contained in a gold-plated double
elliptical pump cavity. The radiation efficiency of the lamps was measured calori
metrically by surrounding a lamp with an opaque liquid calorimeter. The energy 
balance inside the cavity was also measured calorimetrically by measuring sep
arately the heat removed by the lamps, laser rod, and cavity cooling loops. The 
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Fig. 6.86. Energy balance in an optically pumped solid-state laser system. (The percentages are 
fractions of electrical energy supplied to the lamp) 

transfer efficiency of the pump cavity and the power absorbed by the rod itself 
was determined by measuring the heat extracted from the laser rod cooling loop 
if a black-anodized copper rod, a Nd: YAG laser crystal, and a quartz rod were 
installed in the cavity .[6.143]. With a black absorber installed in the cavity in 
place of the laser crystal, 43 % of the available pump radiation was absorbed. 
This number represents the cavity transfer efficiency. Table 6.9 summarizes the 
energy balance in the laser cavity. As a comparison, Table 6.10 shows there
sults of an energy-transfer analysis performed on a large Nd : glass disk amplifier 
[6.144a]. Useful information for the calculation of heat load and energy balance 
in pump cavities can be found in [6.144b,c]. 
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Table 6.9. Energy transfer in a cw krypton arc lamp, pumped Nd : YAG laser 

Heat dissipation of lamps 53% 
Heat dissipation of laser rod assembly 14% 
Heat dissipation of pump reflector 30% 
Radiation output 3% 

Electrical input to lamps 100% 

Table6.10. Energy transfer in aNd: glass disk amplifier 

Circuit losses 8% 
Lamp heat 50% 
Heating of pump cavity walls 30% 
Ultraviolet absorption 7% 
Heating of glass disks 2% 
Fluorescence decay 2% 
Useful laser energy 1% 

Electrical input to lamps 100% 

Spectral Properties of the Materials Employed 
in the Design of Pump Cavities 

Since the reflectivity of the metal surfaces as well as the transmission of the 
cooling fluid in the cavity are wavelength dependent, the spectrum of the pump 
light incident on the laser rod is different from the source emission spectrum. 
Ideally, in the transmission of the radiation from the source to the laser rod, 
one would like to have minimum optical losses in the pump bands of the laser 
material, and total absorption of all pump energy in spectral regions which do not 
contribute to the laser output. In this way the thermal heat load and the associated 
optical distortions in the active material would be kept at a minimum. Particularly 
undesirable is the ultraviolet content of the pump light, because it is detrimental 
to ruby- and neodymium-laser output and causes solarization in most materials 
[6.145,146]. Furthermore, ultraviolet radiation leads to rapid deterioration of any 
organic materials in the pump cavity, such as silicon 0-rings. Also undesirable is 
the formation of ozone by the ultraviolet radiation, because it leads to corrosion 
of metal parts in the cavity. Pump radiation, which has a longer wavelength than 
the stimulated emission, does not contribute to the laser output but does heat 
up the laser crystal and leads to optical distortions. The intensity and spectral 
content of the pump radiation reaching the laser rod depend on the reflectivity of 
the cavity walls, spectral filters placed inside the pump cavity, and the cooling 
medium. 

The cavity walls can consist of specular-reflecting metal surfaces, diffuse
reflecting surfaces from ceramics, and compressed powders of inorganic materials 
or, in special cases, the reflector can be lined with a dielectric thin-film coating. 
The metals most commonly employed to obtain specular-reflecting surfaces in 
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laser cavities are aluminum, silver, and gold. The reflectance versus wavelength 
of these materials is shown in Fig. 6.87. The reflective metal surfaces are usually 
obtained by evaporation, sputtering, polishing, or electroplating. The reflectance 
of a good evaporated coating is always higher than that of a polished or electro
plated surface. 

The cavity walls must have a high reflectivity at the absorption bands of the 
laser material. Therefore, for pumping ruby with the absorption bands located 
between 4100 and 5600 A, only aluminum and silver can be employed, since gold 
has a low reflectivity at these short wavelengths. Compared to silver, aluminum 
has a higher reflectivity for wavelengths shorter than about 0.35 p.m, whereas for 
all longer wavelengths the reflectivity of silver is higher. Maintaining the high 
reflectivity of silver presents a real problem. During the aging of silver in air, a 
layer of silver sulfide forms on the surface, causing the reflectance to drop. This 
tarnishing may be prevented by coating the silver with a thin protective layer 
of a transparent material, such as Si02• Alternatively, if the silver reflectors are 
immersed in an inert cooling fluid or operated in a dry nitrogen atmosphere, 
they will maintain their high reflectance for long periods of time. Because of 
the problems associated with silver, the most commonly used metal in pump 
cavities containing ruby rods is aluminum. For pumping Nd: YAG or Nd : glass, 
the situation is different. As can be seen from Fig. 6.87, aluminum has a minimum 
in its reflectance curve in the near-infrared. Therefore, both silver and gold have 
higher reflectances in the main pump bands of neodymium lasers. For cw-pumped 
Nd: YAG lasers, where most of the pumping occurs in the wavelength region 
between 0.7 and 0.9 p.m, gold is used exclusively because, in contrast to silver, it 
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does not tarnish. In high-power pumped-pulsed neodymium lasers, a considerable 
amount of the flashlamp radiation is in the Nd pump bands located around 0.53 
and 0.58 J.Lm. In these systems silver-coated reflectors are usually employed. 

In focusing geometries the base material for the reflector is either aluminum, 
copper, or stainless steel. Aluminum is usually employed for light-weight sys
tems. If used in ruby systems, aluminum, when highly polished, does not require 
plating. However, aluminum reflectors in Nd : YAG lasers require silver plating 
for pulsed-pumped systems and gold plating for cw-pumped systems. Usually, 
aluminum is plated with nickel first. Nickel provides a hard surface which pol
ishes very easily. After polishing, a flash of either silver or gold is applied. If 
weight considemtions are not too stringent, a better choice for the reflector base 
material is copper, since copper has a lower thermal expansion, higher ther
mal conductivity compared to aluminum, and nickel plating on copper is much 
more dumble than on aluminum. Kanigen-plated copper can easily be polished 
to very good tolerances. Both aluminum and copper must be nickel-plated before 
polishing if a good surface is to be obtained. Polishing nickel-plated copper or 
aluminum reflectors can represent a problem in some cases because of the danger 
of polishing through the nickel. In this case stainless steel offers an attractive 
alternative despite its thermal conductivity, which is a factor 10 lower than cop
per. Stainless steel can be polished to the highest optical finish. A thin layer of 
gold or silver is electroplated or evapomted onto the surface after the polishing 
process. 

A highly polished and reflective pump cavity is paramount in focusing geome
tries for the attainment of good efficiency. A poor electroplating quality showing 
a haze or orange peel on the reflector surface, flaking, pits, and cracks, is of 
great concern to the designer of laser systems. The improvement in laser output 
obtained by gold plating a highly polished stainless steel reflector is between 
a factor of 2 and 3 for a cw-pumped Nd : YAG system. A comparison of the 
laser output of a pulsed ruby system from a highly polished and an unpolished 
aluminum reflector showed an improvement of 50%. 

A diffuse reflector is usually fabricated from ceramics or compressed powder 
of MgO or BaS04. The powder is usually contained in the inner space between 
two concentric quartz tubes. The reflection from these materials is in the order 
of 90 to 98 % and fairly independent of wavelength for the region of interest. 
A reflector surrounding a helical lamp can be made from ceramic, aluminum, 
stainless steel, etc. Diffuse reflecting, molded cemmic inserts do not tarnish or 
corrode. Some ceramic materials containing impurities, however, show discol
omtion after prolonged exposure to flashlamp radiation. The difference in output 
due to different diffuse reflectors in a system containing a helical flashlamp and 
a ruby crystal is illustmted in Fig. 6.88. 

In special cases, where it is important to minimize the heat load of a laser 
rod, dichroic thin-film coatings can be employed as reflective surfaces. These 
coatings, which are applied on either glass or metal surfaces, are designed such 
that they reflect pump mdiation but transmit all unwanted mdiation. The tmns-
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mitted radiation is absorbed by the metal walls of the cavity or by an absorber 
surrounding the glass reflector [6.147a]. 

The purpose of spectral filters placed inside the pump cavity is to provide 
adequate absorption of the intense ultraviolet radiation from xenon flashlamps. 
One way to accomplish this is to surround the laser rod or flashlamp with a tube 
made of Nonex, Pyrex, titanium-doped quartz, samarium-doped glass ED-5 and 
ED-6, or colored filter glass with a sharp cutoff. Instead of a tube as filter, a 
flat plate can be inserted, for example, in an elliptical-pump cylinder separating 
the rod and lamp (Fig 6.89). Other approaches include the use of ultraviolet
free lamps which are manufactured by employing an ultraviolet-absorbing or 
reflecting envelope [6.147b]. In glass rods, ultraviolet radiation can be prevented 
from reaching the active material by cladding the rod with samarium-doped glass. 

The spectral properties of the cooling fluid can be utilized to remove some 
of the unwanted pump radiation. Water, if used as a coolant, is very effective 
in absorbing radiation at wavelengths longer than 1.3 J.Lm. Where absorption of 
ultraviolet radiation by the laser material must be held to a minimum, potassium 
chromate, potassium dichromate, or sodium nitrite can be added to the cooling 
water. 

More recently, the efficiency of Nd: glass and Nd : YAG lasers pumped by 
xenon .flashlamps was improved by circulating fluorescent dyes around the laser 
rod [6.148-150]. The dyes absorb in the spectral region in which the Nd ions do 
not absorb, and become fluorescent at one of the pump bands of Nd3+. Rhodamine 
6G dissolved in ethanol was identified as the best dye, giving better than 50% 
improvement in the laser output. 
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Cooling Techniques 

Fig. 6.89. Cross section of a double-elliptical 
pump cavity. Dimensions are in inches 

In elliptical-pump cavities, the laser rod and lamp are often liquid-cooled by 
circulating the coolant in flowtubes which surround these elements. The inside 
of the pumping chamber itself is dry. However, in most cases the body of the 
reflector contains cooling chambers through which the coolant fluid passes. 

The pumping cavity usually consists of two parts that separate along the 
plane of the major axis. The end-plate reflectors, in addition to serving their 
optical function, can be used to mount and index the elliptical sections and to 
provide precision mounts for the laser rod assembly, as shown in Fig. 6.90. The 

Section A ·A 

Fig. 6.90. Outside configuration of a double-elliptical pump cavity 
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Fig. 6.91. Laser rod moWlting techniques (a) with and (b) without separate 
rod holder 

rod assembly, consisting of the laser rod mounted in rod holders (Fig. 6.9la) 
can slide into precision-bored holes in these end plates. 0-rings around the rod 
holder will seal this unit from the cavity. Figure 6.91b shows an example of a 
large Brewster-angle ruby rod installed in the end plate of an elliptical cavity 
without the use of rod holders. The drawing also shows the cooling channel and 
plenum chamber employed to force the cooling water into the annular cooling 
path defined by the ruby rod and the flowtube. 

Figure 6.92 shows a drawing of a double-elliptical pump cavity featuring 
flowtubes. Note the elaborately designed cooling channels, which are machined 
close to the reflector surface. This design provides a large cooling surface and 
high-velocity flow for efficient heat exchange. The 25-cm-long double-elliptical 
cavity is capable of dissipating 40 kW of lamp input power. 

In the so-called flooded cavity approach, the whole inside of the pump cavity 
is immersed in cooling fluid. The absence of flowtubes and separate cooling 
chambers for the reflector makes this type of cavity very compact and simple in 
design. For example, only one inlet and outlet are required for the cooling loop, 
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Fig. 6.93. Commercial cw-pumped Nd : YAG laser featuring a flooded pump cavity design. The photo 
shows the laser rod assembly (A), krypton arc lamp assembly (B), single elliptical reflector (C), and 
pump housing (D). The insert (E) shows the assembled pump head with top removed. (Quantronix 
Corp. Model 114) 

whereas in an elliptical cavity with flowtubes, one pair of coolant ports with the 
associated fittings, tubing, etc., is required for each reflector half, lamp, and laser 
rod. Also, in this design, lamp and laser rod can be brought very close together, 
and no reflection losses from additional glass surfaces are encountered. Figure 
6.93 shows a photograph of a commercial cw-pumped Nd: YAG laser featuring 
a single elliptical reflector in a flooded cavity. 

Most liquid-cooled military-type Nd: YAG lasers and most commercial cw
pumped Nd: YAG lasers feature this design, because of its compactness and sim
plicity. Figure 6.94 shows a photograph of a liquid-immersed pump cavity used 
for a high-repetition-rate military Nd: YAG laser. The cavity is sealed by one 
large 0-ring in the top cover. The reflector inserts are machined from aluminum 
which is nickel-plated, polished, and silver-plated. The laser head is machined 
from aluminum which is hard-anodized (Mil. Spec. A-8625) to prevent corrosion. 

Figure 6.95 shows an exploded view of a single- and double-elliptical pump 
cylinder using immersion cooling. The laser head is machined from a solid block 
of acrylic. This material alleviates the problem of arcing and eliminates the need 
to feed the lamp anode through the laser head. The reflector inserts are machined 
from copper and are gold-plated. 

Great care has to be taken in the design of liquid-immersed cavities of the 
type displayed in Figs. 6.93-95 to achieve symmetrical high-velocity flow along 
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Fig. 6.94. Laser head of a military Nd: YAG laser 

the lamp and laser rod. Otherwise, the different cross sections and pockets in the 
cavity result in low-velocity and, in extreme cases, stagnant areas in the cooling 
loop. Note that in the design shown in Fig. 6.93 the lamps and laser rod are 
surrounded by flowtubes to provide symmetrical and highly turbulent flow. 

Diffuse-reflecting pump cavities are usually liquid-immersed. Figure 3.12 
shows an example of a laser head containing a helical flashlamp. The main 
elements of such a system are the laser rod, flashlamp, a closely fitted reflector, 
and a housing containing these elements. In the design shown in Fig. 3.12, the 
laser rod, flashlamp, and reflector are all immersed in water. In helical-pump 
lamp systems the laser material is sometimes surrounded by a flowtube to define 
a cooling channel which forces water first through an annulus between rod and 
flowtube and then back over the helical lamp. 

Figure 6.96 shows a laser head employed to pump laser rods up to 15 em 
in length by a single linear flashlamp. Lamp and rod are contained in a diffuse 
reflector consisting of barium sulfate which is compressed between two quartz 
tubes. Inside, the pumping chamber is filled with water. The body of the laser 
head is made from acrylic. 

If the heat load in a cavity is not excessive, the laser rod can be attached 
to a heat sink. The semi-elliptical and close-coupled designs are particularly 
suitable for this type of cooling. A typical design of a conduction-cooled laser 
rod (Fig. 6.55e) consists of a reflector with semi-elliptical top half and a flat 
bottom half which contains two longitudinal grooves for carrying the laser rod 
and flashlamp. Thermal conduction between the bottom part, which acts as heat 
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Fig. 6.95. Exploded view of a single- and double-elliptical pump cavity of a CW -pumped Nd: YAG 
laser (Holobeam models 255 and 256) 

sink, and the laser rod can be obtained by mechanically clamping the rod into the 
groove. Sometimes a thin gold foil is inserted between the rod and the heat sink 
which will yield and conform to the irregularities of the laser rod surface under 
the clamping force. An example of an air-cooled laser head is shown in Fig. 6.97. 
The pump cavity of this Nd: YAG laser, which is pulsed at a repetition rate of 
10 pps, is cooled by forced air generated by an axial blower. The Nd: YAG rod, 
25 mm by 3 mm, is cemented to a copper heat sink with silver epoxy. 

The optical elements of a laser cavity can also be cooled by forced air or gas 
generated by axial blowers, fans, or pumps. This technique is usually employed 
in very low-power or low-repetition-rate systems. Forced-air cooling of tungsten
filament lamps is a common technique in Nd: YAG lasers. However, the laser rod 
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Fig. 6.96. Example of a diffuse-reflecting pwnp cavity 

and cavity are liquid-cooled. In some military Nd: YAG lasers a closed-cycle, 
high-pressure nitrogen gas loop is employed; this will be discussed in more detail 
in Chap. 7. 

Sealing Techniques 

An 0-ring seal, if properly designed, is very reliable and does not present a 
problem. Seal areas within the pump cavity are considerably more critical be
cause organic materials exposed to the pump radiation will quickly deteriorate. 
If 0-rings made from an organic material are used to seal the laser rod, flow
tubes, or lamps, they should be well shielded from radiation. Figure 6.91 shows 
several examples of 0-ring locations which provide maximum protection from 
pump light. White silicon 0-rings are usually found to be best suited for laser 
applications. 

Besides 0-rings, several other techniques are used to seal laser rods, in par
ticular, ruby rods. The first technique involves the use of metal 0-rings. For 
example, a very satisfactory method of sealing laser rods is achieved by extrud
ing tin rings in a sleeve crystal holder (similar to Fig. 6.91a) into spaces between 
the laser rod and rod holder. Another technique involves the use of a mechan
ical press-fit between the ruby rod and a polycrystalline sapphire sleeve, both 
of which have a small taper. This technique, although expensive, is ideal from 
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Fig. 6.97. Laser head of a small air-cooled Nd: YAG laser 

an optical point of view because it allows pumping of the ruby over its full 
length. Unlike Nd: YAG and Nd :glass, unpumped ruby absorbs strongly at the 
laser wavelength, therefore it is desirable in this material to minimize unpumped 
regions of the rod. 
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7. Heat Removal 

The optical pump process in a solid-state laser material is associated with the 
generation of heat for a number of reasons: a) The energy difference of the 
photons between the pump band and the upper laser level is lost as heat to the host 
lattice and causes the so-called quantum defect heating; b) similarly, the energy 
difference between the lower laser level and the ground state is thermalized; c) 
since the quantum efficiency of the fluorescence processes involved in the laser 
transition is less than unity, heating due to quenching mechanisms takes place; 
d) the broad spectral distribution of arc lamps or flashlamps is such that there 
is considerable absorption by the host material, mainly in the ultraviolet and 
infrared bands. 

Efficient heat removal and reduction of the thermal effects which are caused 
by the temperature gradients across the active area of the laser medium usually 
dominate design considerations for high-average-power systems. 

One of the advantages of diode-laser pumping is that the waste heat dissipated 
in the laser rod is greatly reduced by the high efficiency of the pumping process. 
Quantum-defect heating is reduced because the pump wavelength is closer to the 
laser-emission wavelength, and heating of the host material by pump radiation 
located outside the absorption bands of the active ions is completely eliminated. 
For example, in Nd: YAG the thermal load of the crystal is only 1/3 that of a 
flashlamp-pumped system for the same laser output. 

7.1 Thermal Phenomena in Laser Rods 

The combination of volumetric heating of the laser material by the absorbed pump 
radiation and surface cooling required for heat extraction leads to a nonuniform 
temperature distribution in the rod, which results in a distortion of the laser beam 
due to a temperature- and stress-dependent variation of the index of refraction. 
The thermal effects which occur in the laser material are thermal lensing and 
thermal stress-induced birefringence. 

An additional issue associated with thermal loading is stress fracture of the 
laser material. Stress fracture occurs when the stress induced by temperature 
gradients in the laser material exceeds the tensile strength of the material. The 
stress fracture limit is given in terms of the maximum power per unit length 
dissipated as heat in the laser medium. 
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The particular temperature profile which exists in the laser material depends 
to a large degree on the mode of operation, i.e., cw pumped, single shot, or repet
itively pulse pumped. In the case of cw operation, a long cylindrical laser rod 
with uniform internal heat generation and constant surface temperature assumes 
a quadratic radial temperature dependence. This leads to a similar dependence in 
both the index of refraction and the thermal strain distribution. In a pulse-pumped 
system, laser action occurs only during the pump pulse or shortly thereafter in 
the case of Q-switching, therefore the main interest is centered around the time 
interval of the pumping pulse. Theoretical and experimental investigations have 
shown that heat transport during the pump pulse, which usually has a dura
tion between 0.2 and 5 ms, can be neglected. Therefore in single-shot operation 
the optical distortions are solely a result of the existence of thermal gradients 
generated by non-uniform pump-light absorption. In repetitively pulse-pumped 
systems, distortions will occur from the cumulative effects of non-uniform pump 
processes and thermal gradients due to cooling. Which effects dominate depends, 
as we will see, on the ratio of the pulse interval time to the thermal relaxation 
time constant of the rod. At repetition intervals, which are short compared to 
the thermal relaxation time of the laser rod, a quasi-thermal steady-state will be 
reached where the distortions from pumping become secondary to the distortions 
produced by the removal of heat from the laser material. 

7.1.1 cw Operation 

Temperature Distribution 
We consider the case where the heat generated within the laser rod by pump light 
absorption is removed by a coolant flowing along the cylindrical rod surface. 
With the assumption of uniform internal heat generation and cooling along the 
cylindrical surface of an infinitely long rod, the heat flow is strictly radial, and 
end effects and the small variation of coolant temperature in the axial direction 
can be neglected. The radial temperature distribution in a cylindrical rod with 
thermal conductivity K, in which heat is uniformly generated at a rate Q per unit 
volume, is obtained from the one-dimensional heat conduction equation [7.1] 

JlT + (!) (dT) + Q = O . 
dr2 r dr K 

(7.1) 

The solution of this differential equation gives the steady-state temperature at any 
point along a radius of length r. With the boundary condition T(ro) for r = ro, 
where T(ro) is the temperature at the rod surface and ro is the radius of the rod, 
it follows that 

T(r) = T(ro) + ( 4~{) (r~- r 2) • (7.2) 

The temperature profile is parabolic, with the highest temperature at the center 
of the rod. The temperature gradients inside the rod are not a function of the 
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surface temperature T(ro) of the rod. The heat generated per unit volume can be 
expressed as 

Pa 
Q=-zL' ?rTo 

(7.3) 

where Pa is the total heat dissipated by the rod and L is the length of the rod. 
The temperature difference between the rod surface and the center is 

Pa 
T(O) - T(ro) = 4 '/f I< L . (7.4) 

The transfer of heat between the rod and the flowing liquid creates a temperature 
difference between the rod surface and the coolant. A steady state will be reached 
when the internal dissipation Pa is equal to the heat removed from the surface 
by the coolant 

Pa = 27rroLh[T(ro) - TF] , (7.5) 

where h is the surface heat transfer coefficient and TF is the coolant temperature. 
With F = 21rroL being the surface area of the rod, it follows that 

Pa 
T(ro) - TF = Fh . (7.6) 

Combining (7.4 and 7.6), one obtains for the temperature at the center of the rod 

T(O) = TF + Pa (-1-,- + - 1-) . 
47rl\.L Fh 

(7.7) 

Thus, from the geometry and the appropriate system and material parameters, 
the thermal profile of the crystal can be determined, except that h must be 
evaluated. This coefficient is obtained from a rather complex expression involving 
the thermal properties of the coolant, the mass flow rate of the coolant, the 
Reynolds, Prandtl, and Grashof numbers, and the geometry [7.2-4]. In Fig. 7.1 
the heat transfer coefficient for water is plotted as a function of flow rate for 
cases of practical interest. The parameters are the rod radius r0 and the inside 
radius r F of a circular cooling channel. 

Figure 7.2 shows as an example the radial temperature profile in aNd: YAG 
rod calculated from (7.7). The laser, which delivered between 200 to 250W 
of output, was pumped at 12 kW of input power. The following parameters 
have been used in the numerical calculations of the temperature profile in the 
crystal: rod length L = 7.5 em; rod radius ro = 0.32 em; flowtube inside radius 
'F = 0.7 em; power dissipated by the Nd: YAG rod Pa = 600W; mass flow rate 
of the coolant m * = 142 g/s; fluid temperature entering the cavity TF = 20° C. As 
can be seen from this figure, the maximum temperature of the crystal occurring 
at the center is 114° C. The large temperature gradient of 57° C between the 
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center of the crystal and the surface is responsible for the high stresses present 
in the material. 
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Thermal Stresses 
The temperature gradients generate mechanical stresses in the laser rod, since the 
hotter inside area is constrained from expansion by the cooler outer zone. The 
stresses in a cylindrical rod, caused by a temperature distribution T(r ), can be 
calculated from the equations given by Timoshenko and Goodier [1.5]. Equations 
(7.8-10) describe the radial O"r, tangential o-q,, and axial O"z stress in an isotropic 
rod with free ends and a temperature distribution according to (7 .2) 

O"r(r) = QS(r2 - r5) , 

o-q,(r) = QS(3r2 - r5) , 

O"z(z) = 2QS(2r2 - r5), 

(7.8) 

(7.9) 

(7.10) 

where the factorS= aE[16J<(1 - v)]-1 contains the material parameters; E is 
Young's modulus; vis Poisson's ratio; and a is the thermal coefficient of expan
sion. The stress components, O"r, o-q,, O"z represent compression of the material 
when they are negative and tension when they are positive. We notice that the 
stress distributions also have a parabolic dependence on r. The center of the rod 
is under compression. The radial component of the stress goes to zero at the 
rod surface, but the tangential and axial components are in tension on the rod 
surface by virtue of the greater bulk expansion in the rod's center compared to 
the circumference. 

Figure 7.3 gives the stresses as a function of radius inside the Nd: YAG rod 
whose temperature profile was shown in Fig. 7.2. From these curves it follows 
that the highest stresses occur at the center and at the surface. Since the tensile 
strength of Nd: YAG is 1800 to 2100 kg/cm2, the rod is stressed up to 75 % 
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of its ultimate strength. As the power dissipation in the rod is increased, the 
tension on the rod surface increases and may exceed the tensile strength of the 
rod, thereby causing laser rod fracture. It is of interest to determine at what 
power level this will occur. Using (7.9, 10) we find, after adding the two stress 
components 11 z<ro), 11 q,(ro) vectorially, 

aE Pa 
O'max = 81rK(l- v) L · (7.1la) 

We note from (7.11a) that the tension on the surface of a laser rod depends 
on the physical constants of the laser material and on the power dissipated per 
unit length of the material, but does not depend on the cross section of the rod. 
Upon substitution of O'max with the value of the tensile strength of Nd: YAG, we 
find that with 115 W dissipated as heat per centimeter length of Nd: YAG rod, 
the tension on the surface of the rod equals the tensile strength of the material. 
The actual rupture stress of a laser rod is very much a function of the surface 
finish of the rod, and can vary by almost a factor of three in Nd: YAG [7 .6]. 

Stress Fracture Limit 
The mechanical properties of the laser host material determine the maximum 
surface stress that can be tolerated prior to fracture. If there were no other con
straints, such as stress induced focusing and birefringence, the thermal loading 
and thus average output power of a rod laser could be increased until stress frac
ture occurred. H 11max is the maximum surface stress at which fracture occurs, 
then we can rewrite (7.11a) as follows 

~ K(l-0 - = 81rR where R = 11max 
L aE 

(7.11b) 

is a "thermal shock parameter". A larger R indicates a higher permissible thermal 
loading before fracture occurs. The table below lists typical values for a number 
of laser materials if we assume a standard surface treatment. 

Material Glass GSGG YAG Al20:J 

thermal shock l 
parameter R 
[W/cm] 

Photoelastic Effects 

6.5 7.9 100 

The stresses calculated in the previous subsection generate thermal strains in the 
rod, which in turn produce refractive index variations via the photoelastic effect. 
The refractive index of a medium is specified by the indicatrix, which in its most 
general case is an ellipsoid. A change of refractive index due to strain is given by 
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Fig. 7.4. Crystal orientation for a Nd: YAG rod (left) and orientation of indicatrix of the thermally 
stressed Nd: YAG rod in a plane perpendicular to the rod axis (right) 

a small change in shape, size, and orientation of the indicatrix [7.7]. The change 
is specified by small changes in the coefficients B;j [7.8], 

B;j = PijktE-kt (i,j, k, l = 1, 2, 3) (7.12) 

where Pijkl is a fourth-rank tensor giving the photoelastic effect. The elements 
of this tensor are the elastooptical coefficients. E-kt is a second-rank strain tensor. 

We will confine our calculation to the case of a Nd: YAG laser rod. The 
method, however, is applicable to any material if the proper photoelastic matrix 
is used. Since Nd: YAG is a cubic crystal, the indicatrix is a sphere. Under stress 
the indicatrix becomes an ellipsoid. Nd: YAG rods are grown with the cylindrical 
axes along the [111] direction. The light propagates in this direction, and thus 
the change of the refractive index along the [111] is of interest. 

Since the transverse stresses are in radial and tangential direction - relative to 
the coordinate system shown in Fig. 7.4 - the local indicatrix also orients its axis 
in these directions. In a cylindrical coordinate system the photoelastic changes 
in the refractive index for the r and ¢> polarizations are given by [7 .8] 

(7 .13) 

(7.14) 

A considerable amount of tensor calculation is required to determine the coef
ficients ,1Br and ,1Bq, in a plane perpendicular to the [111] direction of the 
Nd: YAG crystal. The technique used in these calculations consists of introduc
ing the elastooptic coefficients for Nd: YAG into the matrix form P mn of the 
photoelastic tensor. The published values of these coefficients are given in a 
[100]-oriented Cartesian coordinate frame [7.9]: P11 = -0.029; P12 = +0.0091; 
and P44 = -0.0615. The strain tensor is obtained from the stresses calculated in 
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(7.8-10). After a coordinate transformation to bring Pmn and C:kl into the same 
coordinate system, the tensor operation according to (7 .12) can be performed. 
Introducing the expression for L1Br and .t1.Bc/> into (7.13, 14), the refractive index 
changes are given by [7 .10, 11] 

1 3aQ 2 
Llnr = -2.noKerr , (7.15) 

(7.16) 

where er and eel> are functions of the elastooptical coefficients of Nd: YAG. 

e = (17v -7)Pn + (31v- 17)Pt2 + 8(v + 1)P44 
r 48(v- 1) ' 

e _ (10v- 6)Pn + 2(11v- 5)Pt2 
c/>- 32(v- 1) · 

The induced birefringence is determined from (7.15, 16) 

3aQ 2 
Llnr- Llnc/> = n0Kenr , where (7.17) 

1+v 
en= 480 _ v) (Pn - Pt2 + 4P44). 

Inserting the values of the photoelastic coefficients and the material parameters 
of Nd: YAG, a = 7.9 x 10-6 r C, K = 0.11 W/cm o C, v = 0.3, no = 1.82, into 
(7.15-17), one obtains er = 0.017, eel>= -0.0025, e 8 = -0.0097, and 

Llnr = ( -2.8 X 10-6)Qr2 , 

Llnc/> = (+0.4 X 10-6)Qr2 , 

Llnr - Llnc/> = ( -3.2 X 10-6)Qr2 , 

where Q has the dimension of watts per cubic centimeter and r is measured in 
centimeters. 

Thermal Lensing 
Having explored the stresses in the laser rod, we now turn to the optical distor
tions which are a result of both temperature gradients and stresses. The change of 
the refractive index can be separated into a temperature- and a stress-dependent 
variation. Hence 

n(r) =no+ Lln(rh + Lln(r)€ , (7.18) 
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where n(r) is the radial variation of the refractive index; no is the refractive 
index at the center of the rod; and Lln(rh, Lln(r)e are the temperature- and 
stress-dependent changes of the refractive index, respectively. 

The temperature-dependent change of refractive index can be expressed as 

Lln(r}r = [T(r)- T(O)] ( ~;) 

With the aid of (7 .2, 4) we obtain 

Q dn 2 
Lln(r}r =-4[{ dTr . 

(7.19) 

(7.20) 

As can be seen from (7.15, 16 and 20), the refractive index in a laser rod shows 
a quadratic variation with radius r. An optical beam propagating along the rod 
axis suffers a quadratic spatial phase variation. This perturbation is equivalent to 

the effect of a spherical lens. The focal length of a lens-like medium where the 
refractive index is assumed to vary according to 

n(r) =no (1- 2~2 ) 
is given by [7.12] 

b2 
f ~ 4noL · 

(7.21) 

(7.22) 

This expression is an approximation where it was assumed that the focal length 
is very long in comparison to the rod length. The distance f is measured from 
the end of the rod to the focal point. 

The total variation of the refractive index is obtained by introducing (7 .15, 16, 
and 20) into (7.18): 

[ Q ( 1 dn 2 ) 2] n(r) =no 1 - 2[{ 2no dT + n0 aCr,</> r . (7.23) 

As was discussed in the previous subsection, the change of refractive index due to 
thermal strain is dependent on the polarization of light, therefore the photoelastic 
coefficient Cr,t/> has two values, one for the radial and one for the tangential 
component of the polarized light. Comparing (7.23) with (7.21) yields 

' [{ (1 dn 3)-1 
f = QL 2 dT + aCr,t/>no . (7.24) 

In our final expression for the focal length of a Nd: YAG rod, we will include 
the contributions caused by end effects. Perturbations of the principal thermal 
distortion pattern occur in laser rods near the ends, where the free surface alters 
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the stress character. The so-called end effects account for the physical distortion 
of the flatness of the rod ends. Self-equilibrating stresses causing a distortion of 
flatness were found to occur within a region of approximately one diameter from 
the ends of Nd: glass [7.13] and one radius from the end for Nd: YAG [7.14]. 
The deviation from flatness of the rod ends is obtained from 

l(r) = aolo[T(r)- T(O)] , (7.25) 

where lo is the length of the end section of the rod over which expansion occurs. 
With lo = ro and (7 .2), we obtain 

Qr2 
l(r) = -aoro 4K . (7.26) 

The focal length of the rod caused by an end-face curvature is obtained from the 
thick-lens formula of geometric optics [7.7] 

f"- R 
- 2(no- 1) ' 

(7.27) 

where the radius of the end-face curvature is R = -(Jlljdr2)-1• From these 
expressions follows the focal length of the rod caused by a physical distortion 
of the flat ends: 

f" = K[aQro(no - 1)]-1 • (7.28) 

The combined effects of the temperature- and stress-dependent variation of the 
refractive index and the distortion of the end-face curvature of the rod lead to 
the following expression for the focal length: 

f _ KA (1 dn C 3 aro(no- 1))-1 

- Pa 2 dT +a r,</>no + L ' (7.29) 

where A is the rod cross-sectional area and Pa is the total heat dissipated in 
the rod. If one introduces the appropriate materials parameters for Nd: YAG 
into (7.29), then one finds that the temperature-dependent variation of the re
fractive index constitutes the major contribution of the thermal lensing. The 
stress-dependent variation of the refractive index modifies the focal length about 
20 %. The effect of end-face curvature caused by an elongation of the rod is less 
than 6%. 

Ignoring the end effects, we notice that the focal length is proportional to a 
material constant and the cross section A of the rod and is inversely proportional 
to the power Pa dissipated as heat in the rod. At first, it may be surprising that 
the length of the rod does not enter the equations. However, in a longer rod, for 
example, the reduction in power dissipation per unit length is offset by a longer 
path length. 
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We see from (7.29) that we have little flexibility in influencing the focal 
length. The material constants are determined when we choose the laser material: 
the dissipated power Pa is determined by the application (even though we may 
be able to reduce the heat load by avoiding unusable pump radiation); thus the 
only remaining design parameter is the rod cross section. The focal length can 
be increased by increasing A, but this is usually not a practical way of solving 
the problem. 

According to (7.29), the focal length of a cylindrical laser rod, where heat is 
generated uniformly within the bulk material, can be written as 

(7.30) 

where M contains all the material parameters of the laser rod and an efficiency 
factor "' which relates the electrical input power to the power dissipated as heat 
in the rod (Pa = ryPm). 

We can introduce laser rod sensitivity defined as 

d(lj f)= M-t . 
d.Fln 

(7.31) 

The sensitivity factor describes how much the optical power 1 f f of a laser rod 
changes with a change in input energy to the lamp. To understand the importance 
of this factor, it is necessary to go back to the resonator theory. With the laser 
rod operating at a given power level, the designer chooses the resonator optics 
to provide the desired output beam pattern. In doing so, he takes into account 
the lensing of the laser rod. However, no system works at a constant power 
level. Power-supply fluctuations, lamp aging, general system deterioration, just 
to mention a few parameters, change the heat input to the rod, and thereby, the 
optical focusing power of the rod. The sensitivity factor tells how sensitive a 
laser rod is to these changes. The designer must ensure that his resonator design 
is capable of maintainig the output beam within specifications in spite of these 
fluctuations. For a Nd: YAG rod 0.63 em in diameter and assuming that 5 % of 
the electrical input power to the lamp is dissipated as heat, we obtain a change 
of focusing power of 0.5 X 10-3 diopters per watt of lamp input variation. 

Returning now to (7 .29), we can see that the rod acts as a bifocal lens with 
different focal lengths for light with radial and tangential polarization. Since a 
linear polarized wave or a nonpolarized wave incident on the crystal will always 
have components in radial and tangential directions, two focal points are obtained. 
For Nd: YAG one finds a theoretical value of f,pf fr = 1.2, whereas measurements 
show ratios varying from 1.35 to 1.5 [7.15]. A difference in focal length between 
different polarizations means that a resonator designed to compensate for the 
rod lensing for radial polarization cannot also compensate for the lensing of 
tangentially polarized light. 

In Fig. 7.5, theoretical and measured thermally induced back focal lengths of 
various laser rods are plotted as a function of lamp input. Experimentally, the 
rod focal length is usually determined by projecting a HeNe laser beam through 
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Fig. 7.5. Thermally induced back focal length as a function of lamp input power for a variety of solid
state lasers: (A-E) Measurements of the average focal length <fr + /q,)/2 of (A) B-axis Nd: YAl<>J 
rod, 7.5 x 0.62cm; (B) Nd: YAG rod, 10 x 0.62cm; (C,D) Nd:YAG rods, 7.5 x 0.62cm, curves are 
for different rods and pump cavities; (E) Nd: LaSOAP rod, 7.5 x 0.6 em (use upper scale for input 
power). (F,G) Theoretical back focal length of a Nd: YAG rod assuming that 5% of the electrical 
input power will be dissipated as heat in the 7.5 x 0.63 em diameter crystal. Shown is the focal length 
for the radially polarized (G) and tangentially polarized (F) beam components. The value for M, see 
(7.30), is Mq, = 22 x 104Wcm, and Mr = 18 x 104Wcm 

the rod and measuring the position of the beam diameter minimum. Figure 7.5 
also shows the thermally induced focusing in a Nd: LaSOAP rod operated at 20 
pps [7 .16]. At this high repetition rate it was shown that the dynamic optical 
distortions are purely a function of input power, as is the case in cw operation. 
The data illustrates the very strong thermal lensing which occurs in Nd: LaSOAP 
as a result of the seven-times-lower conductivity of this material as compared to 
Nd:YAG. 

Comparing the experimental results with (7 .29), we find that the focal length 
does not always vary exactly as the inverse of lamp input power. For example, 
the curve in Fig. 7.5 for the 1 0-cm -long rod can be approximated by f ex: P; 15, 

whereas for the curve of Nd: LaSOAP we obtain f ex: P; 1·2• Applying the sensi-
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tivity factor of (7.31) to the measured curves, we find that Nd: LaSOAP is more 
sensitive to pump fluctuation than Nd: YAG and Nd : YALO. Typical values 
for Nd:YAG and Nd:YALO are 0.5-1.0 x 10-3 diopters/W, and 2.5-4 x IQ-3 

diopters/W for Nd: LaSOAP. 

Stress Birefringence 
We will now investigate the influence of thermally induced birefringence on the 
performance of a solid-state laser. Taking Nd: YAG as an example, it was shown 
in (7.15, 16) that the principal axes of the induced birefringence are radially and 
tangentially directed at each point in the rod cross section and that the magnitude 
of the birefringence increases quadratically with radius r. As a consequence, a 
linearly polarized beam passing through the laser rod will experience a substantial 
depolarization. We refer to Fig. 7.4, where we have chosen a point P(r, </J) in a 
plane perpendicular to the rod axes. At this point we have a radial refractive 
index component nro which is inclined at an angle <P with respect to the y 
axis and a tangential component nt/> perpendicular to nr. Assume that E is the 
polarization vector for incident radiation. Radiation incident at point P must be 
resolved into two components, one parallel to nro and the other parallel to nt/>. 
Since Llnr f Llntf>, there will be a phase difference between the two components 
and the light will emerge elliptically polarized. This will occur for all points of 
the rod cross section with the exception for points located along the x and y 
axes in Fig. 7 .4. Radiation incident along the y axis will see only one refractive 
index, nt/>, while along the x axis, nr will be the only refractive index. 

Birefringence effects in pumped laser rods can be studied in a polariscopic 
arrangement in which the expanded and collimated light beam from a ReNe laser 
serves as an illuminator for the observation of the rod between crossed polarizers. 
Because of thermally induced birefringence, the probe light suffers depolarization 
and is partially transmitted by the analyzer. The transmitted light forms the so
called isogyres, which display the geometrical loci of constant phase difference. 
Photographs of conoscopic patterns for various pump powers of a Nd: LaSOAP 
rod between crossed polarizers are shown in Fig. 7 .6. 

The isogyre pattern exhibits a cross and ring structure, where the arms of 
the cross are parallel and orthogonal to the incident polarization. As mentioned 
before, the crosses correspond to those regions of the crystal where an induced 
(radial or tangential) axis is along a polarizer axis, so that the induced birefrin
gence results only in a phase delay and not in a polarization rotation. The dark 
rings correspond to an integral number of full waves of retardation. 

A number of operations of solid-state lasers, such as, for example, electro
optical Q-switching, frequency doubling, and external modulation of the beam, 
require a linearly polarized beam. An optically isotropic material, such as 
Nd: YAG, must be forced to emit a linearly polarized beam by the introduc
tion of a polarizer in the resonant cavity. In the absence of birefringence, no 
loss in output power would be expected. However, the thermally induced bire
fringence that does occur causes a significant decrease in output power and a 
marked change in beam shape. 
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Fig. 7.6a-d. Thennal stresses in a 7.5-cm long and 0.63-cm-diameter Nd : LaSOAP crystal. The rod 
was pumped at a repetition rate of 40 pps by a single xenon ftashlamp in an elliptical pump cavity. 
Input power (a) 115W, (b) 450W, (c) 590W, (d) 880W [7.16] 

For a system with an intracavity polarizer, the effect of depolarization in
volves two phenomena: coupling of power into the orthogonal state of polariza
tion followed by subsequent removal of that component by the polarizer, and 
modification of the main beam by the depolarization process leading to a distor
tion of beam shape. When a birefringent crystal is placed between a polarizer 
and analyzer that are parallel, the transmitted intensity is given by [7.7] 

lout l . 2(2d..) . 2 (b) - = -sm '+' sm - , 
Ln 2 

(7.32) 

where 4> is the angle between the polarizer and one of the principal birefringence 
axes, and 8 is the polarization phase shift of the light emerging from the crystal. 
The index difference, Lln.p - Llnn leads to a phase difference 

271" 
5 = T L(Lln.p - Llnr ) . (7 .33) 

To illustrate the magnitude of stress birefringence in aNd: YAG rod, the differ
ence in optical path length 
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Fig. 7.7. Differences in optical path length as a 
function of nonnalized rod radius in a Nd: YAG 
rod. Parameter is the lamp input power 

is plotted in Fig. 7.7 as a function of pump power. The following constants were 
used: Pa = 0.05Pm. L = 7.5 em, r0 = 0.31 em, and .A = 1.06 x w-4 em. 
As can be seen from this figure, at maximum lamp input power of 12kW, 
the path-length difference is approximately six wavelengths. The data plotted 
in Fig. 7.7 is in excellent agreement with the values obtained from conoscopic 
interference patterns [7.10, 11, 17]. Assuming a plane wave, we can calculate the 
total transmitted intensity from (7.32, 33) by integrating over the cross-sectional 
area of the rod. The following integral must be evaluated, 

(7 .35) 

(7.36) 

A laser resonator containing a polarizing element is optically equivalent to 
a laser rod of twice the actual length located between a polarizer and analyzer. 
Subtracting laud lm from unity and multiplying the phase difference 8 by a factor 
of two yields the fraction of the circulating power which is polarized orthogonal 
to the intracavity polarizer. This beam, caused entirely by birefringence, will 
actually be ejected from the cavity and represents the depolarization loss of the 
resonator: 

Ldepol = 0.25[1 - sinc(2CT Pa)1 . (7.37) 
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Fig. 7.8. Calculated resonator loss 
caused by the combination of thermally 
induced birefringence in a Nd: YAG 
rod and an intracavity polarizer 

This loss is plotted in Fig. 7.8, where the same constants as for Fig. 7.7 have 
been used. Note that this curve represents the round-trip loss in the cavity for a 
plane-parallel beam which was used as an approximation for a highly multimode 
laser beam. 

Also shown is the depolarization loss for a TEMoo mode for which it was 
assumed that the beam radius w is w = ro/2. A similar calculation as the one 
carried out for a plane wave yields a loss factor [7.18] 

(7 .38) 

For the same lamp input power the losses for the TEM00 mode are less than for 
a highly multimode beam. This is expected since the energy in the TEMoo mode 
is concentrated nearer the center of the rod, where the induced birefringence is 
smaller. 

Equations (7.37, 38) express the depolarization losses if a polarizer with a 
very high extinction ratio, such as a Glan-type polarizer, is inserted in the cavity. 
In cw-pumped Nd: YAG lasers, very often a single quartz plate orientated at 
the Brewster angle is utilized to obtain a linearly polarized output beam. The 
reflectivity of fused silica for the "S" polarization at the Brewster angle is 12.6% 
per surface at 1.06 f.-LID, which results in a round-trip loss in the cavity of 58%. In 
the case of a Brewster-plate polarizer in the cavity, round-trip losses expressed 
by (7.37, 38) must be multiplied by the factor 0.58 [7.18]. 

The interaction of a linearly polarized beam with a birefringent rod and a 
polarizer not only leads to a substantial loss in lasing efficiency, but also a severe 
distortion of the beam shape. Figure 7.9 shows the output beam shape obtained 
from a cw-pumped Nd: YAG laser with and without an intracavity polarizer. The 
output is obtained in form of a cross with a bright center. As discussed before, the 
depolarization losses are smallest in the rod center and in directions parallel and 
orthogonal to the preferred direction of the polarizer. Areas of high depolarization 
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Fig. 7.9. Output beam pattern for high-power cw Nd: YAG laser without (left) and with (right) a 
Brewster plate in the cavity 

losses are removed from the cavity by the polarizer and are, therefore, missing 
in the output beam. 

Compensation of Thermally Induced Optical Distortion 
in Cylindrical Laser Rods 
Various methods of compensation for spherical and nonspherical lensing effects 
and birefringence produced by the laser rod have been suggested and tried to 
date. 

Thermal Lensing. Of all the optical distortions produced in the laser rod, the 
spherical component of the lensing effect is the easiest to compensate for. In 
a uniformly heated cylindrical rod which is uniformly cooled around its outer 
periphery, stress is radially symmetric. This is the situation most desirable in a 
laser rod, since it is indicative of a radially symmetric refractive index gradient 
which is required for optimum optical compensation of thermal lensing in the 
laser rod. Compensation of the spherical component of the thermal focusing effect 
can be accomplished by grinding concave spherical surfaces on one or both ends 
of the laser rod, by introducing a negative single-element lens into the resonator 
[7 .19] or by suitably designing the resonator configuration. The latter approach 
has been discussed in detail in Chap. 5. If the laser has to be operated over a 
wide range of input power, it is difficult to achieve adequate thermal-lensing 
compensation with a fixed element such as a negative lens. In these cases, a 
low-magnification Galilean telescope can be inserted into the resonator, whereby 
the relative position of the two lenses is adjusted with a motor drive. 

Compensation of Thermal Birefringence. The objective of birefringence com
pensation is to achieve equal phase retardation at each point of the rod's cross
section for radially and tangentially polarized radiation. This can be accomplished 
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by rotating the polarizations either between two identical laser rods or in the same 
rod on successive passes, such that the radial and tangential component of the 
polarizations are exchanged. 

For example, birefringence compensation in an oscillator containing two laser 
heads can be achieved by inserting a 90° quartz rotator between the laser rods. 
The rotator produces a 90° rotation of every component of the electric field of 
the laser beam. The part of a mode that is radially polarized in the first rod 
is tangentially polarized in the second rod. Since each part of the beam passes 
through nearly identical regions of the two rods, the retardation induced by one 
rod is reversed by the other. With this technique, linearly polarized outputs with 
negligible power loss and TEMoo output of 50 to 70% of the multimode power 
have been achieved [7 .20]. 

The same approach of birefringence compensation can also be employed be
tween two identical amplifier stages. Figure 7.10 illustrates the improvement one 
can achieve with this compensation technique. Shown is the measured depolar
ization of two flashlamp pumped Nd: YAG amplifiers as a function of average 
pump power. The Q-switched average output power is also indicated. The two 
amplifiers are arranged in a double-pass configuration with polarization output 
coupling similar to the diode-pumped system illustrated in Fig. 4.16. However, 
instead of an ordinary mirror at the output of the second amplifier, a phase
conjugate mirror based on stimulated Brillouian scattering (SBS) is employed to 
compensate for optical distortions produced in the amplifier rods. (See Sect. 10.4 
for details on SBS). A 90° polarization rotator placed between the two amplifiers 
compensates for birefringence and greatly reduces the total depolarization. 
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Fig. 7.10. Depolarization losses in a double-pass Nd: YAG amplifier chain with and without birefrin
gence compensation by means of a 90° polarization rotator [7 .27] 
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For a laser resonator containing only a single laser crystal, thermal birefrin
gence compensation requires that the oscillator incorporates a Porro prism as the 
rear reflector and a 90° rotator. The unique feature of the Porro prism which 
allows for birefringence compensation is that a ray which travels down one side 
of the laser rod on the first pass is reflected by the prism about the plane of 
symmetry so that it travels down the opposite side of the laser rod on the second 
pass. The birefringence pattern in a uniformly pumped laser rod has rotational 
symmetry about the rod axis. Because of this rotational symmetry, the birefrin
gence that a given ray experiences on the two passes through the laser rod are 
mirror images of one another. In order to obtain complete birefringence compen
sation, the polarization which experiences the fast axis on the first pass through 
the laser rod must see the slow axis during the second pass. This results in a net 
zero phase retardation upon emergence from the laser rod. To achieve this goal, 
it is necessary for the polarization direction of the forward propagating ray to be 
rotated 90° when it is traveling in the backward direction. The incorporation of 
a waveplate of appropriate orientation and retardation in front of the Porro prism 
produces the desired result. 

The aforementioned techniques can provide a compensation for birefringence 
and bifocusing, but the complex interaction between birefringence and bifocusing 
is difficult to correct in a lumped element. Furthermore, insertion losses for 
compensation devices can be significant. These difficulties could be avoided if 
the principal axes of the laser rod birefringence were in Cartesian coordinates 
instead of polar coordinates. One might accomplish this in cubic or isotropic 
materials by altering the shape of the rod cross section such that it will produce 
rectangular isotherms. Geometries of the active material other than cylindrical 
will be discussed at the end of this chapter. 

A reduction of birefringence in Nd: YAG lasers has been achieved by employ
ing rods which have their axis along a crystallographic axis where the thermally 
induced birefringence of the rod is at a minimum [7.21]. An analysis of bire
fringence as a function of the orientation of the laser rod axis with respect to 
the crystallographic coordinate system indicates that the thermally induced stress 
birefringence in Nd: YAG laser rods is dependent on growth direction. For all 
rod-axis orientations other than in the [111] crystal direction, the birefringence 
is angular-dependent. However, for high-power systems, the losses are essen
tially constant regardless of growth direction and/or orientation of the polarizer 
in the laser cavity. For systems in which the dissipated power in the Nd: YAG 
rod is small (50 W or less), the losses can be minimized by choosing the proper 
rod-axis orientation with respect to crystallographic direction and the optimium 
orientation of the polarizer in the laser resonator. The optimum rod-axis direction 
is in the [001] crystal direction or equivalent. 

Stress birefringence is avoided in polarized laser materials since the natu
ral birefringence dominates the stress-induced component. In optically isotropic 
laser crystals, the indicatrix patterns are radially oriented and all linearly po
larized waves undergo depolarization. If the host material, however, is an op
tically anisotropic crystal, such as YAl03, thermally induced stresses cause a 
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slight modification of the uniform anisotropy. This perturbation is nonuniform 
but small, since the index difference due to the crystal anisotropy is 102 to 103 
times as large as the index variation due to thermal stresses. Since the indica
trix essentially retains its orientation, linearly polarized waves may propagate 
through the crystal without suffering depolarization. In some cases, a trade-off 
between Nd: YAG, Nd: YLF, and Nd: YAl03 has to be considered. As already 
mentioned, in the latter two materials thermally-induced birefringence is negligi
ble. However, Nd: YLF is a softer laser material, and the thermal fracture limit 
is a factor 8 lower than that for Nd: YAG; and large, high-quality crystals of 
Nd: YA103 are difficult to obtain. Furthermore, this material exhibits an astig
matic thermal-lensing coefficient about twice that in Nd: YAG, and therefore 
requires higher compensation. However, since thermal lensing compensation is 
much more straightforward as compared to compensation of a large birefringence, 
Nd: YA103 represents a viable alternative to Nd: YAG in some applications. 

Nonspherical Aberrations. In cw-pumped Nd: YAG lasers, optically thin, small
diameter rods located in focusing cavities are usually employed. In these situ
ations the pump light is concentrated on the rod axis, and our assumption of a 
uniformly heated cylindrical rod is no longer valid. If the fine-ground surface of 
the laser rod were a perfect Lambertian diffuser, then the pump light intensity at 
the rod axis would be lower than at the surface because of the Nd absorption. In 
fact, the surface seems to have distinctly nonuniform forward scattering proper
ties, with the result that pump light is more intense on the rod axis than at the 
edges. Since the focal length of a given zone in the rod is inversely proportional 
to the intensity of the absorbed light at that zone, it is easy to understand that 
the focal length of the center of the rod is less than that at the edges. The pump
induced aberration in the rod is illustrated in Fig. 7 .11. The amount of spherical 
aberration depends on the surface finish of the rod, the type of pumping cavity 
used, and the diameter of the pump lamp. For a ray passing through the rod 
at a zone of radius r, the focal length fr is always greater than at the center 
and the difference fr - fc is proportional to r 2• This effect is positive spherical 
aberration. A positive lens with spherical surfaces produces a similar effect of 
opposite sign. Thus in applications where the laser beam is passed through a 
positive lens, spherical aberration can be partially compensated. 

Astigmatism in the laser rod can be caused by nonsymmetrical pumping or by 
grown-in rod imperfections. Astigmatism can be corrected by passing the beam 
through a spherical lens suitably tilted away from normal incidence. For a thin 

Pumped laser· rod 
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Fig. 7.11. Spherical aberration in a laser rod 
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plano-convex lens of radius R tilted at an angle e with respect to the normal, 
the focal lengths (/T and fs) for rays lying in the plane of incidence (tangential 
plane) and perpendicular to the plane of incidence (sagittal plane) are 

R h = R cos2 () 

(n2 - sin2 ())1/2 -cos () ' fs = (n2 - sin2 8)1/ 2 -cos () ' 
(7.39) 

where n is the refractive index. We see from (7.39) that by introducing a tilt e, 
the ratio h / fs can be varied, thus introducing an easily controlled amount of 
astigmatism into the system to cancel out effects produced in the laser rod. 

7 .1.2 Single-Shot Operation 
If a laser rod is pumped by a single isolated pump pulse, a transient thermal 
profile will be established which is the result of a fast pump-introduced heating 
process followed by a slow recovery of the rod to thermal equilibrium. Figure 
7.12 shows schematically the transient temperature distribution in an optically 
pumped cylindrical laser rod. During the flashlamp pulse, energy is absorbed by 
the laser crystal. At the end of the pump pulse, the temperature of the rod has 
increased unformly by LlT above the coolant temperature if we assume uniform 
absorption of pump radiation. Since only the surface of the rod is in contact with 
the coolant, a radial heat flow develops at the end of the pump pulse. The initially 
uniform temperature distribution changes to a parabolic temperature profile which 
decays with a certain time constant. Since lasing action occurs during or at the 
end of the pump cycle, the optical distortion in a single-shot laser arises from 
the thermal gradients produced during the pump cycle and not from heat flow as 
a result of cooling. 

If the temperature of the laser rod increases uniformly over the rod cross 
section, the bulk temperature rise at the end of the pump pulse is given by 

Q 
LlT=-

cV e ' 

r 
Temperature 

(7.40) 

Fig. 7.12. Thermal relaxation of a single input pulse in a 
cylindrical laser rod 
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Fig. 7.13. Thmperature rise in a laser 
rod for different lamp input pulse 
shapes 

where Q is heat deposited in the rod, c is the specific heat, V is the volume, and 
e is the density of the laser material. The bulk temperature rise as a function of 
time depends on the shape of the ftashlamp pulse. The energy deposited in the 
rod is 

Q = 100 
P(t)dt , (7.41) 

where P(t) is the pulse shape of the pump power. The time dependence of the 
temperature during the pump pulse can be obtained from 

T(t) = (cV e)-1 lt P(t)dt . (7.42) 

In Fig. 7.13 the temperature rise for several common pulse shapes is illus
trated. Measurements have shown that the temperature increases without any 
observable delay with respect to the energy deposited in the rod. In air-cooled 
laser heads, a considerable amount of rod heating can take place after the pump 
pulse because of conductive and convective heat transfer from the hot flashtube. 
In liquid-cooled systems, most of this long IR radiation is absorbed and carried 
away by the coolant. 

If the temperature rises uniformly in the active material, thermal effects in an 
oscillator are limited to a frequency shift of the emitted radiation and an increase 
in optical length of the resonator. Nonuniform pumping will also lead to thermal 
lensing and birefringence. If one assumes a pump-induced thermal profile T(r) 
at a given time tt during the pump cycle, then thermal lensing and birefringence 
for this particular instant in time can be calculated as was discussed in Sect. 7 .1.1 
for the cw case. 

The most common technique for observing pump-induced thermal effects is 
to insert the laser rod in one arm of an interferometer and to observe the time
dependent fringe pattern with a high-speed framing camera [7.22-26]. Another 
interferometric technique consists of counting the transient fringes with a fast 
photodetector mounted b~hind a pinhole [7.28]. The transient response of the 
rod to the pump pulse has also been studied by photographing the induced stress 
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Table7.1. Temperature rise at end of pump cycle 

Material Rod size fuput Temp. Temp. Pump hi crease Ref. 
length x energy rise profile geometry in optical 
diameter [J] [C] length [A] 
[em] 

Nd:glass 15 X 1.5 7,000 6.4 Concave Focusing 10 [7.22] 
negative linear lamp 
lens 

Ruby 15 X 1.5 7,000 15.3 Concave Focusing 32 [7.22] 
linear lamp 

Ruby 7.5 X 0.6 1,250 4.0 Convex Helical lamp 10 [7.23] 
Ruby 6.3 X 0.63 800 3.5 Helical 8 [7.28] 

flashlamp 
Nd:glass 6.3 X 0.63 800 4.9 Helical 7 [7.28] 

flash tube 
Ruby 5 X 0.69 5,000 6.7 Convex Helical lamp [7.26] 

polished 
rod 

Nd:glass 7.5 X 1.0 11,500 15 Concave Helical lamp 9 [7.25] 
twice as 
long as rod 

birefringence by means of a plane polariscope [7.29] or by measuring thermal 
lensing [7.30] or beam divergence [7.31] during the pump pulse. 

Table 7.1 summarizes the experimentally determined temperature excurtions 
and path-length changes occurring at the end of the pump pulse for a variety of 
laser rods and pumping arrangements. The temperature listed in this table are 
usually inferred from an interferometric measurement of the optical path-length 
changes. If we ignor changes in refractive index resulting from thermal stress, 
then optical path length and temperature changes are related according to 

(7.43) 

where nolo is the undistorted optical length, a 1 = (1/lo)(dl/dT) is the thermal 
coefficient oflinear expansion, and an= (1/no)(dn/dT) is the thermal coefficient 
of refractive index. 

Most measurements reveal that the optical path-length change is actually 
concave and the rod behaves like a negative lens. The implication is that the 
absorption of pump energy is higher at the outer edge of the rod than in the 
center. Figure 7.14 shows an example of a concave temperature profile calculated 
from the fringe pattern of an interferometric measurement [7.25]. The total path
length change in the center of this rod was nine wavelengths. The increase in 
beam divergence in a ruby amplifier rod during the pump cycle is presented in 
Fig. 7.15 [7 .30]. Maximum gain was obtained in the rod after 750 f-lS, at which 
point the beam divergence was twice the initial divergence. 
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Fig. 7.14. Temperature rise in a 7 .5-cm-long and 1.0-
cm-diameter Nd: glass rod pumped by a 15-cm-long 
helical flashlamp operated at 11.500 J input [7 .25] 
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Fig. 7.15. Ruby laser amplifier beam 
divergence versus time after the ini
tion of the flashlamp pump. The ruby 
laser rod, 12.7 mm in diameter and 
7.6cm long, was pumped by two lin
ear flashlamps with an 800-~JS, 5000-J 
critically damped pulse. Curve A rep
resents the divergence in the plane of 
the flashlamps; curve B represents the 
divergence in the plane perpendicular 
to it [7.30] 

7.1.3 Repetitively Pulsed Lasers 
In the previous section we discussed pump-induced thermal distortions which 
occur for single-shot lasers operated either in normal pulse or Q-switched opera
tion. In this regime the pulse input intervals are long with respect to the thermal 
relaxation of the laser rod and the active material has returned to ambient tem
perature before the onset of the next pump pulse. If the laser is operated at a 
repetition rate at which there exists a residual temperature distribution from the 
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Fig. 7.16. Thermal relaxation in a solid cylinder with pulse input intervals near the thermal relaxation 
time 

Temperature 

Fig. 7.17. Thermal buildup when pulse interval is less than thermal relaxation time 

previous pulse, a temperature buildup inside the material will occur. The residual 
temperature will accumulate for subsequent pulses until a steady-state condition 
is reached. Figure 7.16 shows the temperature profile of a laser operated at a 
fairly low repetition rate. The residual temperature has not completely decayed 
between pulses, and the initial uniform temperature rise caused by the pump 
source is modified to a slightly parabolic temperature profile. 

Figure 7.17 shows a thermal buildup at a pulse interval smaller than the 
thermal relaxation time. Under these conditions, the laser rod will soon establish 
a steady-state operating condition where the radial flow of heat out of the rod 
will be equal to the total heat being put into the rod. During the transition period 
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the cylindrical rod passes through several regions of radial theqnal profiles as 
a steady-state equilibrium is approached. In the extreme case, when the pulse 
interval time becomes negligibly small as compared to the thermal relaxation 
time, the thermal profile in the laser rod approaches the cw condition. In this 
mode of operation the thermal effects, which have been calculated for Nd: glass 
[7.32-34] and Nd: YAG [7.10, 11, 14], depend only on the average input power. 

The transient temperature distribution in a laser rod, as illustrated, for exam
ple, in Figs.7.16 and 17, has an effect of large proportions on energy output and 
beam divergence of the laser. Calculations treating the thermal relaxation of a 
cylindrical laser rod which is suddenly heated by a pump pulse can be found in 
[7.35-38]. A general theory describing the transient thermal profile in a pulse
pumped rod for a large variety of operating parameters has been presented by 
Koechner [7.4]. The calculations were performed by solving the heat diffusion 
equation for a cylindrical rod for radial heat flow. The general solution of this 
equation is given by Carslaw and Jaeger for an infinite circular cylinder [7.1]. 

The general expression of the radial temperature profile T(r, t) in a solid rod 
as a function of time can be expressed in a series of Bessel functions of the first 
kind and zero-, first-, and second-order (J0, J1, J2) 

T(r,t) ~ (t r Llt ) 
LlT = L...JJo,I,2 ;• ro•--:;•M,g,A , (7.44) 

where LlT is the initial temperature rise, t I r is the normalized time, r I ro is 
the normalized rod radius, Lltlr is the normalized pulse repetition rate (Llt is 
the pulse interval time), M is the number of consecutive pulses (M-+ oo at 
steady state), g specifies the temperature distribution in the rod a:t the end of 
the first pump pulse, and A is a cooling parameter which specifies the cooling 
condition of the rod. The full expression of (7.44) is very complicated and must 
be evaluated by computer. Figures 7.18-21 illustrate some of the results of the 
analysis. Shown are thermal distributions in laser rods for a variety of system 
parameters. Since all quantities are normalized, the results are applicable to any 
kind of laser host material, rod size, cooling flow, pump energy, etc. In order 
to be able to apply the results to practical cases, we have to discuss briefly the 
normalization parameters r, LlT, and A. The thermal time constant of.the rod is 

T =rUk, (7.45) 

where ro is the rod radius and k is the thermal diffusivity, which is related to 
the ~aterials parameters by 

k=Kic"f, (7.46) 

where K is t!te thermal conductivity, 'Y is the mass density, and c is the spe
cific heat. The· initial temperature distribution at the end of the pump cycle is 
approximated by a parabolic function 
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(7.47) 

where LlT is the temperature rise in the center of the rod and g is a measure 
of the pumping nonuniformity; for example, g = 0 indicates a uniform pump 
distribution across the rod, g > 0 represents a pumping nonuniformity leading 
to a negative lensing effect, and focusing of pump radiation in the rod can be 
expressed by g < 0. The amount of heat deposited in the laser rod is given by 

ro 
Q = 27rloc/' Jo T(r, O)r dr . (7.48) 

From (7 .47, 48) it follows that the temperature rise LlT in the center of the rod 
at the end of the first pump cycle is 

LlT = Q . 
V Cf'(l + g /2) 

(7.49) 

The cooling condition of the rod is specified by a dimensionless parameter 

A=roh/K, (7.50) 

where h is the surface heat transfer coefficient. Typical values for h were pre
sented in Fig. 7.1. 

Figure 7.18 illustrates the thermal relaxation of a cylindrical laser rod pumped 
by an isolated pulse. The temperature is plotted for the center of the rod as a 

Time, tlr 

Fig. 7.18. Temperature decay in the 
center of an optically pumped laser 
rod versus time. Initial temperature 
rise is uniform throughout the rod 
(g = 0). Parameter is the cooling fac
tor A [7.4] 
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function of normalized time. The value A = oo represents the case of infinitely 
good thermal contact between the laser crystal and the cooling fluid; i.e., the 
boundary surface of the rod is held at a constant temperature during the heat 
removal process. With this idealized assumption, the decay of thermal effects 
depends only on the thermal diffusivity and rod diameter. A thermal relaxation 
time 

r' = r5/4k (7 .51) 

can be defined at which the temperature in the center of the rod has decayed to 
1/ e of the initial value f1T. 

In actual cases, however, it is the temperature of the coolant fluid which 
is constant and the surface of the rod which varies in temperature. As a result 
of this assumption, the temperature decay in a rod depends on the material pa
rameters and the conduction of heat across the flow boundary. This condition is 
expressed by a finite value of A. For most liquid cooled laser rods the value of 
the rod-surface cooling parameter A is between 2 and 10. Therefore, in practi
cal situations the thermal relaxation processes are considerably slower than in 
the case where a zero thermal impedance between the rod surface and the cool
ing fluid is assumed. This explains the discrepancy which existed between the 
theoretical and measured decay times of thermal effects in laser rods [7.39]. 

Figure 7.19 shows the temperature profile in a solid rod as a function of time 
for a cooling factor of A = 10. It is assumed that the initial temperature distribu
tion at the end of the pump pulse (tjr = 0) is parabolic, with the temperature of 
the cylindrical surface 20% higher than in the center of the rod (g = 0.2). As one 
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Fig. 7.19. Temperature profile of a solid 
laser rod for single-shot operation. Pump
ing coefficient g = 0.2, cooling factor 
A= 10 [7.4] 
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Fig. 7.20. Temperature buildup in the center of 
a repetitively pumped laser rod versus number 
of shots. Parameter is the normalized repetition 
rate. Cooling factor A= 10, pumping coefficient 
g=0[7.4] 

can see from this figure, at the water-cooled cylindrical surface the temperature 
decreases very rapidly, causing large temperature gradients. The temperature in 
the center changes very little for about 0.075 time constants. Actually, the tem
perature in the center shows a slight increase due to heat flow toward the center 
immediately after the flashlamp pulse. 

If a laser is repetitively pumped, the thermal buildup in the rod depends on 
the ratio of the pulse interval time to the thermal time constant. In Fig. 7.20 the 
temperature buildup at the center of a cylindrical rod is plotted as a function 
of number of pump pulses. The parameter is the ratio iltfr. The values for the 
temperature buildup are obtained at the end of each pump pulse. During the pulse 
interval time the temperature decreases, of course. The cooling factor was chosen 
A= 10 and the pumping coefficient g = 0. In the case of ilt = r, any distortion 
introduced by the pumping process has a chance to relax out before the onset 
of the next pump pulse. If the pulse interval time ilt is shorter than the thermal 
relaxation time r, a temperature buildup occurs. For example, for L1tfr = 0.2, 
the incremental temperature rise at the center of the rod is more than twice as 
high as compared to the single-pulse operation. 

Figure 7.21 shows temperature profiles at the end of each pump pulse for 
different repetition rates. As one can see from this figure, the initially concave 
temperature profile is changed to a convex profile. The absolute temperature as 
well as the temperature gradient at each point of the rod cross section increase 
for the higher repetition rates. Again, A= 10 and g = 0.2 were chosen for the 
cooling factor and the pumping coefficient, respectively. After the first pulse, the 
outside of the rod is at a higher temperature than the center as a result of the 
assumed nonuniform pump light absorption. In Fig. 7.21a the negative focusing 
effect created by nonuniform pumping is partially compensated by the interpulse 
cooling process. In Figs. 7.21b and c the initial diverging condition of the rod 
changes to a strongly focusing condition after quasi-steady state is reached. 
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Fig. 7.21. Thermal profile in a repetitively 
pumped laser rod at the end of each pump cycle. 
Parameter is the nonnalized repetition rate. Llt 
is the pulse interval time, and r is the thermal 
time constant. M is the number of consecutive 
pulses. Cooling factor is A= 10, and pumping 
coefficient is g = 0.2 [7 .4] 

The cooling condition of a laser rod can be improved by drilling a hole in 
the center of the rod. This is done occasionally in large ruby amplifier systems 
which must operate at high repetition rates. The calculations show, as one would 
expect, that the improvement is most dramatic for a hollow cylinder cooled on 
the inner and outer surface [7 .4, 37]. However, because of practical difficulties 
which arise in channeling the coolant flow across the emitting faces of the rod, 
this is rarely done. But even for a rod with an uncooled core, a substantial 
improvement can be achieved compared to a solid rod. The improvement stems 
from a reduction of the path length for the heat flow to the cylindrical surfaces. 
For example, in a rod with a hole diameter of Rt = 0.3~, the path for heat 
transfer is reduced by 30 %, whereas the cross-sectional area, which determines 
the maximum laser output power, is reduced by only 9 %. If the bore of the 
hollow cylinder is uncooled, then the hottest region of the rod is right at the 
inner boundary surface. 

The thermal relaxation in a laser rod can be determined experimentally by 
measuring the thermally induced birefringence [7 .40] or lensing [7 .36, 41, 42] 
or by observing an interference fringe pattern [7.39,43]. Figure 7.22 shows the 
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Fig. 7.22. Temperature difference LlT between 
center and edge of a ruby rod after the pump 
pulse [7 .39] 

temperature decay in a ruby rod, 1 em in diameter and 12cm long [7.39]. The 
temperature was calculated from the interference pattern which was recorded 
with a movie camera. According to (7 .45), the thermal time constant of this rod 
is about 2 s. The temperature in the center of the rod has decayed to 0.37 of 
the initial value after 1.1 s. Comparing this data with Fig. 7.18 reveals a cooling 
parameter of this water-cooled rod of A == 2 or a surface heat transfer coefficient 
of h == 1.68 W/cm2 K. 

The experimental results obtained from birefringence measurements can be 
divided into three regimes: inherent birefringence present in the laser rod; induced 
birefringence during the pump cycle; and variations in birefringence after the 
pump pulse due to thermal conduction within the laser rod. 

Figure 7.23 shows the light pattern transmitted through the crossed polarizers 

for aNd: glass rod pumped by a single ftashlamp pulse [7.40]. A 16-mm movie 
camera was used to record the pattern on the screen as a function of time. The first 
photograph is a measure of the static birefringence in the laser rod. The distorted 
nature of the second pattern indicates that the heat disposition did not possess 
perfect cylindrical symmetry. However, as the rod thermalizes during cooling, 
the symmetry does clearly develop. It is of interest to note that even after 18 s, 
considerable birefringence still remains in the rod. This is not surprising since 

the thermal time constant for a glass rod of this size is r == 140 s. From Fig. 7.18 
follows, if we assume a cooling factor of A == 10, that it takes at least 80 s before 
the temperature elevation at the center has decayed to less than 10% of its initial 
value. 

The thermally induced lens-like behavior of a water-cooled ruby rod (0.48 

em in diameter) was experimentally measured by passing a collimated HeNe 
laser probe beam through the rod and observing the behavior of the probe beam 

during and after the lamp pulse [7.36]. It was determined that during the 400-lis 
lamp pulse, the ruby rod behaves as a negative lens and about 120ms later, 
it behaves as a positive lens that increases in strength and reaches a maximum 

250 ms after the lamp pulse, and then completely decays approximately 1.8 s after 

the lamp pulse. Figure 7.24 represents a calculated curve which best describes 
the experimentally observed focusing action of the rod. The coefficient of surface 

411 



(a ) (e) 

(b ) {f) 

(c ) (g) 

{d ) (h ) 

Fig. 7.23a-h. Thermal birefringence in a 15.2--<:m-long by 1.5-<m-diameter Nd: glass rod pumped 
by two flashlarnps in a double-elliptical pump cavity. Total pump energy was 7000J. (a) t < 0; (b) 
t=O.ls: (c) t=2.4s; (d) t= 3.3s; (e) t= 8.7s; (t) t=9.5s; (g) t= 13.ls; (h) t = 18.6s [7.40] 

heat transfer was determined to be h = 0.27W/cm2 K. From (7.45,50) it follows 
that r = 0.45 s and A = 0.15. Comparing the values with the measured data, 
one finds that because of the small rod-surface cooling parameter it takes four 
thermal time constants before the rod has returned to thermal equilibrium. 

Figure 7.25 shows thermal lensing in a repetitively pumped Nd : YAG rod. A 
transient defocusing and a quasi-steady-state equilibrium with positive focusing 
are identified. At a repetition rate of 5 pps the rod reaches steady state after about 
5 s or 25 pulses. For the higher repetition rates steady state had not been reached 
after 5 s, at which time the system was turned off. From Fig. 7.25 it follows that 
it takes about 5 to 7 s for the rod to return to equilibrium after the ftashlamp has 
been turned off. The laser rod used in these experiments measured 7.5 em by 
0.63 em and was pumped by a single linear ftashlamp. The surface heat transfer 
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Fig. 7.24. Calculated time-dependent thermal lens 
effect of a 0.48-cm-diameter ruby rod [7 .36] 

8 12 

Fig. 7.25. Thermal lensing in a Nd: YAG laser rod as a function of rep
etition rate [7.41] 

coefficient was caculated to be 0.79W/cm2 K. From these parameters we calcualte 
A= 1.9, r = 2.1 s, and i1tp/r = 0.1. With these values and the graphs presented 
in [7.4], good agreement between the calculated and measured transient periods 
is obtained. If this laser rod is operated above 5 pps, the time between pulses is 
so short compared to the thermal time constant that essentially no temperature 
decay takes place between pulses. The temperature profile in the rod is then 
identical to the one obtained at cw operation for the same input power. This 
is the regime where, for example, thermal lensing is found to be insensitive to 
pulse repetition rate as long as the average power is constant [7.42]. 

The transient optical distortions in a large Nd: glass rod for single-shot and 
repetitive pumping were reported in [7.43]. A 2.5-cm diameter by 30-cm-long 
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Table7.2. Thermal lensing in diode-pumped Nd:YAG amplifiers 

Repetition Total optical 
rate diode output 
[Hz] [W] 

10 9.5 
30 28.5 

Heat dissipated 
per rod 

[WJ 

1.8 
5.8 

Effective focal 
length [m] 

Two heads, 
One head double pass 

55± 10 14 ± 3 
12 ± 2 3±1 

rod was pumped by a helical flashlamp in a 0.8-ms-long pulse. The time neces
sary for the water-cooled Nd: glass rod to return after firing to an initial no-strain 
condition was on the order of lOmin. Introducing the appropriate material pa
rameters into (7.45), we obtain for the thermal time constant r = 6 min. Since 
about 1.7 times this constant is required for the thermal distortions to completely 
decay, we can estimate a surface cooling parameter of A= 2 to 3 from Fig. 7.18. 
If this rod is pulsed every 25 s (corresponding to !1tfr = 0.07), it takes about 
25 shots before the rod has reached steady-state condition. 

In a laser-diode-pumped Nd: YAG system, the heat deposited in the crystal 
per unit of stored energy is 0.7, which is about one-third of the value in flashlamp 
pumped lasers [7.44a]. If one includes the fluorescence losses during a 200 ps 
long pump pulse, the ratio of heat deposited per unit of upper state stored energy 
is 1.1. For flashlamp-pumped Nd: YAG, a value around 3.3 has been reported 
[7.44b]. The smaller amount of heat deposited by a diode pump manifests itself 
in a much reduced thermal lensing and birefringence compared to a flashlamp
pumped laser for a comparable output power. 

For example, Table 7.2 illustrates the small amount of thermal lensing mea
sured in 8 mm diameter Nd : YAG amplifier rods. The amplifiers were pulsed 
up to 30 Hz with about 1 J optical input at 808 nm. The thermal focal length 
scales inversely with the input power (energy times prf) to the 1.36 power. This 
dependence is in agreement with measurements taken with flashlamp pumping 
where the thermal focal length scales inversely with the pump power to the 1 to 
1.5 power. However, the focal length of the diode-pumped laser rods is at least 
a factor 3 longer compared to flashlamp-pumped systems. 

7.2 Cooling Techniques 

7.2.1 Liquid Cooling 
The primary purpose of the liquid is to remove the heat generated in the laser rod, 
pump source, and laser cavity. Sometimes the coolant serves additional functions, 
such as index matching, thereby reducing internal reflections which could lead 
to depumping modes, or as a filter to remove undesirable pump radiation. The 
coolant is forced under pressure to flow over the rod and lamp surfaces. These 
elements are located either inside flowtubes or in cooling chambers machined out 
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of the main body of the laser head. The temperature difference between the part to 
be cooled and the liquid is a function of the velocity and the cooling properties 
of the flowing liquid. At low velocities, the flow is laminar and most of the 
temperature drop is due to pure conduction across a stationary boundary layer at 
the liquid interface. For higher velocities, the flow becomes turbulent, leading to 
a more efficient heat transfer process with a subsequent lower temperature drop. 
Turbulent flow requires a greater pressure differential for the same volume flow, 
but the necessary differential usually is still small compared to the total pressure 
difference associated with the complete cooling system. 

The temperature increase of the coolant, as it passes through the laser cavity, 
is given by 

(7.52) 

where Q is the extracted heat, Cp is the specific heat of the coolant, and m is 
the mass flow rate. Water is preferably used as a coolant for solid-state lasers, 
with the exception of military lasers which have to operate over an extremely 
wide temperature range. A standard specification for airborne military systems 
is MIL-E-5400K, class 1, which requires operation of electronic equipment over 
the range of -54° to +55° C. 

The major difficulty in finding coolants for use in systems which have to be 
stored and operated at freezing temperatures is the strong ultraviolet radiation 
within the laser cavity. This causes most of the fluids, which would otherwise 
have suitable optical and physical parameters, to decompose. Extensive tests 
have indicated that under these conditions, ethylene glycol and water mixtures 
and fluorinated hydrocarbons are the best choices for laser coolants. Interesting 
properties of these and other commonly used coolants of solid-state lasers are 
given in Table 7.3. 

From purely heat transfer considerations, water is by far the best fluid. As 
compared to the other coolants, it has the highest specific heat and thermal 
conductivity and the lowest viscosity. If we express the mass flow rate by the 
volumetric flow fv = m/ e, where e is the density of the fluid, then after introduc
ing appropriate parameters from Table 7.3 into (7.52), we obtain the temperature 
rise in water: 

LlT[C] = 0.24P[kW] 
fv[ltr/s] ' 

(7 .53) 

where Pis the heat carried away by the water. As a comparison, if FC-104 is 
employed as a coolant, we obtain a temperature rise 

LlT[C] = 0.56P[kW] . 
fv[ltr /s] 

(7.54) 

For the same heat extraction P and flow rate fv. the temperature rise in FC-104 
is over twice the temperature increase of water. The lower viscosity of water 
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Table 7.3. Room-temperature propenies of various coolants 

Parameter Water Water 60%, FC-104" E-4b Ethylene 
methyl glycol 50%, 
alcohol40% water 50% 

Specific heat [cal/go C] 1.0 0.84 0.24 0.24 0.79 
Viscosity (poise) [g/cms] 1 X 10-2 0.8 x10-2 1.4 xi0-2 1.4 x w-2 3.0 xi0-2 

Thermal [cal/cms K] 1.36 x1o-3 0.91 xl0-3 0.33 xi0-3 0.16 xi0-3 1.01 X 10-3 
conductivity 

Density [g/cm3] 1.0 0.905 1.79 1.76 1.06 
Prandtl number 7.4 7.4 10.2 61.5 23.5 

NPr 
Volumetric 

thermal expansion 
coefficient [oc-t1 0.643 x1o-4 4.14 xl0-4 9.0 xi0-4 6.4 x w-4 5.7 xi0-4 

Boiling point (OC] 100 65 104 194 110 
Freezing point [oC] 0 -29 -62 -94 -36 

• Manufacturer 3M Company, fluorocarbon "FC" series. 
b Manufacturer Du Pont, Freon "E" series. 

compared to the other coolants results in a smaller pressure drop in the cooling 
lines. 

Water has the additional advantage over all other coolants that it is chemically 
stable under intensive ultraviolet radiation. Water-alcohol mixtures or fluorinated 
hydrocarbons have C-H or F-H bonds which break if the energy from the UV 
radiation exceeds the bond energy. The coolants become acidic, precipitates de
velop and the optical transmission decreases. The degradation of these coolants 
can be related to their UV absorbance cutoff wavelength, which shifts toward 
longer wavelengths as the coolant degrades [7 .45]. Dissociation followed by 
complete carbonization of the coolants listed in Table 7.3 have led to the devel
opment of UV-free flashlamps. The envelope of these lamps is usually made from 
ultraviolet-absorbing titanium-doped quartz. Even though most military systems 
employ flashlamps with UV -absorbing quartz envelopes, the amount of UV re
maining may still cause coolant degradation. Once an ethylene glycol and water 
mixture has been exposed to UV radiation, it continues to build up acidity even 
when not in use. Stainless steel plumbing has been used with ethylene glycol 
and water systems to preclude corrosive buildups. When the fluorinated hydrocar
bons are exposed to UV radiation, hydrofluoric acid is formed. This acid reacts 
with silicon. Hence 356 aluminum and other similar alloys cannot be used in 
fluorinated hydrocarbon coolant systems. Cloudiness that formerly developed in 
fluorinated hydrocarbon coolants after continued exposure to UV radiation has 
been eliminated by proper processing and control of the fluid to ensure that all 
impurities have been removed. 

Cooling Equipment 
With the exception of lasers cooled directly by tap water, a closed-loop cooling 
system is employed which consists in its most basic form of at least a liquid 
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pump, a heat exchanger, and a reservoir. Commercially available coolers contain, 
in addition to these components, a particle filter, a demineralizer, gauges, and 
sensors for monitoring flow, temperature and pressure. If common tap water is 
used, periodic cleaning is necessary to remove deposition of organic and mineral 
deposits. In closed-loop systems, if demineralization and filtering are employed, 
the need to clean surfaces exposed to the cooling fluid is essentially eliminated. 

The heat exchanger removes heat from the closed-loop system by thermal 
coupling to an outside heat sink. This can be accomplished in several ways: 
In a liquid-to-air heat exchanger the coolant is passed through an array of fins 
through which air is blown by a fan similar to a car radiator. In a liquid-to
liquid heat exchanger the heat generated within the closed loop is exhausted 
to external water. Figure 7.26 shows the plumbing diagram of a typical cooler 
with a liquid-to-liquid heat exchanger. The water flows from the reservoir to a 
centrifugal pump, through a heat exchanger, into the laser head, and back again 
into the reservoir. This sequence of components minimizes the static pressure in 
the laser head. The temperature of the closed-loop water is regulated by a control 
valve in the external supply line. The valve probe is located in the reservoir. As 
the temperature at the reservoir increases, the valve is opened, thereby allowing 
more external cooling water to flow through the heat exchanger. The system 
contains an in-line honeycomb filter to remove particulate matter and a bypass 
demineralizer which will maintain low electrical conductivity in the water and 
minimize corrosion. The return line is monitored by a low-flow interlock and 
an over-temperature switch. If flow falls below a preset value or the discharge 
temperature exceeds a certain limit, the interlock turns off the power supply. The 
system also contains gauges to display temperature in the return line and the 
discharge pressure. 

In both types of coolers we have discussed so far, the temperature of the 
closed loop can be regulated only over a relatively narrow temperature range. 

Temperature 
0-40°C 

r-, 
: H~-+---1-i 
I 
: Reservoir 

I 
I L.-----------

Pressure 
0-4atm 

water 

Fig. 7.26. Schematic of a water cooler containing a water-to-water heat exchanger 
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Fig. 7.27. Schematic of a water cooler employing a refrigeration unit 

Furthennore, the temperature of the cooling loop is always above ambient air 
temperature or the temperature of the external cooling water. Figure 7.27 shows a 
diagram of a cooler which maintains the cooling water at a precise, reproducible 
temperature which is independent of the ambient air or water temperature. This 
cooler contains a thennostatically controlled refrigeration stage between the heat 
exchanger and the external water supply. Freon is cycled in a close loop between 
the heat exchanger and a water-cooled condensor by means of a compressor. 
Any changes in the heat dissipation of the load, or temperature variations in 
the external lines, are compensated by a hot gas bypass valve which regulates 
the amount of refrigeration. Smaller units contain aircooled condensors, thus 
eliminating the need for an external water source. 

7 .2.2 Air or Gas Cooling 
In low average power lasers, especially portable systems, forced air is sometimes 
used to cool the laser rod and flashlamp. Air flow is generated by employing 
miniature axial or centrifugal blowers or fans which have been designed for air 
cooling of electronic equipment The air flow required for cooling the laser head 
is calculated from the dissipated heat and the maximum temperature difference 
along the air stream. For standard air (20° C, 1 atm) we obtain 

. 49P[W] 
fv[ltrfmm] = ..1T[C] , (7.55) 

where fv is the air flow and LlT is the temperature difference between the inlet 
air and the exhausted air. The numerical factor contains the thennal properties 
of air. The air flow which can be obtained from a given fan depends on the 
static pressure the fan must work against. Small fans which are used for cooling 
lasers usually provide an air flow of 300 to 600 ltr/min at a static pressure of 

418 



30 torr. Allowing a temperature rise of 10° C of the exhausted air, heat removal 
capacity will be in the 100- to 200-W range. Figure 6.97 shows an example of 
an air-cooled Nd : YAG laser. A vane axial fan located upstream generates an air 
flow which passes through the pump cavity and over the rod and flashlamp. The 
air is exhausted through a nozzle in front of the unit. Besides convection cooling, 
the laser rod is also cooled by conduction into a copper heat sink to which it is 
mounted. 

In lasers with high power dissipation, difficulties arise if one attempts to 
force low-pressure air into a small cavity while maintaining a high heat transfer 
coefficient. It is soon found that the power required to pump atmospheric pressure 
air through the cavity is so large as to make the system not feasible. As the density 
of air is increased, for instance by a factor of 20, the pressure drop required to 
move the same mass flow of air through the cavity is reduced to 1/20th and the 
pump power required is reduced to 1/400th. 

A cooling system which has been employed very successfully in small mili
tary laser systems is based on the use of compressed dry nitrogen as the coolant 
medium to transfer the heat generated in the laser cavity to the ambient air. The 
compressed nitrogen is circulated through the laser pumping cavity by means of 
an axial flow blower. Nitrogen exhausted from the cavity is then ducted through 
fins of a heat exchanger, where it gives up the energy picked up in the laser 
cavity. The cooled nitrogen is then ducted back through the cavity again to com
plete the nitrogen cooling loop. A fan provides the required air flow through the 
heat exchanger. Figure 7.28 shows a typical laser-cooler module which contains 
a laser crystal, flashtube, trigger transformer, and cooling system. The unit is 
charged to a pressure of 20 atm; with dry nitrogen at this high pressure the heat 
transfer capability of compressed nitrogen and FC-104 for example, shows that 
nitrogen at 20 atm has not only the same specific heat value but also has twice 
the value of heat transfer coefficient as FC-104 for equal mass flow rates. 

7 .2.3 Conductive Cooling 
In a variety of commercial and military systems the laser rod is mounted directly 
to a heat sink, as shown schematically in Fig. 7.29. Good conduction cooling of 
the laser element requires intimate thermal contact between the laser rod and the 
heat sink. The laser rod can be mechanically clamped, soldered, or bonded to the 
heat sink. If the laser rod is mechanically clamped to a heat sink, a temperature 
gradient across the rod-clamp interface will develop. This is 

LlTt = QfhA. (7.56) 

Experimental results have shown that between a ruby rod and an aluminum heat 
sink the heat transfer coefficient can be as low as h = 1 W/cm2 o C. Usually, the 
rod is mounted in a carefully machined saddle of the heat sink with a wetting 
agent such as indium or gallium at the interface. 

In a space-born Nd: YAG laser system the rod was soldered to a mount
ing structure of pure niobium, having a thermal coefficient of expansion which 
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Fig. 7.28. Laser head cooled by pressurized nitrogen. (Counesy Hughes Aircraft Company) 
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Fig. 7.29. Typical geometry of a conductively cooled 
laser rod 

closely matches that of Nd: YAG. The mounting surface for the rod is a groove 
to provide intimate contact with the rod over 90° of its periphery. The rod was 
soldered to the heat sink with indium solder after the contact surfaces were gold
plated. The heat was removed from the rod mounting structure by a heat pipe. 
A fin-type radiator at the condensor end of the heat pipe radiated the heat into 
space [7.46]. 

In another technique, a small Nd: YAG rod was bonded to a copper heat sink 
by means of a silver-filled epoxy adhesive. In this case, ultraviolet-free flash-
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lamps must be employed to avoid decomposition of the epoxy. The temperature 
distribution in a conductively cooled rod has been calculated in [7 .47] with the 
assumption that heat is uniformly produced by absorption of radiation and no 
losses occur except by conduction through the contact surface of the heat sink. 

7.3 Noncylindrical Laser Elements 

Practical limitations arise in the operation of any solid-rod laser due to the ther
mal gradients required to dissipate heat from the rod. The ratio of heat load to 
output power is typically in the range from 2: 1 to 10: 1. As was discussed in 
Sect. 7.1, the thermally loaded cylindrical laser medium exhibits optical distor
tions which include thermal focusing, stress induced biaxial focusing, and stress 
induced birefringence. These thermally induced effects severely degrade the op
tical quality of the laser beam and eventually limit the laser output power, either 
because of an unacceptably poor beam pattern or because of thermal stress in
duced breakage of the rod. An incremental improvement can be achieved by 
employing a hollow cylindrical rod with gas or liquid cooling, or by dividing a 
large-diameter rod into a bundle of small-diameter parallel rods. 

The limitations imposed by the rod geometry have long been recognized and 
a number of designs have emerged which became known as axial-gradient lasers, 
slab-geometry lasers, disk and active mirror lasers. 

Axial Gradient Laser 
In this design, a solid rod is segmented into disks which are perpendicular or at the 
Brewster angle to the optics axis (similar to stacked coins). The individual disks 
are face-cooled by forcing a suitable cooling fluid through the spaces between 
the disks. With this configuration the heat flow paths are essentially parallel to 
the optical axis, therefore radial distortions should be minimized. If the disks 
are arranged perpendicular to the optic axis, either an index-matching fluid or 
antireflective coatings have to be employed. Depending on the geometry and 
holding structure used, the disks can be circular, elliptical, square, or rectangular. 
Disk lasers have been built with Nd:glass [7.48,49], Nd: YAG [7.50], and 
ruby [7.51, 52] as active material. Designs featuring up to 50 disks have been 
constructed. The disks are typically 10 to 20mm in diameter, 5 to lOmm thick, 
and separated by 0.5 to 1 mm. Although the axial-gradient laser appeared to 
offer a great potential improvement over solid rods in average power output 
and beam divergence, because of its better cooling capabilities, the experimental 
results were very disappointing. Problem areas which are inherent to this type 
of device are stresses and optical distortions in the disks due to edge cooling 
effects, optical losses due to surface scatter and attenuation in the coolant, and 
mechanical problems associated with the holding structure and cooling manifold. 
Since these engineering problems could not be resolved work stopped on this 
type of device in the early 1970s. 
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Fig. 7.30. Geometry of a rectangular slab laser 
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Rectangular-Slab Laser 
The rectangular-slab laser provides a larger cooling surface and essentially a one
dimensional temperature gradient across the thickness of the slab. Figure 7.30 
shows the geometry of a rectangular slab laser. The z axis coincides with the 
optical axis of the slab. 

The slab has a thickness t and a width w. The upper and lower surfaces 
are maintained at a constant temperature by water-cooling, and the sides are 
uncooled. Provided the slab is uniformally pumped through the top and bottom 
surfaces the thermal gradients are negligible in the x and z directions and the 
thermal analysis is reduced to a one-dimensional case, i.e. temperature and stress 
are a function of y only. This, of course, is only true for an infinitely large plate 
in x andy, and uniform pumping and cooling. Under these conditions we find 
that the temperature assumes a parabolic profile (Fig. 7.31a). 

The maximum temperature which occurs between the surface and the center 
of the slab (Y = t /2) is given by 

t2 
LlT = 8KQ (7.57) 

where Q is the heat deposition, t is the thickness and K the thermal conductivity 
of the slab. For example, a heat deposition of 2 W/cm3, in a 1 em thick glass 
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Fig. 7.3la,b. Temperature profile (a) and stress (b) in a rectangular slab 
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slab (K = 0.01 W/cm3) will create a temperature difference between the cooled 
surfaces and the center of 25° C. 

The temperature rise causes stress in the slab according to 

2aE aEt2 

O's = 3(1- v)L1T = 12(1- v)KQ (7.58) 

where u 5 is the surface stress for the slab. The surfaces are in tension and the 
center is under compression as shown in Fig. 7.31b. 

If we introduce the "thermal-shock parameter" from Sect. 7.1 we can calculate 
the maximum temperature difference allowed between the surface and the center 
before the~al fracture occurs; it is 

3R 
L1Tmax = 2K · 

With R = 1 W/cm for Nd: glass, one obtains 

L1Tmax = 150° C • 

(7.59) 

Stress fracture at the surface limits the total thermal power absorbed by the slab 
per unit of face area. For slabs of finite width W, the power per unit length at 
the stress fracture limit is given by 

Pa = 12 (1- v)K (W) 
L O'max aE t (7.60) 

where WIt is the aspect ratio of a finite slab. It is interesting to compare the 
surface stress of a rod and slab for the same thermal power absorbed per unit 
length. From (7 .11, 60) it follows 

<Pal L)rod = 2?r (_!_) . 
<Pal L)slab 3 W 

(7.61) 

Thus, for superior power handling capability relative to a rod, the aspect ratio of 
the slab must be greater than 2. 

The temperature and stress profile leads to a birefringent cylindrical lens. The 
focal lengths of the birefringent lens are [7.53] 

N-St 
fx = 2£ ; 

N-S2 
jy = 2£ (7.62) 

for x and y polarized light, respectively. The parameter N is the contribution 
from thermal focusing, i.e., 

dn ( Q ) 
N= dT 2K ' (7.63) 
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and the parameters S1 and S2 are related to stress induced focusing 

QaE 
St = 2(1 - v)K(B.l.. + Bu) 

QaE 
fh = (1- v)KB1... 

(7.64) 

(7.65) 

A comparison of the focal length of a rod with that of a rectangular slab for the 
same heat deposition Q shows, that the slab has approximately twice the optical 
power of the rod. In a slab, however, for incident radiation polarized along either 
the x or y directions the stress induced depolarization is zero. In a rectangular 
rod, the main axes of the resulting index ellipse are oriented parallel to the x 
and y axes of the rod, and a beam polarized along either one of these axes can 
propagate in a direction parallel to the z axis without being depolarized. This 
is, as mentioned earlier, in contrast to the situation in a cylindrical rod, where 
a plane-polarized beam does suffer depolarization because the direction of the 
main axes of the index ellipsoid vary from point to point within the cross section 
of the rod. The advantage of the rectangular geometry is obtained at some cost: 
The focal lengths are shorter than for the cylindrical rod, and cylindrical rather 
than spherical compensating optics are needed. The idea of the zig-zag path in 
a slab which will be discussed next is to eliminate to a first-order focusing in a 
slab. 

Slab Laser with Zig-Zag Optical Path 
In the previous section we considered propagation straight through an infinite 
slab. Due to the rectilinear pumping and cooling geometry of the lasing medium, 
thermal gradients and thermally induced stresses are present only in the y direc
tion. Therefore, for light polarized in either the x or y directions, stress-induced 
biaxial focusing and depolarization losses are eliminated. However, the slab still 
behaves as a thin cylindrical lens with a focal length shorter by a factor of two 
relative to that of a rod. 

The cylindrical focusing in the slab can be eliminated by choosing propaga
tion along a zig-zag optical path. In the zig-zag geometry, the optical beam does 
not travel parallel to the z axis, as was the case for the straight-through optical 
path. Instead the beam traverses the slab at an angle with respect to the x-z plane 
using total internal reflection from the slab y faces. This geometry is shown in 
Fig. 7.32. 

The laser beam is introduced into the slab with suitable entrance/exit optics, 
usually through surfaces at Brewster's angle, as shown in Fig. 7.32b. In order 
to maintain total internal reflection for the desired path length the two opposing 
faces have to be highly polished and have to be fabricated with a high degree 
of parallelism. The same two optical faces are also employed for pumping and 
cooling of the slab. 

In the ideal case, this geometry results in a one-dimensional temperature 
gradient perpendicular to the faces and a thermal stress parallel to the faces. 
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Fig. 7.32a,b. Schematic of a zig-zag laser with Brewster angle faces. (a) Schematic, (b) Detail of 
Brewster-angle entrance. The coordinate system is the same, as chosen in Fig. 7.30 

Since the thennal profile is symmetrical relative to the center plane of the slab 
the thennal stress averaged from one slab surface to the other is zero. Thus, for 
a beam traversing from one slab surface to the other, the stress-optic distortion 
is compensated to a high degree. Also, since all parts of a beam wavefront 
pass through the same temperature gradients in a surface-to-surface transit, no 
distortion results from the variation of refractive index with temperature. Thus, 
in this geometry, thennal distortion effects are fully compensated within the host 
material in the ideal case. In the practical application of the arrangement, thennal 
distortions arise only as a 2nd- or higher-order effect with pumping power, due 
to departure from the ideal. 

The advantage of this configuration is the combination of two ideas: the 
elimination of stress induced birefringence by virtue of the rectangular geometry, 
and the elimination of thennal and stress induced focusing by optical propagation 
along a zig-zag path. 

The concept of a slab-laser geometry with a zig-zag optical path confined in 
the slab by total internal reflection was first proposed by Martin and Chernoch 
[7.54, 55]. Figure 7.33 shows two different designs of a zig-zag slab laser. In 
Fig. 7 .33a a multitude of flashlamps are oriented transverse to the optical axis 
of the slab, and in Fig. 7 .33b a single lamp is placed along the axis of the slab 
on each side. Appropriate reflectors are employed to distribute the pump light 
evenly over the slab surface area. Unifonn pumping and cooling of the optical 
surfaces is absolutely crucial for good perfonnance of a zig-zag slab laser, as 
will be discussed later. 

Despite the elegance with which the zig-zag slab design addresses the problem 
of thennal distortions inherent in all solid-state lasers, the perfonnance from these 
systems has been noticeably poorer than predicted. 

In practice, the slab laser approximates only an ideal infinite slab thus far 
assumed. Pump or cooling induced gradients across the slab width (nonnal to 
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the plane of reflection), as well as end effects, are often the reason why the 
slab configuration shows a disappointing optical performance. Distortions can 
only be eliminated in a slab of infinite extent, which is uniformly pumped and 
cooled. For a slab of finite width and length, edge and end effects give rise to 
distortions, and practical solutions of flashlamp pumping and cooling of the slab 
lead to unavoidable nonuniformities. 

For example, gradients in the z-direction are encountered in the transition 
region between the pumped area and the unpumped ends of the slab. Additional 
gradients along the z and x axes are caused by nonuniform pumping and cooling, 
as well as by thermal boundary conditions at the top and bottom of the slab. The 
major source of gradients in the x direction is a nonuniform illumination of the 
slab by the flashlamps in conjunction with the reflectors, and cooling of the slab 
at the edges outside the pumping boundary. 

Since there is no compensation in the y and z direction, thermal gradients in 
these directions must be minimized. 

In order to reduce end effects, a smooth temperature profile in the transition 
region is usually attempted. Figure 7.34 illustrates a particular design whereby 
a plenum provides for the mixing of flowing with stagnant water to produce a 
gradually decreasing surface heat transfer coefficient. 

The severeness of surface deformation, and bulging of the entrance and exit 
faces of a slab under thermal loading is illustrated in Fig. 7.35. These defor
mations in conjunction with index gradients lead to focusing effects of the slab 
laser. A detailed evaluation of the limitations of zig-zag slab lasers due to thermal 
distortions can be found in [7.53]. 

Zig-zag slab lasers have been built with Nd: glass [7 .55-59], Nd: SOAP 
[7.60], Nd:YAG [7.59, 61-63], and Nd:GGG [7.62,64] as the lasing medium. 
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Fig. 7.34. Cooling and sealing of the ends of a slab laser [7.80) 
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Fig. 7.3Sa,b. Defonnations in a thennally loaded slab laser (a) Beam Trajectories, (b) 3-D deforma
tions computed in pumped glass slabs [7.80) 

In addition to these flashlamp-pumped systems, several laser-diode pumped 
Nd: YAG slab lasers have been constructed [7.65, 66]. Earlier work at General 
Electric [7.56] resulted in Nd: glass Q-switched oscillator-amplifier system shar
ing a common slab. Typically, a one-pass oscillator yielded an output of about 
250 mJ/pulse, then several passes through the same slab, provided the gain and 
energy extraction required to increase the output up to 2.5 J per pulse at repetition 
rates of 3 to 10 pps. A diagram of the beam folding arrangement for a typical 
oscillator-amplifier in a single slab is shown in Fig. 7.36 [7.67]. The same group 
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M1 

Fig. 7.36. Example of a multipass zig-zag slab laser. Shown is an oscillator and a 3 pass amplifier 

also built aNd : YAG system with a 8 x 16 x 128 mm3 slab which yielded 150W 
of cw output, 5 J at 20 pps, and 250 mJ/pulse at 320 pps In the Q-switched mode 
[7.61]. 

Eggleston et al. [7.58] constructed a dual-slab Nd: glass zig-zag laser with 
single-side pumping. A single slab 6.3 x 56 x 350 mm3 produced 80 W of output 
power in an oscillator with only three fringes of distortion. The choice of a dual 
slab, as shown in Fig. 7.37, was implemented to develop a compact oscillator
amplifier structure. Two slabs were placed on either side of a row of 16 flash
lamps. The slabs were cooled with an ethylene glycoVwater mixture. Two reflec
tors on the outside of each slab recycle pump light not absorbed during the first 
pass. The performance of the oscillator is summarized in Fig. 7.38. Significant 
distortions are encountered near 11.5 kW average input power, which is close to 
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Fig. 7.37. Layout of a dual-slab laser. La
belled items are ( 1) glass slabs, (2) flash
lamps. (3) back reflectors, (4) slab coolant in
let plenum, (5) injection nozzles, (6) reflector 
covers. (7) central pyrex body housing lamps. 
(8) lamp coolant inlet, (9) slab coolant outlet 
plenum [7.58] 
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Fig. 7.39. Cross-section of aNd: YAG slab laser [7.64] 

the fracture limit. Both slabs made from Nd: LHG5 fractured at an input power 
of 13kW. 

The construction of a high average power Nd : YAG slab laser has been de
scribed in [7.64]. The laser which contained a 6 x 20 x 150mm3 large Nd: YAG 
slab produced 70 W average output at 100Hz. At the 0.7 J per pulse output, 
the input was 150J per pulse. The free running oscillator had an overall effi
ciency of 0.5 %. Design details are shown in Fig. 7.39. The example illustrates 
the care which must be taken to achieve uniform pumping and a cooling geome
try that maintains a nearly constant surface temperature of the slab. The former is 
achieved with suitably shaped reflectors, and the latter required a row of coolant 
injection nozzles and an inlet and outlet plenum. 

A maximum average power of 61 W and a slope efficiency of 0.9 % was 
obtained at 7pps from aNd: GGG slab laser [7.64]. The slab was 9x35x77mm3 

cut from a GGG boule containing 2 at.% Nd The slab was designed to have 12 
internal reflections in a single pass. A cross-section of the pumping configuration 
is displayed in Fig. 7 .40. The insulators attached to the sides of the slab are 
employed to reduce thermal edge effects. 

In order to increase the average power from a zig-zag Nd: glass slab laser 
it was suggested to move the slab between the pumping lamps to distribute the 
thermal loading over the area of the glass while maintaining high gain in the 
pumped volume [7.68]. 

The highest efficiency was obtained from a diode-array pumped Nd: YAG 
slab laser which produced a maximum average power output of 30 W at an 
electrical efficiency of 7.5 %. The device used a Nd: YAG oscillator-amplifier 
configuration. The two slab amplifier stages had dimensions of 1.8 em wide by 
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0.5 em high by 7.0 em long. The amplifiers were pumped by 576 diode-laser 
bars of 1 em with a peak pump-power output of 23 kW, or 4.6 J in a 200 ps 
pulse. The laser provided an output of over 1 J, Q-switched at 1.06 pm and could 
be operated without adjustment of the optical chain at up to 50 pps. [7 .66]. 

After 15 years of development work at General Electric [7 .54-56, 63, 67] and 
more recently intensive efforts at Stanford University [7 .53, 62, 57, 59) and at a 
number of industrial laboratories [7 .58, 64, 69] the slab laser has still not found 
general acceptance by the laser community. 

The reasons for that are a number of practical engineering problems which 
have prevented so far the realization of the potential advantages of the zig-zag 
slab laser over the rod geometry. a) Low Efficiency. The awkward rectangular 
beam geometry which requires conversion to a circular beam in useful optical 
applications, combined with the fact that the full width of the slab can usually 
not be used because of distortions at the edges, results in a poor utilization of 
the pumped volume. Therefore all slab lasers built to date exhibit rather modest 
efficiencies. b) Residual Distortions. Defonnation of the ends and pump faces 
of the slab due to thennal strain have resulted in beam qualities considerably 
below expectations. c) High Fabrication Cost. The high optical fabrication costs 
of the slab, combined with the very demanding and therefore expensive laser 
head design caused by the complicated mechanical mounting and sealing geom
etry, and stringent pumping and cooling requirements, have also prevented wider 
application of this technology. 

Active Mirror Amplifier 
The active-mirror concept was invented at General Electric [7.70] and extensively 
developed at the Laboratory for Laser Energetics, University of Rochester [7.71-
73]. In this approach, a single circular or rectangular disk is pumped and cooled 
from the backside, and laser radiation to be amplified enters from the front, as 
shown in Fig. 7.41a. The front face of the disk has an anti-reflection coating for 
the laser radiation, whereas the backside has a thin-film coating which is highly 
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Fig. 7.41. Schematic of active mirror amplifier design (a) and example of a dual active mirror system 
(b) (7.73, 76] 

reflective for the laser radiation, and transparent for the flashlamp pump radiation. 
The laser radiation passes twice through the disk thus improving extraction effi
ciency. The advantage of this type of amplifier is that it can be pumped uniformly 
and efficiently; the disadvantage is that the slab can be pumped only through one 
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face, and this unsymmetrical pumping leads to some thermal distortion. Orig
inally designed for Nd: glass systems requiring large apertures such as needed 
for fusion research, active-mirror amplifiers have recently also been developed 
with Nd:YAG [7.74] and Nd:Cr:GSGG [7.75] as the lasing medium. 

Active mirrors were originally developed for single-shot operation with the 
Omega laser system at the University of Rochester. More recently, designs 
have been developed for high-average-power operation [7.74, 77]. For exam
ple, Fig. 7.41b shows a schematic of an active mirror amplifier comprised of 
two disks pumped by a single row of ftashlamps. Clear fused quartz windows 
are mounted between the ftashlamp array and the laser disks to form separate 
cooling plenums. Parasitic oscillation and amplified spontaneous emission sup
pression are provided by a liquid layer directly adjacent to the laser disk rim 
(typically a mixture of ethyleneglycol and water) and by an absorbant black 
coating located on the disk holder. Cooling of the disk rim, important in control
ling birefringence, is accomplished by slow circulation of the coolant mixture. 
The amplifier has been operated at up to 4Hz repetition rate. 

Disk Amplifiers 
Solid-state glass disk amplifiers were considered very early in the development 
of high-brightness pulsed laser systems in order to solve problems of cooling, 
aperture size, gain uniformity, and pumping efficiency. In a disk laser amplifier 
the surfaces are set at Brewsters angle, as shown in Fig. 7 .42. The slab faces have 
a high-quality optical finish to minimize scattering loss. The beam is linearly po
larized in the p-plane to avoid reflection loss. Flashlamps are used for pumping, 
with lamp radiation incident on the disk faces and transverse to the beam direc
tion. Thus, the disks are said to be face pumped. Nd: glass amplifiers containing 
glass disks were first built in the late 1960s at General Electric, University of 
Rochester, Los Alamos Laboratory and at the Naval Research Laboratory. Over 
the years this type of amplifier has been highly developed at laboratories engaged 
in laser-fusion studies, and particularly at the Lawrence Livermore National Lab
oratory [7.78, 79]. 

A thorough treatment of all optical, mechanical and electrical aspects of disk 
laser amplifiers can be found in the Lawrence Livermore National Laboratory 
Laser Program Annual Reports. Also the book by Brown [7.73] provides a de
tailed discussion of the various engineering issues related to disk lasers. In the 
earlier designs, the disks were elliptical in shape and mounted in a cylindrical 
pump geometry as indicated in Fig. 7.42a. The amplifiers for the more recent 
fusion systems such as NOVA have a rectangular pump-geometry because of 
their greater pump efficiency (Fig. 7.42b). Disk amplifier with apertures as large 
as 74cm have been built and operated. 

Generally, an even number of disks is used in an amplifier since beam transla
tion occurs due to refraction in a single disk. Nonlinear beam steering in disks can 
be minimized if the disks are placed in an alternate rather than parallel arrange
ment. The entire periphery of each disk is generally surrounded by a metallic 
sheath or holder. A blast shield is normally placed between the ftashlamp array 
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Fig. 7.42a,b. Schematic diagram of disk amplifiers (a) cylindrical geometry, (b) rectangular geometry 

and the disks, this makes it possible to completely encase the disk assembly. It 
also protects the disks in case of a flashlamp explosion. 

The concept of face pumping, as opposed to pumping through the edges of a 
disk or slab, is important in that the pump radiation can be distributed, in an easily 
controlled manner, uniformly over the faces of the slab. Pumping in this way 
yields uniform gain over the aperture for a laser beam, but more importantly, the 
slab heating is uniform laterally, thus allowing transverse temperature gradients 
to be minimized. Such temperature gradients give rise to distortion in the slab just 
as in the rod geometry. In contrast to the rod geometry, however, the transverse 
gradients in the slab geometry arise only from spurious effects in pumping and 
cooling, whereas in the rod geometry, transverse temperature gradients arise from 
the principal cooling mechanism. 

The Brewster's-angle disk lasers have been primarily developed for very 
high peak-power and relatively low average-power operation, with the slabs and 
coolant all approaching thermal equilibrium in the interval between pulses. To 
operate the Brewster's-angle slab laser at high average power requires adequate 
cooling, as, for example, with forced convection over the faces. In addition, 
since the laser beam must pass through the coolant, the problem of thermal 
distortion in the coolant must be dealt with. This operating mode requires that 
the slabs be sufficiently thin so that the cooling time is several times less than 
the laser repetition period. Figure 7.43 shows a configuration of a gas cooled 
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Fig. 7.43. Concept of a gas cooled disk amplifier module designed for high average power operation 
[7.80) 

disk module [7 .80] which could potentially be developed for high average power 
operation, particularly if the Nd : glass slabs are replaced with crystalline laser 
host materials. 
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8. Q-Switching 

A mode of laser operation extensively employed for the generation of high pulse 
power is known as Q-spoiling or Q-switching. It has been so designated because 
the optical Q of the resonant cavity is altered when this technique is used [8.1, 2]. 
As was discussed in Chap. 3, the quality factor Q is defined as the ratio of the 
energy stored in the cavity to the energy loss per cycle. Consequently, the higher 
the quality factor, the lower the losses. 

In the technique of Q-switching, energy is stored in the amplifying medium 
by optical pumping while the cavity Q is lowered to prevent the onset of laser 
emission. Although the energy stored and the gain in the active medium are high, 
the cavity losses are also high, lasing action is prohibited, and the population 
inversion reaches a level far above the threshold for normal lasing action. The 
time for which the energy may be stored is on the order of Tf, the lifetime of 
the upper level of the laser transition. When a high cavity Q is restored, the 
stored energy is suddenly released in the form of a very short pulse of light. 
Because of the high gain created by· the stored energy in the active material, the 
excess excitation is discharged in an extremely short time. The peak power of the 
resulting pulse exceeds that obtainable from an ordinary long pulse by several 
orders of magnitude. 

Figure 8.1 shows a typical time sequence of the generation of a Q-switched 
pulse. Lasing action is disabled in the cavity by a low Q of the cavity. Toward 
the end of the flashlamp pulse, when the inversion has reached its peak value, 
the Q of the resonator is switched to some high value. At this point a photon flux 
starts to build up in the cavity, and a Q-switch pulse is emitted. As illustrated in 
Fig. 8.1, the emission of the Q-sWitched laser pulse does not occur until after an 
appreciable delay, during which time the radiation density builds up exponentially 
from noise. 

8.1 Q-Switch Theory 

A number of important features of a Q-switched pulse, such as energy content, 
peak power, pulsewidth, rise and fall times, and pulse formation time, can be 
obtained from the rate equations discussed in Chap. 1. In all cases of interest 
the Q-switched pulse duration is so short that we can neglect both spontaneous 
emission and optical pumping in writing the rate equations. 
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Fig. 8.1. Development of a Q-switched 
laser pulse. Shown is the fiashlamp 
output, resonator loss, population in
version, and photon flux as a function j~ 
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From (1.61, 58), it follows that 

aifJ = ifJ (can.!_-~) at l' tR 

and 

an 
Ot = --ynifJac . 

(8.1) 

(8.2) 

In (8.1) we expressed the photon lifetime Tc by the round-trip time tR = 21' jc, 
and the fractional loss c per round trip according to (3.7). Also, a distinction is 
made between the length of the active material l and the length of the resonator 
l'. Q-switching is accomplished by making c an explicit function of time (e.g., 
rotating mirror or Pockels cell Q-switches) or a func~ion of the photon density 
(e.g., saturable absorber Q-switching). The losses in a cavity can be represented 
by 

c = -ln R + L + ((t) , (8.3) 

where the first term represents the coupling losses, the second term contains 
all the incidental losses such as scattering, diffraction, and absorption, and ((t) 
represents the cavity loss introduced by the Q-switch. For a particular explicit 
form of ((t, ifJ), the coupled rate equations can be solved numerically with the 
boundary condition ((t < 0) = (max; ((t ~ 0) = 0. In many instances Q-switches 
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are so fast that no significant change of population inversion takes place during 
the switching process; in these cases ( can be approximated by a step function. 

In the ideal case, where the transition from low Q to high Q is made instan
taneously, the solution to the rate equations is particularly simple [8.3, 4]. In this 
case we assume that at t = 0 the laser has an initial population inversion ni, and 
the radiation of the cavity has some small but finite photon density cf>i· Initially, 
the photon density is low while the laser is being pumped and the cavity losses 
are C:max = -In R + L +(max as illustrated in Fig. 8.1. The losses are suddenly 
reduced to C:min =-In R + L. The photon density rises from cf>i, reaches a peak 
cf>max many orders of magnitude higher than cf>i, and then declines to zero. The 
population inversion is a monotone decreasing function of time starting at the 
initial inversion ~ and ending at the final inversion nc. We note that the value 
for nc is below the threshold inversion n1 for normal lasing operation. At n1 

the photon flux is maximum and the rate of change of the inversion dnfdt is 
still large and negative, so that n falls below the threshold value n1 and finally 
reaches the value nc. If ni is not too far above nt. that is, initial gain is close to 
threshold, then the final inversion nc is about the same amount below threshold 
as ni is above and the output pulse is symmetric. On the other hand, if the active 
material is pumped considerably above threshold, the gain drops quickly in a few 
cavity transit times 1R to where it equalizes the losses. After the maximum peak 
power is reached at nt. there are enough photons left inside the laser cavity to 
erase the remaining population excess and drive it quickly to zero. In this case 
the major portion of the decay proceeds with a characteristic time constant rc, 
which is the cavity time constant. 

The equations describing the operation of rapidly Q-switched lasers involves 
the simultaneous solution of two coupled differential equations for the time rate 
of change of the internal photon density in the resonator, (8.1), and the population 
inversion density in the active medium, (8.2). From the work of Wagner et al. 
[8.3], who first derived solutions to the rate equations, we can express the output 
energy of the Q-switched laser as follows: 

E = hvA In(-.!.) In (ni) 
2rry R nc 

(8.4) 

where hv is the laser photon energy, and A is the effective beam cross-sectional 
area. The initial and final population inversion densities, ni and nc, are related 
by the transcendental equation 

(8.5) 

where n1 is the population inversion density at threshold, i.e., 

(8.6) 
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The pulse width of the Q-switch pulse can also be expressed as a function of the 
inversion levels, nit nr, nt 

LHp = Tc ( ( )] • n;. - nt 1 +In n;./nt 
n;.- nc 

(8.7) 

The equations for pulse energy, pulse width, and therefore peak power, are ex
pressed in tenns of the initial and final population inversion densities which 
depend not only on the particular choice of output coupler, but which are also 
related via a cumbersone transcendental equation. Thus, in order to optimize a 
given laser for maximum efficiency, it is generally necessary to obtain numerical 
solutions on a computer. 

Quite recently Degnan [8.5] managed to derive analytical solutions to the 
optimized operation of Q-switched lasers. He showed that key parameters such 
as optimum reflectivity, output energy, extraction efficiency, pulse width, peak 
power, etc., can all be expressed as a function of a single dimensionless variable 
z = 2g0tj L, where 2g0t is the logarithmic small-signal gain, and Lis the round
trip loss. We will summarize the results of this analysis because the expressions 
and graphs presented in this work are particularly useful to the laser designer. 
Using the mathematical technique of Lagrange multipliers, Degnan derived the 
following expression for the optimum reflectivity 

(8.8) 

This function is plotted in Fig. 8.2a for a number of typical loss parameters L. 
The energy output for an optimized system is 

Eout = Esc[z - 1 -In z] (8.9) 

which is plotted in Fig. 8.2b. Esc is a scale factor with the dimension of energy 
which contains a number of constants 

Esc= AhvLf2u"f 

where A is the beam cross-section, hv is the photon energy, u is the stimulated 
emission cross-section, L is the round-trip loss, and "f is the degeneracy factor. 
Figure 8.2b contains also a plot of the FWHM pulse width vs. z, · which is 
obtained as 

t--tR ( lnz ) 
p - L z(1 - a)(l -In a) 

(8.10) 

where tp is the cavity round-trip time, and a= (z- 1)/ z In z. 
In the limit of large z, the output energy approaches the total useful stored 

energy in the gain medium 
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With (8.9, 11) one can define an energy extraction efficieny 

_ 1 (1 +lnz) 1Jeq- - z 

which is plotted in Fig. 8.2c. 

(8.11) 

(8.12) 

As one would expect, a high gain-to-loss ratio leads to a high Q-switch 
extraction efficiency. For a ratio of logarithmic gain to loss of about 10, an 
extraction efficiency of 70% is achieved. For higher factors of z, the extraction 
efficiency increases only very slowly. 

The reader is reminded that the shape of the curve for 1Jeq is similar to 
the results obtained for the free-running laser discussed in Chap. 3, see (3.71) 
and Figs. 3.6, 7, which also depends only on the ratio of 2gol/ L. It is also 
important to remember that besides the Q-switch extraction efficiency expressed 
by (8.12), the total energy extraction from a Q-switched laser depends also on the 
fluorescence losses and ASE depopulation losses prior to opening of the Q-switch. 
The overall efficiency of the Q-switch process was defined in Sect. 3.4.1 as the 
product of the Q-switch extraction efficiency, storage efficiency and depopulation 
efficiency. 

Laser-design trade-offs and performance projections, and system optimization 
can be accomplished quickly with the help of the graphs presented in Fig. 8.2. 
For example, we consider the design parameters for a Q-switched Nd: YAG laser 
with a desired multimode output of 100 mJ. The laser crystal has a diameter of 
5mm and the laser resonator is 30 em long. Assuming a 5 % round-trip cavity loss 
(L = 0.05), we calculate Esc= 3x I0-3 J. This requires a ratio of Eout/ Esc= 33 in 
order to achieve the desired output energy. From Fig. 8.2b, one obtains therefore a 
value 2gof/ L = 38, or a single-pass power gain of the rod of G = exp(gof) = 2.6. 
Extraction efficiency follows from Fig. 8.2c to be around 88 % for z = 38, and 
the optimum output coupler has a reflectivity of R = 0.63 for z = 38 and L = 0.5 
according to the graph in Fig. 8.2A. Since the cavity transit round-trip time for 
the given resonator length is about 2 ns, the expected puls.e width from the laser is 
tp = 12 ns according to Fig. 8.2b. The peak power of the Q-switch pulse follows 
from the parameters already calculated and is P = Eoutftp = 8 MW. 

Slow Q-Switching 
Instead of a step function, we will now consider the case of a resonator loss that 
varies in time [8.6, 7]. 

A form of Q-switch commonly used in practice is a rotating prism driven by 
a high-speed motor. A typical spinning rate is 24,000rpm. At this rate of rotation 
it takes about 40 ns to sweep over an angle of 0.1 mrad. The loss rate variation 
for this case can be assumed to be of the form 

e = -In Rt + L + B cos (wt) . (8.13) 
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In a slow Q-switch the development of a Q-switch pulse depends on the ratio 
of pulse build-up time to to the switching time. This is illustrated in Fig. 8.3 
for three extreme cases. In Fig. 8.3a, the pulse build-up time is longer than the 
switching time of the Q-switch. The photon flux starts to increase exponentially 
at t = 0, and at the time </>max is reached and a pulse is emitted the Q-switch has 
already passed the point of C:min· The pulse energy is relatively small because 
the cavity losses are not at a minimum at the time of maximum photon density. 
In Fig. 8.3b, Q-switch operation is optimized. The Q-switch is emitted when the 
cavity losses are minimum, i.e., pulse build-up time and switching times are 
equal. In Fig. 8.3c, the opening time of the Q-switch is much slower than the 
pulse build-up time. This leads to the emission of several Q-switched pulses. We 
note that the first pulse is larger than the second and occurs at a larger value of 
il.N; the second pulse occurs near the minimum loss level and is much lower in 
energy. We can explain the occurrence of multiple pulsing as follows: At t = 0 
the resonator losses are low enough for the photon density to grow exponentially. 
After 200 ns the photon density has built up to its maximum level and a pulse 
is emitted. After the pulse is emitted the inversion reaches the level nr. Because 
nr is below threshold, the photon density 4> is very small and a steady state 
is reached until the slowly changing loss rate term c: decreases enough so that 
the condition for photon density buildup occurs. The cycle then starts over, but 
because it now begins with a lower initial value of the inversion a small pulse 
is produced. 

It should be noted that for this multiple pulsing to occur, the first pulse must 
be emitted at the point of a relatively high loss rate so that another pulse can 
build up and be emitted when the output loss rate factor is lower and probably 
near its minimum. 

Multiple pulsing can be avoided either by shortening the switching time of 
the Q-switch (higher rotational speed) or by increasing the pulse delay time, for 
example, by increasing the cavity length. From the foregoing consideration it 

2.5 (b) 2.5 (c) 

0 L_.J_..J._...J..._~:::t::::::l 

30 3 

20 2 

10 

0o 50 100 150 200 300 °o 1200 

Time [ns) Time [ns) Time [ns) 

Fig. 8.3. Inversion, cavity losses, and pulse development as a function of time in a slow Q-switched 
system [8.6] 
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follows that in a laser with fixed pumping level and mirror separation, maximum 
output is obtained only at one particular speed. 

Continuously Pumped, Repetitively Q-Switched Systems 

A very important class of laser systems, employed extensively in micromachining 
applications, is the cw-pumped, repetitively Q-switched Nd: YAG laser. In these 
laser systems the population inversion undergoes a cyclic variation, as shown 
in Fig. 8.4. Between Q-switches the population inversion rises from a value nc 
to a value ni. The buildup of the inversion under the influence of a continuous 
pumping rate and sprintaneous decay is described as a function of time by 

n(t) = n00 - (n00 - nc) exp (-~) , (8.14) 

where n00 is the asymptotic value approached as t becomes large compared to 

the spontaneous decay time rc. The value n00 , which depends on the pump input 
power, is reached only at repetition rates small compared to 1/rr. For repetition 
rates larger than 1/rr, the curves representing the buildup of the population are 
shorter segments of the same exponential curve followed for the lower repetition 
rates. 

During the emission of a Q-switch pulse, the inversion falls from ni to nc. 

Figure 8.5 shows the development of the Q-switched pulse on an expanded time 
scale [8.8]. At t = 0 the cavity Q factor starts to increase until it reaches its 
maximum value Qmax at t = tt. Pulse formation ensues until the full pulse output 
is achieved at t = t2. Stimulated emission ceases at t = t); at this time continued 
pumping causes the inversion to start to increase. At the point where the inversion 
begins to increase, t = t3 , the cavity Q begins to decrease, reaching its minimum 
value at t = t4. During the time period ts-tJ, the inversion is allowed to build 
up to its inital value ni. 

The theory of Wagner and Lengyel [8.3], summarized before for the case of 
single Q-switched pulses, can also be applied to the case of repetitive Q-switches, 

§ 
·~ n; 

·= c .g ., 
:; 
a. " ~ n, 

Timet 

Fig. 8.4. Population inversion versus time in a continuously pumped Q-switched laser. Shown is the 
inversion for two different repetition rates. At repetition rates less than 1 f Tf, the inversion approaches 
the asymptotic value n00 
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Fig. 8.5. Development of a Q-switched pulse in a cw-pumped system [8.8] 

with some modifications that take into account the effects of continuous pumping. 
Equations (8.1, 2) are applicable, however, we will set 1 = 1 and n = n2 because 
all repetitively Q-switched lasers of practical use are four-level systems. The 
inversion levels nr and ni are connected by (8.7). During the low-Q portion of 
the cycle, the inversion n2 is described by the differential equation 

dn2 n2 - = Wp(ntot - n2) - - . dt Tf 
(8.15) 

With the assumption that n2 ~ n101 and with 

(8.16) 

we obtain (8.14) as a solution. For repetitive Q-switching at a repetition rate 
f, the maximum time available for the inversion to build up between pulses is 
t = 1/ f. Therefore, 

ni = n 00 - (n00 - nc) exp (- r:f) (8.17) 

in order to have the inversion return to its original value after each Q-switch 
cycle. 

During each cycle a total energy (ni -nc) enters the coherent electromagnetic 
field. Of this a fraction, T j(T + L), appears as laser output. Therefore, the Q
switched average power Pav at a repetition rate f is given by 

Tf 
Pav = T + L (~ - nc)hv V . (8.18) 

The peak power Pp of the Q-switched pulses is obtained from (8.6). The effective 
pulse width L1tp can be calculated from the peak and average powers according 
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to Lltp = Pav I Ppf· It is convenient to calculate the ratios Ppl Pew and Pav I Pew. 
where Pp is the Q-switched peak power, and Pew is the cw power from the laser 
at the same pumping level. For cw operation the time derivatives in (8.1 and 2) 
are zero, and we have 

P. = _I_ ( noo - nt) h V 
cw T+L Tf v . (8.19) 

Because of the transcendental functions expressed by (8.6, 7, and 17), the ratios 
Ppl Pew and Pav I Pew cannot be expressed in closed form. The result of numerical 
calculations is shown in Figs. 8.6 and 7 [8.9]. 

In Fig. 8.6 the ratio of Q-switched peak power output to the maximum cw 
output is plotted versus repetition rate for a Nd: YAG laser. For repetition rates 
below approximately 800Hz (ref ~ 0.20) the peak power is independent of 
the repetition rate. At these low repetition rates there is sufficient time between 
pulses for the inversion to reach the maximum value n00 • In the transition re
gion between 0.8 and 3kHz, peak power starts to decrease as the repetition rate 
is increased. Above 3kHz, the peak power decreases very rapidly for higher 
repetition rates. 

Figure 8.7 shows the ratio of Q-switched average power to cw power as a 
function of repetition rate. Above a repetition rate of approximately 10kHz, the 
Q-switch average power approaches the cw power. At low repetition rates the 
average power is proportional to the repetition rate. In Fig. 8.8 the experimentally 
determined peak power, average power pulse width, and pulse buildup time is 
plotted as a function of repetition rate for a Nd: YAG laser. In accordance with 
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0.5-cm rod doped with 0.8 % Nd, delivered 0.5 W at the TEMoo mode. Lamp input power was 
5.5kW. Plotted is the peak power, average power, pulse buildup time, and pulse width as a function 
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theory, for higher repetition rates the pulse width and the pulse buildup time 
increase as a result of the reduction of gain. 

In the following sections we will describe and compare different Q-switch 
techniques. 

8.2 Mechanical Devices 

Q-switches have been designed based upon rotational, oscillatory, or translational 
motion of optical components. These techniques have in common that they inhibit 
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laser action during the pump cycle by either blocking the light path, causing a 
mirror misalignment, or reducing the reflectivity of one of the resonator mirrors. 
Near the end of the flashlamp pulse, when maximum energy has been stored in 
the laser rod, a high Q-condition is established and a giant pulse is emitted from 
the laser. 

The first mechanical Q-switch consisted of nothing more than a rotating disc 
containing an aperture [8.10]. This method was soon abandoned in favor of 
rotating mirrors or prisms which allow much faster switching times [8.11]. In 
some cases one of the resonator mirrors was attached to one end of a torsional rod 
driven at its mechanical resonance frequency [8.12]. Minute translations of one 
mirror have been utilized to change the Q of the cavity. One technique consists 
of replacing the output mirror of the laser oscillator by a two-plate Fabry-Perot 
resonator. By modulating the spacing between the two plates, for example, with 
a piezoelectric transducer, the device can be shifted from a transmission peak to 
a reflection peak [8.13]. Another technique makes use of frustrated total internal 
reflection [8.14]. When a material of matching index of refraction is brought to 
within a fraction of a wavelength of the surface of a total internally reflecting roof 
prism, the total internal reflection is destroyed. Consequently, the light incident 
on the prism is no longer reflected. 

Of these devices, only the rotating mirror and prism Q-switches are still 
employed in contemporary laser systems. The spinning reflector technique for the 
generation of Q-switched pulses, as shown in Fig. 8.9, involves simply rotating 
one of the two resonant cavity reflectors so that parallelism of the reflectors 
occurs for only a brief instant in time. 

If a plane mirror is employed as the rotating element, the axis of rotation must 
be aligned to within a fraction of a milliradian parallel to the face of the opposing 
reflector. This difficulty can be overcome, and usually is, by using a roof prism 
as the rotating element. In this case critical prealignment of the resonator mirror 
can be completely dispensed with. If the roof of the prism is perpendicular to 
the axis of rotation, then the retroreflecting nature of the prism assures alignment 
in one direction, while the rotation of the prism brings it into alignment in the 
other direction. In the case of a ruby laser, the roof of the prism should be either 
parallel or perpendicular to the polarization of the laser emission, so that the 
reflected light remains plane-polarized. Experiments have shown that an angular 
accuracy of± 3° is sufficient to assure optimum performance. 

Pump reflector 
. . -Fiashlamp Spmntng reflector 

"~'" ~,;;;~:::::::_ -: --_:::{]:::) 
Ruby . 

Stationary reflector 
(partially transparent} 

Fig. 8.9. Diagram of a ruby laser employing a spinning prism Q-switch 
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Synchronization of the flashlamp with the mirror is usually obtained by the 
use of a magnetic pickup which senses the position of the rotating shaft and 
generates an electric signal to trigger the flashlamp at the appropriate time. The 
time interval between the generation of the magnetic head pulses and optical 
alignment is adjustable by controlling the mechanical location of the magnetic 
head. The time delay is adjusted so that at maximum population inversion the 
rotating reflector is parallel to the fixed mirror. For example, for a prism rotating 
at 24,000rpm, the flashlamp has to be triggered 115° prior to optical alignment 
if a delay of 800 p.s is desired. A second magnetic head can be used to generate 
a synchronization pulse just prior to the laser pulse which can be used to trigger 
external events. For a trigger pulse which precedes the Q-switch pulse by, for 
example, 1 p.s, the magnetic head has to be affixed to the rotating prism at a 
position 2.25° ahead of alignment for the above-mentioned rotational speed For 
the typical laser resonator, 30 or 40 em in length, a rotational speed on the order 
of 20,000 rpm is needed to ensure that the laser output contains just a single pulse. 
As the mirror speed is increased up to about 40,000 rpm, some further reduction 
in the pulse duration can be obtained. For example, the angular speed of a prism 
rotating at 24,000 rpm is w = da / dt = 2.5 mrad/ p.s. Experiments have shown that 
laser action is inhibited in common laser geometries for a mirror misalignment 
on the order of 1 mrad This angle, in conjunction with the rotational speed 
mentioned above, results in a switching time of 400 ns. 

Mechanical Q-switches are essentially slow Q-switches which tend to gener
ate multiple pulses, as explained in Sect. 8.1.1. There are optical techniques for 
achieving effective multiplication of the actual rotational speed of the spinning 
reflector and any number of additional stationary reflectors [8.11, 15]. 

For mechanically Q-switching, cw-pumped Nd: YAG lasers, multisided ro
tating prisms rather than single prisms or mirrors are employed for the attainment 
of high repetition rates [8.16,-19]. As we have seen from Fig. 8.7, in aNd: YAG 
laser the average power increases with repetition rate up to about 8kHz. A rep
etition rate of 5kHz was obtained from a Nd: YAG laser which was Q-switched 
by a 12-sided prism rotating at 25,000rpm [8.17]. Cw-pumped repetitively Q
switched Nd : YAG lasers contain either a hexagonal or octagonal prism driven 
by an ac or de motor at speeds around 12,000 rpm. Precise alignment of the prism 
faces at the Q-switching position is necessary to ensure high output peak power. 
Misalignment due to such causes as motor axis precession, pyramidal error, and 
tilt between the rotation axis and the prism faces must be prevented. 

Rotating-mirror devices are simple and inexpensive. They are insensitive 
to polarization and, therefore, birefringence effects. Hence, more energy from 
the laser can be extracted under certain conditions as compared to electrooptic 
Q-switches. However, the mechanical Q-switches suffer from the tendency to 
emit multiple pulses. The devices are also very noisy, and they require frequent 
maintenance because of the relatively short lifetime of the bearings. Due to these 
disadvantages the rotating prism Q-switch has been replaced by the acousto-optic 
Q-switch in commercially available cw-pumped Nd: YAG lasers. 
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8.3 Electrooptical Q-Switches 

Very fast electronically controlled optical shutters can be made by using the 
electrooptic effect in crystals or liquids. The key element in such a shutter is 
an electrooptic element which becomes birefringent under the influence of an 
external field. Birefringence in a medium is characterized by two orthogonal 
directions, called the "fast" and "slow" axes, which have different indices of 
refraction. An optical beam, initially plane-polarized at 45° to these axes and 
directed normal to their plane, will split into two orthogonal components, travel
ing along the same path but at different velocities. Hence, the electrooptic effect 
causes a phase difference between the two beams. After traversing the medium, 
the combination of the two components results, depending on the voltage applied, 
in either an elliptical, circular, or linearly polarized beam [8.20]. For Q-switch 
operation only two particular voltages leading to a quarter-wave and half-wave 
retardation are of interest. In the first case, the incident linearly polarized light is 
circular polarized after passing the cell, and in the second case the output beam 
is linearly polarized; however, the plane of polarization has been rotated 90°. 

The two most common arrangements of components for Q-switching are 
shown in Fig. 8.10. In Fig. 8.10a the electrooptic cell is located between a po-

({) .. , 
Output 
mirror 

~ockelscell 

X/~'"(()Rear 
Retardation mirror 
induced by .. , 

applied voltage ......... 
Circularly 

polarized light 

Linearly 
(b) polarized light 

Fig. 8.10a,b. Electrooptic Q-switch operated at (a) quarter-wave and (b) half-wave retardation voltage 
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larizer and the rear mirror. The inclusion of the polarizer is not essential if the 
laser radiation is polarized, such as, for example, in ruby. The sequence of op
eration is as follows: During the flashlamp pulse, a voltage Vi;4 is applied to 
the electrooptic cell such that the linearly polarized light passed through the po
larizer is circularly polarized. After being reflected at the mirror, the radiation 
again passes through the electrooptic cell and undergoes another >J4 retardation, 
becoming linearly polarized but at 90° to its original direction. This radiation is 
ejected from the laser cavity by the polarizer, thus preventing optical feedback. 
Towards the end of the flashlamp pulse the voltage on the cell is switched off, 
permitting the polarizer-cell combination to pass a linearly polarized beam with
out loss. Oscillation within the cavity will build up, and after a short delay a 
Q-switch pulse will be emitted from the cavity. 

In the arrangement in Fig. 8.10b, an electric voltage must first be applied to 
the cell to transmit the beam. In this so-called pulse-on Q-switch, the cell is 
located between two crossed polarizers. As before, polarizer Pt , located between 
the laser rod and the cell, is not required if the active medium emits a polarized 
beam. During the flashlamp pulse, with no voltage applied to the cell, the cavity 
Q is at a minimum due to the crossed polarizers. After a period of time a voltage 
Vi 12 is applied to the cell which causes a 90° rotation of the incoming beam. 
The light is therefore transmitted by the second polarizer P2. Upon reflection 
at the mirror the light passes again through polarizer P2 and the cell, where it 
experiences another 90° rotation. Light traveling toward the polarizer Pt has 
experienced a 180° rotation and is therefore transmitted through Pt. 

Two types of electrooptic effects have been utilized in laser Q-switches: the 
Pockels effect, which occurs in crystals which lack a center of point symmetry, 
and the Kerr effect, which occurs in certain liquids. Pockels cells, which require 
a factor of 5 to 10 lower voltage than Kerr cells, are the most widely used active 
devices for Q-switching pulsed lasers. 

Pockels Cell Q-Switch 
Q-switches are classified into two types: cells in which the electric field is applied 
along the direction of the optical beam, and cells in which the electric field is 
perpendicular to the direction of the optical beam [8.21, 22]. 

Pockels Cells with Longitudinal Field. In this class of Q-switches the electric 
field is applied parallel to the crystal optical axis and in the same direction as 
the incident light. The dependence of the index of refraction on the electric field 
can be described in terms of a change in orientation and dimensions of the index 
ellipsoid. The crystals used for longitudinal electrooptic Q-switches are uniaxial 
in the absence of an electric field; that is, there is only one value of refractive 
index in the direction of light propagation [8.23-27]. The index ellipsoid is an 
ellipse of revolution about the optic (z) axis. As indicated in Fig. 8.11, the index 
ellipsoid projects as a circle on a plane perpendicular to the optic axis. The 
circle indicates that the crystal is not birefringent in the direction of the optic 
axis. When an electric field is applied parallel to the crystal optic axis; the cross 
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Fig. 8.11. Otange of the index ellipsoid in a KDP crystal when an electric field is applied parallel 
to the z axis, Io is an incident wave polarized in the :ll direction; :ll andy are the crystallographic 
axes; :ll1 and y' are the electrically induced axes 

section of the ellipsoid becomes an ellipse with axis x' and y', making a 45° 
angle with the x and y crystallographic axes. This angle is independent of the 
magnitude of the electric field. The length of the ellipse axes in the x' and y' 
directions are proportional to the reciprocals of the indices of refraction in these 
two directions. 

We will now express the phase shift between the orthogonal components 
corresponding to a wave polarized in the x' and y' directions. Changes of the 
refractive index ..::1n are related by the electrooptic tensor Tij of rank 3 to the 
applied field . 

..::1 ( \) = t TijEj , 
n, i=l 

(8.20) 

where i = 1, ... ,6 and j = 1, ... ,3. 
Generally there exist 18linear electrooptic coefficients rii· However, in crys

tals of high symmetry, many of these vanish. For phosphates of the KDP family, 
T63 is the only independent electrooptic coefficient which describes the changes 
in the ellipsoid when a longitudinal field is applied to the crystal. The change of 
refractive index in the x' and y' directions is [8.25] 

(8.21) 

where no is the ordinary index of refraction and Ez is the electric field in the 
z direction. The difference in the index of refraction for the two orthogonal 
components is then 

(8.22) 

For a crystal of length l, this leads to a path-length difference ..::1nl and a phase 
difference of o = (211' / .X)..::1nl. 
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The phase difference 8 in a crystal of length l is related to the voltage 
Vz = E z l applied across the faces by 

271" 3 
0 = T1l(JT63 Vz . (8.23) 

It should be noted that 8 is a linear function of voltage and is independent of the 
crystal dimensions. If linearly polarized light is propagated through the crystal 
with the direction of polarization parallel to the x or y axis, as shown in Fig. 8.11, 
the components of this vector parallel to the electrically induced axes x' and y' 
will suffer a relative phase shift 8. In general, orthogonal components undergoing 
a relative phase shift produce elliptically polarized waves. Thus, the application 
of voltage in this configuration changes linearly polarized light to elliptically 
polarized light. If the light then passes through a polarizer, the resulting light 
intensity will be a function of the ellipticity and therefore the voltage applied to 
the crystal. A simple derivation shows that, with the analyzer axis oriented at 
right angles to the input polarization direction, the voltage and the transmitted 
light intensity I are related by [8.20] 

I T ' 2 O 
= ..10 stn 2', (8.24) 

where Io is the input light intensity. 
For Q-switch operation, two particular values of phase shift are of interest; 

these are the >J4 and >J2 wave retardations which correspond to a phase shift of "I 
and 71". With linearly polarized light being applied, for example, in the x direction, 
as shown in Fig. 8.11, the output from the crystal is circularly polarized if 8 ="I· 
For 8 = 71" the output beam is linearly polarized, but the plane of polarization has 
been rotated 90°. 

From (8.23) it follows that the voltage required to produce a retardation of 
71" is 

..\ 
Vit2=-2 3 . 

nor63 
(8.25) 

Deviations from this voltage will change the transmission T = I/ Io of the Pockels 
cell according to 

T . 2 (71" v ) 
= Stn 2 Vj/2 . (8.26) 

This equation is obtained by combining (8.23-25). 
A number of crystals which have been used in longitudinal modulators are 

listed in Table 8.1. The most useful materials are KD*P and CD* A because they 
possess the lowest half-wave voltages. The latter material, which is relatively 
new, has a resistivity three orders of magnitude lower than KD*P, leading to 
a high loss tangent. For this reason almost all commercially available Pockels 
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Table 8.1. Electrooptic parameters of 42m-type crystals 

Index of Electrooptic Typical half-wave 
refraction constant, T63 voltage [kV] 

Material at 0.55 JJffi IJJm/VXI0-6 ] at0.55JJm 

Ammonium dihydrogen 1.53 8.5 9.2 
phosphate (ADP) 

Potassium dihydrogen 151 10.5 7.5 
phosphate (KDP) 

Deuterated KDP 151 26.4 3.0 
Rubidium dihydrogen 151 15.5 5.1 

phosphate (RDP) 
Ammonium dihydrogen 1.58 9.2 7.2 

arsenate (ADA) 
Potassium dihydrogen 157 10.9 6.5 

arsenate (KDA) 
Rubidium dihydrogen 156 14.8 4.9 

arsenate (RDA) 
Cesium dihydrogen 1.57 18.6 3.8 

arsenate (CDA) 
DeuteratedCDA 157 36.6 2.0 

cell Q-switches with longitudinal field employ KD*P crystals. KD*P and its iso
morphs are the most widely known electrooptic crystals; their general properties 
are reviewed in [8.21, 8.27-33]. They are grown at room temperature from a 
water solution and are free of the strains often found in crystals grown at high 
temperature. Excellent crystals as large as 5 em in any dimension can be obtained 
commercially at nominal cost. Although the crystals are water-soluble and frag
ile, they can be handled, cut, and polished without difficulty. The crystals have a 
high optical transmission in the range 0.22 to 1.6 p.m, and they possess relatively 
large electrooptic coefficients. In KDP the half-wave voltage is of the order of 
7.5 kV. By using KD*P this figure is reduced by a factor of more than 2. The 
half-wave voltage can be further reduced by a factor of 2 by utilizing two crystals 
optically in series and electrically in parallel. 

All crystals listed in Table 8.1 are hygroscopic and must be protected from 
atmospheric water. This protection is typically provided by enclosing the crystal 
in a cell which is hermetically sealed or filled with index-matching fluid. As a 
result, six surfaces are encountered by a laser beam on a single transit through the 
cell. Transmission losses can be reduced by the use of antireflection coatings on 
the cell windows. While hard, damage-resistant AR coatings cannot be applied 
to KDP and its isomorphs, losses at the crystal itself can be very much reduced 
by the use of an index-matching liquid such as 3M's FC:/7. Other techniques 
employed to minimize insertion losses of Pockels cells include a Brewster-angle 
design [8.34] and uncoated crystals with plane-parallel faces accurately aligned 
to the cavity mirrors [8.35]. 

Transmission of typical electrooptic shutters with liquid-immersed crystals 
and AR-coated windows is about 90 %. The electric field is usually applied to 
the crystal by means of a pair of metal electrodes containing apertures which 
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are either bonded or evaporated onto the square ends of the crystal or simply 
held in place by compression. The main drawback of end-plate electrodes is their 
geometry, which gives rise to a nonuniform electric field across the clear aperture. 
The field strength in the aperture varies from a maximum around the inner edge 
of the rings to a minimum at the geometric center [8.36]. Fringing necessitates 
operation at considerably higher voltages than if the field were uniformly applied. 
Partial compensation is attained by making the crystal length roughly 30% greater 
than the clear aperture diameter. 

Typical commercially available Pockels cells employing KD*P have quarter
wave voltages between 3.5 and 4kV at 0.69 J.Lm and 5 to 6kV at 1.06 J.Lm. 
Apertures range from 9 to 25 mm, and the maximum safe operating level for 
most KD*P Pockels cell Q-switches is around 200MW/cm2• 

A considerable improvement in fringe uniformity can be achieved by us
ing cylindrical band electrodes applied to the end of the barrel of cylindrical
shaped crystals [8.37], as shown in Fig. 8.12. Band electrodes allow an optical 
transmission uniformity to within a few percent across the clear aperture. This 
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represents an order-of-magnitude improvement compared to standard cells con
taining rectangular crystals and end-plate electrodes. The Fig. 8.12 also shows 
computer-calculated curves of the voltage nonuniformity L1 V as a function of 
the normalized radius r I R for a conventional endplate cell and a cylindrical ring 
electrode cell [8.37]. The value of L1V is the amount by which the voltage on 
the electrodes must be raised to obtain full half-wave radiation at a point r I R 
as compared to r = R. The more uniform electric field distribution within the 
crystal having cylindrical band electrodes results in higher extinction ratios and 
lower half-wave voltages. By use of low-reactance connecting leads, rise times 
in Pockels cells on the order of 500 ps and lower have been achieved. 

Pockels Cells with Transverse Fields. In this configuration, the electric field 
is perpendicular to the direction of the beam. For this geometry, the half-wave 
voltage depends on the ratio of thickness to length of the crystal, which has the 
advantage that by proper choice of the crystal geometry a considerably lower 
voltage is required as compared to longitudinally applied fields. In Fig. 8.13a a 
KDP crystal is shown where the optical propagation direction is at 45° to the 
x and y axes while the field is applied along the z axis. The half-wave voltage 
Vi /2 for this case is given by 

z 

b 
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Fig. 8.13a-c. Electrooptic Q-switches with transverse elec
tric fields: (a, b) give the configuration for KDP and its 
isomorphs; (c) shows the orientation for a LiNb0:3 crystal 



where l and d are the crystal length and thickness, respectively. The light is 
linearly polarized at 45° to the z axis. In another arrangement, the optical prop
agation direction in the KDP crystal is at an angle of 45° to the y and z axes 
while the electric field is applied along the x axis, as shown in Fig. 8.13b. If the 
light is polarized at 45° to the x axis, then the half-wave voltage is given by 
[8.20] 

(8.28) 

where n 0 and ne are the ordinary and extraordinary indices of refraction, respec
tively. 

Since propagation in the 45° z cut or 45° y cut KDP and its isomorph is at 
an angle other than parallel or normal to the optic axis, the extraordinary and 
ordinary ray propagate in different directions through the crystal. To compensate 
for this walk-off as well as for temperature effects, two crystals of suitable ori
entation are usually employed [8.38--43]. Because of the need to compensate for 
the angular and temperature dependence of birefringence in KDP-type crystals, 
transverse field devices have not become popular as Q-switches in this class of 
materials. 

However, the material LiNb03 has found widespread applications as a Q
switch [8.44--48]. This crystal, unlike KD*P, is not hygroscopic and can be 
operated in a transverse electrode orientation with the light propagation along 
the optic axis. It does not require the sealed-cell assemblies necessary for KD*P 
crystals, therefore transmission of an AR-coated LiNb03 crystal can be as high 
as 98%. In an arrangement as shown in Fig. 8.13c, light propagates along the c 
axis of the crystal. If the light is polarized parallel to the a axis and an electric 
field is applied parallel to the a axis, the half-wave retardation is 

(8.29) 

where 1 is the length of the crystal in the c direction, d is the distance between 
the electrodes along the a axis, and r22 is the electrooptic coefficient. 

The half-wave voltage is directly proportional to the distance between the 
electrodes and inversely proportional to the path length. At a wavelength of 
.A= 1.064 f.-LID, the linear electrooptic coefficient is r22 = 5.61 x w-6 f..LmN and 
the refractive index of the ordinary ray is n0 = 2.237 in LiNb03. The theoretical 
half-wave voltage obtained from (8.29) for a typical crystal size of 9 mm x 9 mm 
x 25 mm is 3025 V. This is the value for a de bias voltage; for pulsed Q-switch 
operation a 30 to 40% higher voltage is required [8.45]. In pulsed operations, the 
value of r22 is smaller than for de operation, which is explained by the fact that for 
static fields the electrooptic effect is equal to the sum of the intrinsic electrooptic 
effect and that induced by the piezooptic effect [8.49, 50]. r22 = rh + P2kd2k> 

where P2k and d 2k are the elastooptic and piezoelectric constants of the crystal. 
When the bias voltage is turned on or off rapidly, the piezooptic effect is absent, 
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since deformation of the crystal cannot occur during the fast switching times 
typical for Q-switch operation. 

Since most military applications involve opemtion over a large temperature 
range, lithium niobate is also often chosen for its smaller variation in electrooptic 
coefficients. This feature minimizes the requirements for tempemture and optical 
feedback stabilization controls. At the present time many military rangefinders 
and target designators utilize lithium niobate Q-switches in a high repetition mte 
(10 to 60 pps), low power density (5 to 10 MW/cm2) mode. In these applications 
crystal temperatures may exceed 80° C. In contrast, while KD*P Q-switches can 
be used at 70° C, they should never be used above 55° C when the electric 
field is applied continuously, because this leads to a fogging effect on the crystal 
surfaces. The major dmwback of lithium niobate is that it is not suitable for high
power-density applications and users place a limit of between 10 to 50 MW/cm2 

on its peak optical power-handling capabilities. KD*P Q-switches are usually 
specified where large apertures, as large as 40 mm, and high peak power densities 
are involved. Q-switches employing LiNb03 crystals have apertures up to 9 mm 
and require half-wave voltages between 2.5 and 6 kV at 1.06 JLm depending on 
the crystal geometry. 

Prelasing and Postlasing Occurring with Electrooptical Q-Switches. Theoret
ically, an infinite loss is introduced into the cavity by a Pockels cell opemted 
at a proper >J4 or >J2 voltage. In practice, field strength nonuniformities, inho
mogeneities in the crystal, birefringence introduced by mechanically clamping 
the crystal, and nonperfect polarizers limit the extinction ratio of an electroop
tic Q-switch to a few hundred. The extinction mtio is defined as the mtio of 
the maximum to the minimum transmitted intensity obtained between crossed 
polarizers as the applied voltage is varied through a half-wave voltage. 

If the gain of the laser exceeds the loss produced by the Q-switch, normal 
lasing will occur before the instant of Q-switching. This phenomenon, which is 
termed "prelasing", is due to the Pockets cell and polarizer combination not acting 
as perfect shutter, so that there is still some feedback from the 100% mirror. 
Prelasing is most likely to occur first just prior to the time of Q-switching since 
the population inversion, the stored energy, and the gain are largest at that time. 

Because of the high gain of Nd: YAG, depumping of the stored energy by 
prelasing is a particular problem with this material. Tests have also shown that 
prelasing may be a major cause of damage to the Pockets cell crystal or polarizers. 
Prelasing, if it occurs, allows a pulse buildup from a "seed" pulse in a small 
region of the laser rod. In the area of the laser rod where prelasing occurs, the 
Q-switched pulse develops more rapidly compared to the rest of the pulse, which 
must develop its output from the spontaneous emission noise. As a result, a very 
high peak power density will occur in this small part of the rod. 

Appropriate design precautions must be undertaken to ensure that prelasing 
does not occur. The first major requirement is to operate the modulator at its 
optimum extinction ratio. This requires that the correct de bias voltage be applied 
and that the Pockets cell crystal and polarizers be aligned properly. Typically the 
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Fig. 8.14. Extinction ratio versus applied voltage of a LiNb03 Pockels cell-calcite prism assembly 
[8.50] 

optic c axis of the Pockels cell crystal must be parallel to the laser beam direction 
to within 10 arc min or less. Alignment of the c axis is best performed by centering 
the optic-axis figure (the Maltese-cross pattern) on the resonator optical axis. This 
is done by illuminating the crystal with a diffuse light source and observing the 
crystal between crossed polarizers. A pattern of a cross surrounded by a series 
of circles appears. The line connecting the center of the cross to the point at 
which the observation is made is exactly parallel to the c axis. Furthermore, to 
establish the proper condition for Q-switching, the crystal must be aligned so 
that either the a or b axis is parallel to the polarization direction of the laser 
(LiNb03 crystals and longitudinal field KD*P). Figure 8.14 shows the extinction 
ratio versus bias voltage for a 9mm x 9mm x 25mm LiNb03 crystal [8.51]. 

In practice, the main Q-switched pulse may be followed by one or more 
pulses of lower amplitude (postlasing). The second pulse may occur from several 
hundred nanoseconds to several tens of microseconds after the main pulse. Post
lasing results from piezooptic effects in the electrooptic crystal. The piezoelectric 
action of the applied voltage compresses the crystal, and when that voltage is 
removed the crystal remains compressed for some definite interval of time. This 
compression generates a retardation of the optical wave by means of a strain
birefringence effect, thus creating a loss in the cavity which becomes smaller 
with time as the compression relaxes. Figure 8.15a shows a waveform picture 
of the voltage conventionally applied to a Pockels cell, and Fig. 8.15b shows the 
loss versus time for an actual Pockels cell switch. It was found [8.46] that the 
loss drops to about 25 % and then decays to zero in approximately 400 ns. If 
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Fig. 8.15. Piezooptic effect in LiNbOJ [8.46] 

the resulting decay time of the loss is longer than the output pulse buildup time, 
the main laser pulse will be complete before the loss reaches its minimum. Thus 
some energy will remain in the rod after the first output pulse. This residual 
energy may produce a second pulse when the cavity loss reaches its minimum. 
By creating this time-dependent loss, the elastooptic effect seriously affects the 
efficiency of a Q-switched laser. 

At low input energy levels there is a long time delay between the switching 
time and the time the output pulse actually appears, as shown in Fig. 8.15c, 
and thus there is negligible loss in efficiency. However, at higher input energy 
levels the time delay to becomes shorter and thus the laser suffers a considerable 
output loss due to the switch loss, as shown in Fig. 8.15d. This, besides prelasing, 
accounts for the roll-off in output efficiency in the Q-switched laser at higher 
input energy levels. 

The elastooptic effect, which is quite pronounced in LiNb03 but is also 
observed in KD*P, can be minimized by switching the bias voltage to a negative 
value rather than to zero. 

Examples of Pockels Cell Q-Switched Lasers. Output energies between 100 and 
250 mJ are obtained from Nd: YAG oscillators. The energy extraction is limited 
by the high gain of this material, which leads to prelasing and subsequently to a 
depopulation of the inversion. 

Ruby and Nd: glass laser oscillators produce, depending on size, between 
0.1 and 10 J in the Q-switched mode. For example, a ruby rod 75 mm long 
and 6 mm in diameter pumped by a linear flashlamp at about 150 J will produce 
around lOOmJ of Q-switched output. Ruby and Nd: glass rods, lOOmm long and 
lOmm in diameter pumped at 2000J in a 500-JlS flashlamp pulse, will typically 
generate pulses with an energy content of 2J. Large rods, for example 150mm 
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by 20mm, pumped around 5kJ, will produce Q-switched pulses up to lOJ in 
energy. The width of the Q-switched pulses is usually between 10 and 25 ns, and 
the pulse buildup time to is between 50 and lOOns in typical systems. In the 
larger systems, the energy output is actually limited by the maximum permissible 
power density on the optical components. In order to avoid optical damage, most 
commercial solid-state laser oscillators are operated at power densities around 
150 MW/cm2• Therefore, from an oscillator containing a 1-cm-diameter Nd: glass 
or ruby rod a peak power ""' 100 MW can be expected and ""'500 MW from a 
large, 2-cm-diameter rod. 

Figure 8.16a shows a plot of output versus input energy of a typical Q
switched ruby laser containing a 10-cm by 1-cm rod pumped by a helical flash
lamp. In Fig. 8.16b the output from the laser at fixed lamp input is plotted as a 
function of the delay between the flashlamp trigger pulse and the opening of the 
Pockels cell. The maximum energy extraction is obtained for a delay of 1.1 ms. 
This time corresponds to a point near the end of the flashlamp pulse at which 
the lanip current has dropped to 50 % of its initial value. Prior to this time the 
stored energy in the rod increases because of the pumping action of the lamp, 
and after the optimum time of 1.1 ms, population inversion decreases because of 
the diminishing pump power and the increase of spontaneous emission losses. 
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Figure 8.17 shows the dependence of the pulse width of a Q-switched ruby 
laser on the energy output, with cavity length and output reflectivity as a param
eter. According to (8.9), one would expect that the pulse width L1tp increases for 
a system with a long cavity (large rc), a low gain (small n;.) and a low output 
reflectivity (high n1). The experimental results illustrate this dependence of the 
pulse width on the system parameters. Decreasing the output energy, achieved 
by reducing the input power, will result in a low gain and low initial inversion 
ni. By combining the effects of low gain, high threshold, and long cavity, pulses 
up to 150ns can be produced from Q-switched lasers. 

Employing a feedback loop to control the switching of a Pockels cell, pulse 
durations of up to 600 ns have been obtained from a Q-switched ruby laser [8.52] 
and up to 1.4 J.I.S in Nd: YAG lasers [8.53, 54]. The principle of electrooptical 
feedback control is depicted in Fig. 8.18. The resonator incorporates a Pockels 
cell as a Q-switching element. Negative feedback on the circulating power is 
applied through the action of photo-detector-derived voltage on the Pockels cell. 
In this way the laser rod stored energy is released at a controlled rate. 

Optimization of Pockels Cell Q-Switch Designs in the Presence of Thermally 
Induced Birefringence. In low-repetition-rate systems, or at low input powers 
depolarization losses can be ignored, but in higher-average-power systems depo
larization losses become significant. 
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Fig. 8.18. Electrooptic feedback control for stretching of Q-switched pulses [8.53] 

The polarizer, required for Q-switch operation employing a Pockets cell, re
jects any radiation not polarized in the proper plane of polarization. This can lead 
to large depolarization losses in the presence of thermally-induced birefringence, 
as may occur in repetition-rated systems. Several techniques have been developed 
in conjunction with Pockets-cell Q-switches which act on both polarizations. In 
general, the techniques are based on the use of a calcite polarizer in the resonator 
which separates the two orthogonally polarized beams. The methods differ in the 
ways these two beams are treated in the resonator. 

One advantage of a variable-reflectivity resonator is that the depolarized com
ponent of the beam contributes to the output rather than acting as a loss, as 
in a conventional resonator. The outcoupling of laser radiation in a variable
reflectivity resonator is accomplished with a polarizer and phase retarder by 
inducing a phase shift in a linearly polarized beam. This is done in a conven
tional resonator with two total end reflectors by a phase-retardation element such 
as a quarter-wave plate. In the design by Chun et al. [8.55], the two resonator 
mirrors comprised a pair of crossed prisms. In the Porro-prism resonator the 
phase shift can be induced without a retardation plate; the proper combination 
of prism-induced phase shift and prism azimuth angle results in the desired laser 
outcoupling. Figure 8.19 is a schematic diagram of an electrooptic, Q-switched, 
Porro-prism resonator. A calcite polarizer and electrooptic Pockets cell are lo
cated within the laser resonator. The calcite polarizer generates polarized laser
cavity resonant modes and allows the extraction of the orthogonally polarized 
component Therefore the depolarized component of the beam contributes to the 
output. 

Rankin et al. [8.56] used a calcite polarizer which separates the two orthog
onal polarization components into two parallel beams. A quarter-wave plate is 
inserted into one of the beams, as shown in Fig. 8.20 before both beams are 
passed through a large aperture Pockels cell. A roof prism returns the beams 
back to the Pockels cell/polarizer assembly. 
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More recently Richards [8.57] proposed a design which exploits directional 
differences between the two orthogonal beam components after passing through 
a birefringent prism. A schematic diagram of the laser is shown in Fig. 8.21. It 
is very similar to a conventional Q-switched laser and contains a mirror at each 
end of the optical cavity, one completely reflecting and the other partially trans
mitting to provide output. Other components include a pumped laser rod, in this 
case Nd: YAG, a Pockels cell, and a birefringent prism that replaces the linear 
polarizer commonly used in Q-switched lasers. After passing through the bire
fringent prism, radiation is split up into two orthogonally polarized components, 
the extraordinary (e) and the ordinary (o) rays, that propagate in two slightly dif
ferent directions. When these two rays are reflected by mirror M2 back through 
the prism, a further separation of the two rays will occur. In this case the losses 
in the cavity will be very high and laser action will be suppressed. However, if 
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a quarter-wave voltage is applied to the Pockels cell, thee and o rays returning 
to the prism from M2 will be interchanged. In this case, the walk off occurring 
in the first pass will be canceled by an equal and opposite walk off during the 
return pass, hence the beam returning to the laser rod will be low, allowing a 
Q-switched pulse to develop. 

Kerr Cell Q-Switch 
Like the Pockels cell, the Kerr cell is a device which can produce a controllable 
birefringence by the application of a voltage to a cell. In this case, the cell contains 
a liquid, usually nitrobenzene, instead of a crystalline solid. In the Kerr cell the 
birefringence is proportional to the square of the applied voltage. The difference 
between the index of refraction for light polarized parallel to the direction of the 
inducing field and the index of refraction for light polarized at right angles to 
the direction of the inducing field is given by 

Lln = >.BE2 , (8.30) 

where B is the Kerr constant and E is the transverse field strength. From (8.30) 
it follows that the phase difference is 

(8.31) 

where 1 is the length of the region in which the transverse field exists. Since 
E = V / d for parallel plates, where d is the electrode separation and 1 = 2L 
because the light in a resonator travels twice through the cell of length L, we 
obtain for the half-wave retardation voltage (8 = 1r) 

. d 
Vi;2 = 2(BL)l/2 . (8.32) 

For nitrobenzene, B = 26 x w-6 cgs at 6943 A and the half-wave voltage 
becomes 

30d 
Vi;2 = (£)1/2 ' (8.33) 

where d and L are in centimeters and V is in kilovolts. For typical values of d and 
L, V must be 10 to 40kV. The axes of induced birefringence in a Kerr cell are 
at 45° with respect to the applied field. Figure 8.22 shows a Kerr cell Q-switch 
operated at a quarter-wave retardation voltage. Laser systems featuring Kerr cells 
are described in [8.58, 59]. As mentioned earlier, because of the higher voltage 
requirement of Kerr cells as compared to Pockels cells, problems associated with 
high leakage currents due to impurities in the nitrobenzene, and difficulties in 
constructing leakproof cells, this type of Q-switch is not used very often anymore. 
However, more recent experiments in which the electric field of a high-powered 
laser beam was employed to operate a Kerr cell have generated renewed interest 
in this device. In these experiments the Kerr cell was actually operated as a 

463 



Reflector 

--.__ . _Kerr ~ell } Shutter 
Polanzmg pnsm 
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camera shutter employed to photograph a frequency-doubled mode-locked pulse 
[8.60]. 

Drivers for Electrooptic Q-Switches 

In the operation of an electrooptically Q-switched laser, it is necessary to switch 
voltages electrically in the range between 3 kV and 15 kV depending on the 
crystal material, geometry, and optical wavelength. The driver for the Pockels 
cell must be a high-speed, high-voltage switch which also must deliver a sizeable 
current. The cell has a few tens of picofarads capacitance which is charged (or 
discharged) to several kilovolts in a few nanoseconds. The resulting current is 
of the order of 10 to 20 A. Common switching techniques include the use of 
vacuum tubes, cold cathode tubes, thyratrons, SCRs, and avalanche transistors. 

Vacuum tubes are usually applied if a rapid sequence of Q-switch pulses 
must be generated for holographic applications, for example; or if a particular 
waveform of the electronic signal is desired, for example, to achieve longitudinal 
mode selection [8.61]. A cold cathode gas tube, such as the EG&G KN-6 krytron, 
is an attractive device, being of reasonable size and having a very fast switching 
time. Nevertheless, it is a gas tube with a limited lifetime, and the operating 
voltage is restricted to values below 8 kV. A typical circuit diagram for a Pockels 
cell driver using a krytron is shown in Figure 8.23a. The LiNb03 crystal operated 
at a quarter-wave retardation voltage of 3.3 kV is switched to a negative bias 
voltage of 800 V to compensate for the piezoelectric effect. The bias voltage is 
of the same polarity as that of the holdoff voltage but applied to the opposite 
electrode. The net result is that when the holdoff voltage is removed (at the instant 
of Q-switching), the bias across the modulator becomes negative. In systems 
which must operate over a large temperature range, such as military systems, a 
circuit is usually incmporated into the system which controls the quarter-wave 
voltage level at the krytron high-voltage supply. 

Hydrogen thyratrons can be operated at higher voltages than krytrons. A 
circuit for operation of a cell at the pulse-on mode is shown in Fig. 8.23b. When 
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Fig. 8.23. Circuit diagram of Pockels cell drive electronics using (a) a krytron; (b) a hydrogen 
thyratron; (c) an SCR 

the thyratron conducts, it short-circuits the HV cable between the thyratron and 
Pockels cell, inducing a negative high-voltage equivalent to the half-wave voltage 
across the very-high-impedance Pockels cell. The voltage remains nearly constant 
for a time equal to twice the cable transit time. The voltage across the cell then 
decays exponentially. 

Semiconductor switches, such as SCRs or avalanche transistors stacked in 
series, have been successfully employed to drive Q-switches. The approach here 
is to use a voltage of several hundred volts and step it up to several kilovolts by a 
high frequency step-up transformer. A transformer-driven Pockels cell switched 
by a SCR is shown in Fig. 8.23c [8.48]. 
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Fig. 8.24. Acoustooptic Q-switch employed in a cw-pumped Nd: YAG laser. The major components 
of the Q-switch are a very thin quartz crystal transducer having a thickness of a half acoustic 
wavelength, a fused silica block to which the transducer is epoxy-bonded, an inductive impedance
matching network, an acoustical absorber at the side opposite to the transducer, a water-cooling 
jacket system to conduct away generated heat, a thermal interlock cut-<>ut which automatically turns 
off the rf power if the temperature in the modulator rises beyond allowable limits, a Bragg angle 
adjustment, a 50 MHz rf driver containing a pulse generator, and logic which allows adjustment of 
the repetition rate from 0 to 50 kHz 

8.4 Acoustooptic Q-Switches 

In acoustooptic Q-switches, an ultrasonic wave is launched into a block of trans
parent optical material, usually fused silica. A transparent material acts like an 
optical phase grating when an ultrasonic wave passes through it. This is due to 
the photoelastic effect, which couples the modulating strain field of the ultra
sonic wave to the optical index of refraction [8.62-67]. The resultant grating has 
a period equal to the acoustic wavelength and an amplitude proportional to the 
sound amplitude. 

H a light beam is incident upon this grating, a portion of the intensity will 
be diffracted out of the beam into one or more discrete directions (Fig. 8.24). By 
properly choosing the parameters, the diffracted beam can be deflected out of 
the laser resonant cavity, thereby providing an energy loss which is sufficient to 
Q-spoil the cavity. 

The ultrasonic wave is typically launched into the Q-switch block by a piezo
electric transducer which converts incident electromagnetic energy into ultrasonic 
energy. The laser is returned to the high Q-state by switching off the driving volt
age to the transducer. With no ultrasonic wave propagating through it, the fused 
silica block returns to its usual state of high optical transmission, the deflected 
beam disappears, and a giant laser pulse is emitted [8.9, 68-70]. Two different 
types of diffraction effects are observed depending on the optical and acoustic 
wavelengths A and ..1, and the distance l over which the light interacts with the 
acoustic beam. 
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Raman-Nath scattering occurs when either the interaction path is very short or 
when the ultrasonic frequency is very low, i.e., 

(8.34) 

Maximum light scattering is observed if the light beam and acoustical wave are 
perpendicular with respect to each other. The light beam is scattered symmetri
cally in many higher diffraction orders, as shown in Fig. 8.25a. The intensity of 
the individual orders is [8.66] 

~; = J!(Llq)) ' (8.35) 

where In is the intensity of the nth order, Io is the intensity of the incident light, 
In is the Bessel function of nth order, and Llq) = 2TrL1nlj>. is the amplitude of 
the phase grating. The amplitude Llq) has been shown to be [8.63, 71] 

( 
2 l )1/2 

L1q) = 1r >.~ ;MzPac , (8.36) 

where >.o is the optical wavelength, Pac is the acoustic power, l and w are the 
dimensions of the flat rectangular transducer, and M2 includes a group of material 
parameters known as the acoustooptic figure of merit, 

n6p2 
Mz=--, 

f!V3 
(8.37) 
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where n is the index of refraction, p is the appropriate photoelastic coefficient, 
e is the density, and v is the acoustic velocity. 

Bragg Scattering 

When the frequency of the acoustical wave is raised and the interaction path is 
lengthened, higher-order diffraction is eliminated and only two light beams of 
zero and first order become predominant. The condition for Bragg scattering to 

occur is 

(8.38) 

In the Bragg regime the optical and acoustical beams are offset slightly from 
nonnal incidence to interact at the Bragg angle 

. e >. sm - = 2.::1 . (8.39) 

It should be noted that >., L1, and e are measured inside the medium (that is, 
>. = .\0 /n). As shown in Fig. 8.25b, if measured externally the angle between 
the incident light and the acoustic wave is 8' = ne and the scattering angle is 
twice that, i.e., 

28' =2ne Rl ~. 

The intensity It of the scattered beam is [8.71] 

It = sinz (L1<P) 
Io 2 ' 

where the phase amplitude is the same as defined in (8.36). 

Depth of Modulation 

(8.40) 

(8.41) 

It is apparent from (8.35--41) that the amount of diffracted power depends on the 
material parameters expressed by Mz, the ratio of length to width of the interac
tion path, and the acoustical power Pac. In a given material such as, for example, 
fused silica, the value of the photoelastic coefficient p in (8.37) depends on the 
plane of polarization of the light beam with respect to the ultrasonic propagation 
direction and on the type of ultrasonic wave, i.e., longitudinal or shear wave. 
With shear wave generation the particle motion is transverse to the direction of 
the acoustic wave propagation direction. In this case the dynamic optical loss is 
independent of polarization in isotropic materials such as fused quartz [8.65, 72]. 
Table 8.2 lists the pertinent material parameters for an acoustooptic Q-switch 
fabricated from fused silica. 

Since at a small depth of modulation the sine function in (8.41) can be taken 
equal to its argument, the diffracted power is proportional to the figure of merit 
Mz. From Table 8.2 it follows, then, that in a Bragg angle device employing 
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Table 8.2. Material parameters of acoustooptic Q-switches employing fused silica (Bragg and Raman
Nath devices) 

Polarization of Acoustical 
optical beam with Velocity of Figure of power Pac [W] 
respect to acoustic sound merit for I% deflection 

Acoustic wave p coefficient wave vector xiOS xw-Is (1/w = 10) 
[cm/s] [s3/g] 

Shear wave P44 = 0.075 Independent 3.76 0.47 0.42 
Longitudinal pu = 0.121 Parallel 5.95 0.30 0.67 
Longitudinal P12 = 0.270 Perpendicular 5.95 1.51 0.13 

longitudinal-mode ultrasound, light polarized perpendicular to the acoustic wave 
vector is deflected five times stronger than light polarized parallel to this direction. 
The shear wave device, which operates independent of the light polarization, has a 
higher diffraction efficiency than parallel-polarized light in a longitudinal device, 
but a substantially lower efficiency compared to the perpendicular-polarized light 
in a longitudinal modulator. 

The fraction of incident light which is scattered by the acoustooptic modulator 
determines whether the Q-switch can hold off laser action. In order to Q-switch 
an unpolarized laser system, such as Nd: YAG, the lower of the efficiency 
factors of a longitudinal device determines the extinction ratio of the device. 
Therefore, unpolarized lasers are usually Q-switched with shear wave devices, 
whereas for polarized lasers, such as Nd: YA103 or Nd : YAG, which contain 
polarizing elements in the cavity, longitudinal modulators are employed. Because 
a longitudinal Q-switch in which the large PI2 coefficient is utilized is very 
attractive, since substantially lower rf powers are required for the same diffraction 
efficiency compared to a shear wave device, techniques were devised to Q
switch also unpolarized lasers with this modulator. One commercially available 
Q-switch, for example, contains two longitudinal modulators orientated at 90° 
with respect to each other [8.73]. In another device the modulator is sandwiched 
between two quarter-wave plates which provide a 90° rotation of the plane of 
polarization of the light beam after each reflection from a resonator mirror [8.74]. 

The amount of acoustical power required to achieve a certain diffraction effi
ciency can be calculated from (8.35-41). For the practical case of a longitudinal 
Bragg angle device having a length of l = 50 mm and a transducer width of 
w = 3 mm, we find from the values given in Table 8.2 that a scattered fraction 
of 2.1 %/W of acoustic power is theoretically obtained for light polarized in the 
direction of the acoustic wave propagation. Typically, one measures a scattered 
fraction of 0.8 to 1% per watt of electrical power, which indicates a conversion 
efficiency of the order of 40 to 50%. For light polarized perpendicular to the 
acoustic beam vector, a value of 4 to 5% per watt is typically obtained. For ex
ample, at an application of about 20 W to the transducer, a 20% single-pass loss 
is achievable for parallel-polarized light At this level the dynamic optical loss 
rises up to 70% for perpendicularly polarized light. At 70% the deflection pro
cess is noticeably saturated, and further increase in the loss is obtained only at a 
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much higher expenditure of driving power. High-powered cw-pumped Nd: YAG 
lasers usually require a single-pass dynamic loss in excess of 20%. For exam
ple, in a Bragg angle shear wave device, experimentally achievable diffraction 
efficiencies are of the order of 1 % per watt of electrical power. Commercially 
available units of this type are operated up to 60 W of rf power to the trans
ducer, which results in a 40% diffraction efficiency. The dynamic resonator loss 
introduced by the Q-switch is L = 17(2 -17), where 17 is the deflection efficiency. 
In our example, where 17 = 0.4, we obtain a double-pass insertion loss of 64 %, 
which is sufficient to Q-switch most high-power Nd: YAG systems. 

Design Features of Acoustooptic Q-Switches 

We will calculate the parameters of a typical shear mode Bragg angle device 
employed for Q-switching a cw-pumped Nd: YAG laser. Essentially all com
mercially available Q-switches consist of a fused silica block to which a crys
talline quartz or a LiNb03 transducer is bonded. Both the transducer and the 
fused silica contain vacuum-deposited electrodes to allow for electrical connec
tions. An inductive impedance-matching network usually couples the signal of 
the rf generator to the quartz transducer. Virtually all acoustooptic Q-switches 
are single-pass devices; i.e., the acoustic wave generated by the transducer is ab
sorbed after traveling across the interaction medium. The absorber, consisting of 
a piece of lead attached to the tapered end of the quartz block, prevents reflected 
acoustical waves from interfering with the incident light beam. 

However, Q-switches have been built in which an ultrasonic standing wave 
was allowed to build up resonantly by reflection from the parallel face opposite 
to the transducer. This has the advantage that intensities at least ten times higher 
can be achieved than would exist in single-pass devices [8.75]. The disadvantage 
of this technique is that the laser can be Q-switched at only one fixed repetition 
rate. 

Typical acoustooptic Q-switches can be operated in five different modes: 
internally driven Q-switch operation, externally gated pulse operation, an exter
nally gated cw operation, a single-shot mode, and normal cw operation (with no 
rf modulation on the Q-switch). 

Although the figure of merit M2 of fused quartz is quite low, its optical high 
quality, low optical absorption, and high damage threshold make it superior to 
other, more efficient acoustooptic materials, such as lithium niobate (LiNb03), 
lead molybdate (PbMo04), tellurium dioxide (Te02), and dense flint glass. These 
materials are usually employed in low-power light modulators and optical scan
ners [8.66, 71, 76]. For an optical wavelength of 1.064,_,m, a transducer drive 
frequency of 50MHz, an index of refraction n = 1.45, and an acoustical velocity 
of v = 3.76 x 105 cm/s for a shear wave in quartz, one obtains an acoustical 
wavelength of Ll = 75JLm, a Bragg angle of e ~ 17 arc min, and a scatter angle 
of 28' ~ 49 arc min. For the light and acoustic waves to intersect at the Bragg 
angle, a parallelogram angle of the fused quartz block of 89° 43' must be cho
sen (Fig. 8.25b). For a cell 50mm long, the Bragg condition (8.38) is satisfied. 
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The width of the transducer perpendicular to the acoustic and optical propaga
tion direction is typically 3 mm, which is about twice the beam diameter for 
TEMoo-mode Nd: YAG lasers. 

To be able to deflect the beam out of the cavity, the frequency of the rf signal 
driving the transducer is in the 20- to 50-MHz range. For these frequencies we 
obtain from (8.40) scattering angles in silica between 0.3 and 0.8° for an optical 
wavelength of 1.06 pm. The Q-switch must be able to switch from the high
loss to the low-loss state in less than the time required for the laser pulse to 
build up if maximum output energy is to be achieved. If this condition is met 
there will be no appreciable loss of laser output energy due to scattering by the 
switch. The overall turnoff time of an acoustooptical Q-switch is dominated not 
by electronic switching time but by the transit time of the sound wave across the 
beam diameter. Because the ultrasound is traveling at an acoustic velocity v in 
the block, which is typically of the range of 5 mm/ ps, the transit time of the sound 
wave across the beam diameter D is D / v and will be of the order of 200 ns/mm 
of optical beam diameter. This time is short compared to the giant pulse evolution 
time in many laser systems, but may be too long for some high-gain lasers. The 
low-gain characteristics of cw-pumped solid-state lasers do not require very high 
contrast for Q-switching but do demand an exceptionally low insertion loss. Since 
the best optical-quality fused silica with antireflection coatings can be used as the 
active medium in the acoustooptical Q-switch, the overall insertion loss of the 
inactive Q-switch can be reduced to less than 0.5% per pass. The low insertion 
loss of the acoustooptic Q-switch offers the convenience of converting from Q
switched to cw operation simply by removing the rf drive power. Performance 
data of an acoustooptic Q-switched Nd: YAG laser are shown in Fig. 8.8. 

8.5 Dye Q-Switch 

The operation of passively Q-switched lasers has been of intense interest since 
their successful operation in 1964 [8.77-79]. The dye Q-switch is a very simple 
device. It consists of a dye cell which is placed inside the optical resonator, 
preferably between the laser medium and the rear mirror, as shown in Fig. 8.26a. 
The dye initially absorbs the laser rod fluorescent emission to the degree that the 
rear reflector is optically isolated from the remainder of the laser cavity. When 
the dye suddenly bleaches, the laser radiation can reach the rear reflector and 
laser oscillation occurs. 

The generic name for the type of material which is used in the dye cell is 
saturable absorber. In these liquids the absorption coefficient decreases readily 
with increasing light intensity, as shown in Fig. 8.26b. Thus, the material becomes 
more transparent as the light becomes more intense. The increase in transparency 
of the dye is also frequently called "bleaching" of the dye. The decrease of the 
absorption coefficient for a saturable absorber or dye is related to the incident 
light intensity in the following way: 
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Fig.8.26. (a) Laser system Q-switched with a saturable absorber. (b) Nonlinear transmission of a 
saturable absorber versus light intensity in units of the saturation intensity Is of the dye 

/0 
'Y = 1 - (I/ Is) ' 

(8.42) 

where 'Yo is the absorption coefficient at zero intensity, and Is is the saturation 
intensity, the intensity at which 1 decreases by one-half. The bleaching process 
in a saturable absorber is based on saturation of a spectral transition. The dye 
molecules in the solution absorb photons and are transferred to an excited state 
from which they return at the end of an average lifetime Ts to the ground level. 
When the dye is inserted into the laser cavity it will look opaque to the laser 
radiation until the photon flux is large enough to depopulate the ground level. 
If a sufficient number of molecules are excited, the dye becomes completely 
transparent to the laser radiation, a situation which is similar to a three-level 
laser material pumped to a zero inversion level. The saturation intensity I. of an 
optically thin saturable absorber can be expressed as 

(8.43) 

where u5 is the cross section of the absorbing centers, and their effective lifetime 
in an excited state is r 8 • The response time of a saturable absorber to a step 
function in light intensity of amplitude I is 
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7k= 1+1/ls · 
Ts (8.44) 

From these expressions, we see that if a saturable absorber is to be appreciably 
bleached at reasonable light levels (between a few kilowatts and a few megawatts 
per square centimeter), and at the same time respond quickly, it must have 
a large cross section and a reasonably short lifetime. For this reason, organic 
dyes have been the logical choice for saturable absorbers, particularly crypto
cyanine [8.78, 79], chlorophyll [8.80], and many phthalocyanines [8.78, 81] for 
Q-switching ruby lasers. Cryptocyanine with methanol as a solvent has an ab
sorption bandwidth of 370 A peaked at 7040 A [8.78]. As mentioned before, 
for a dye to be effective for Q-switching, the dye cross section as must be 
much larger than the laser cross section. Cryptocyanine [8.78] has a value of 
as = 8.1 x w-16 cm2, as compared to the absorption cross section of ruby 
which is a = 1.2 x w-20 cm2• The saturation power density of cryptocyanine 
in methanol is about Is = 5 MW/cm2• The same dye in acetonitrile has yielded 
quite satisfactory results at power levels up to gigawatts per square centimeter in 
cells between 1 and 2 mm in thickness. At low peak power levels, less than a few 
megawatts per square centimeter, chloroaluminum phthalocyanine is sometimes 
used because of its low saturation density of approximately 0.1 MW/cm2 [8.81]. 

Although a wide variety of dyes for use at 6943 A have been studied, only 
a few dyes have been reported for use with neodymium lasers. They are manu
factured by the Eastman Kodak Company and designated as Q-switch solutions 
#9860, 9740, 19152, and 14015. 

The saturation power density for dyes diluted with 1 ,2-dichloroe
thane or chlorobenzene is of the order of 50MW/cm2• Eastman 14015, with 
1,2-dichloroethane as a solvent, appears to be more stable than the first two dyes 
mentioned above. 

Eastman Kodak 14015 (licensed by IDM Corp) contains transition metals and 
relaxes more slowly compared to the other dyes in order to avoid modelocking 
effects. 

The temporal and spectral characteristics of the output pulse of a dye-switched 
laser depend strongly on the dye relaxation time. If the dye has a very short 
relaxation time and can follow fast oscillations in the intensity, it will attempt 
to mode-lock the pulse instead of Q-switching it. In this case high peak power 
pulses in the subnanosecond range are obtained. If, on the other hand, the dye's 
relaxation time is of the order of a cavity transit time or longer, it will give 
very narrow spectral emission. Dyes which exhibit very short overall relaxation 
times are cryptocyanine and Kodak's #9860 and #9740 solutions. Dyes which 
relax more slowly usually contain transition metals such as, for example, Kodak 
14015. 

The unsaturated transmission of typical Q-switches is of the order of 40 to 
60 %. The dye concentration or the path length may be varied to achieve various 
transmissions, thus changing the laser output power and pulse width. If it is 
convenient to measure experimentally the single-pass gain, G = exp (gol), of the 
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laser medium when it is fully pumped, then the dye cell transmission T., is given 
by 

(8.45) 

where Rt is the reflectivity of the output mirror. 
Since cw-pumped solid-state lasers will not generally be able to saturate or 

bleach the dye, the operation of the dye Q-switch is practically limited to pulsed 
solid-state lasers. 

There are a number of distinct disadvantages associated with the passive 
saturable Q-sWitch: 

1) Large jitter. The time between the triggering of the flashlamp and the emis
sion of a Q-switched pulse is associated with a jitter which is typically of 
the order of 10 to 100 J.LS. 

2) Degradation of the dye. Damage to a dye Q-switch can happen two ways. 
First, ultraviolet light from the flashlamp pumping the laser, particularly 
below 3500 A, will break down the long-chain dye molecules. A simple so
lution is to place a uv filter with sufficient absorption to reduce this kind 
of degradation in front of the dye cell. Howeve, dye Q-switches do require 
a certain amount of maintenance, since the optical density of the dyes de
creases even while the dyes are kept in the dark. Second, the dye solvents 
change their index of refraction with an increase in light intensity, and the 
core of the dye through which the laser light passes has a higher index of 
refraction than the outside. Hence, a lens effect, called self-trapping, occurs 
which can greatly increase the light power density in the dye. This effect 
can be minimized by working with a fairly thin dye cell ("' 1 mm). 

3) Absorption losses. Residual absorption in the dye cell due to incomplete 
bleaching or absorption at the laser wavelength originating in an excited 
state of the saturable absorber results in a lower energy output than would 
be obtained from either a rotating mirror or electrooptic shutter Q-switch. 

Advantages of passive dye Q-switches include economy, simplicity of oper
ation, and the emission of the output pulse in a narrow linewidth [8.81, 82]. A 
typicallinewidth of a dye Q-switched ruby laser is of the order of 0.02 A. 

Passive dye Q-switches usually consist of two glass windows separated by an 
annular spacer. Common dye cells have path lengths ranging from 1 to 10mm. 
The windows are antireflection-coated to minimize losses. Very often the 100% 
reflective rear mirror is made part of the dye cell, in which case the coating 
is immersed in the dye solution. Dye Q-switches are either simple cells con
taining a sealed fill hole for insertion of the dye or they contain a closed-cycle 
liquid loop. The latter systems consist of a dye cell, a liquid pump, and a large
volume reservoir. The pump and nonglass components of the liquid loop must be 
carefully selected for use with the corrosive solvents common to passive dyes. 
Compared to static dye cells, considerably better system performance is achieved 
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by circulating the dye. Because fresh dye is circulated into the optical cavity for 
successive shots, flowing dye-cell Q-switches have a much improved shot-to-shot 
reproducibility and are capable of higher-repetition-rate operation. Furthermore, 
because of the large volume of dye employed in flowing systems, maintenance 
intervals, which include density adjustments of the dye, are greatly increased. 

The particular dye concentration will depend on the lamp input energy, res
onator length, and ambient temperature. For example, if the lamp input is raised, 
the dye concentration should be increased, and vice versa. Adjustment of the pas
sive dye to the correct optical density is usually performed by observing the laser 
output pulse with a fast photodiode connected to an oscilloscope. If one starts 
with a very low dye concentration which is slowly increased, then one observes 
first conventional lasing which changes to multiple Q-switch pulses until at the 
optimum concentration a single Q-switch pulse is obtained. If the concentration 
is further increased, the laser energy will decrease and the oscillator will finally 
cease to lase. 

A variation of the dye Q-switch is the plastic Q-switch. These Q-switches, 
made from transparent plastic material, are impregnated with dye solutions [8.83]. 
These Q-switches, which are most suitable for giant pulses up to 1 to 3 MW, can 
be used repeatably before damage occurs. Commercially available Q-switches 
have transmittance values ranging from 50 to 70 % [8.83]. Low maintenance 
transmittance combined with simplicity, space and weight savings have resulted 
in the application of plastic Q-switches in certain low-repetition-rate military and 
scientific systems. 

Reliable Q-switch operation of a Nd: YAG laser operating at 20Hz and pro
ducing 190mJ for more than 106 shots has been reported in [8.84]. The plastic 
Q-switch consisted of a Kodak polyester sheet (#15 064) glued between two 
glass or sapphire optical surfaces in order to better dissipate the absorbed energy 
and minimize the distortions due to its poor optical quality. Michelangeli et al. 
[8.84] reported that the best performance was achieved with a configuration as 
shown in Fig. 8.27. The design employs a polarizer-output-coupler cavity. By ro
tating the quarter-wave plate it is possible to vary the output coupler reflectivity 
and optimize the laser intensity impinging on the plastic Q-switch. Also in the 
configuration shown, the laser beam passes through the saturable absorber four 
times for each round trip. This allowed the use of a plastic dye switch with a 
low optical density (OD= 0.42). The Q-switch pulse had a width of 6 ns and the 
energy mentioned above was achieved with a lamp input of 14J. 

~-tt--l -t----Nd:YAG -p--1-----""..~ 
Fig. 8.27. Schematics of the laser cavity configurations (SA: polyester saturable absorber, P: Brewster
type dielectric polarizer, BP: BK1 glass prism having a total reflecting surface, SD: sapphire disk 
having a total reflecting surface) 
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Recently a new type of passive Q-switch emerged. Researchers in several 
countries have discovered that F2 color centers in LiF can achieve Q-switched 
Nd: YAG laser action [8.85-87]. The color centers are induced in the crystal by 
irradiation with gamma sources or electron beams. Repeatable Q-switch perfor
mance for over 106 shots at 20Hz at room temperature has been reported [8.87]. 
Passive Q-switching was observed using a 5 em long undoped Fz : LiF crystal in 
a Nd : YAG oscillator. The optical density was 0.37 at low intensities, and the 
Q-switch bleached at intensities in excess of 0.5 MW/cm2• At a flashlamp input 
of 11 J an output of 21 mJ was obtained in a 30 ns long pulse. 

8.6 Cavity Dumping 

A means for generating extremely short Q-switched laser pulses involves Q
switching the laser with 100% mirrors on both ends of the cavity and then, at 
the peak of the circulating power, rapidly switching the output mirror from 100 
to 0% reflection. This leads to a rapid dumping of the entire optical energy from 
within the cavity. One of the advantages of this technique is the production of Q
switched pulses whose width is primarily a function of the oscillator cavity length, 
rather than the gain characteristics of the laser medium. Specifically, the laser 
pulse width at the half-power points will be equivalent to the round-trip transit 
time in the cavity, with the condition that the Q-switch employed be switched 
within this same time period. Thus, based on allowable cavity dimensions, pulse 
widths in the range of 2 to 5 ns are feasible for oscillators whose pulse widths 
are of the order of 10 to 20 ns in the normal Q-switch mode. 

Figure 8.28 shows the optical layout of a ruby oscillator employed to generate 
short pulses by the cavity dumping mode. We will explain the operation of the 
system by assuming that the ruby c plane is perpendicular to the plane of the 
paper. When the flashlamp is fired, the horizontally polarized ruby fluorescence is 

polarizer 
or calcite 

prism 

Vertically polarized 
light 

Fig. 8.28. Optical layout of a ruby laser employing cavity dumping 
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transmitted by the thin-film or calcite polarizer, thereby preventing regeneration. 
Upon reaching peak-energy storage in the ruby, the Pockels cell is biased to its 
half-wave retardation voltage. The resulting vertically polarized light is reflected 
by the polarizer to the off-axis mirror, and regeneration occurs in the cavity. 
When the giant pulse power in the cavity reaches its peak value, the bias is 
removed from the Pockels cell in a time period of about 2 ns. The cavity energy 
then literally drains out of the cavity in the time required for the radiation to travel 
one round trip in the optical cavity. The combination of the polarizer, Pockels 
cell, and 100% mirror comprises what amounts to a high-speed voltage-variable 
mirror whose reflectivity is changed from 0 during the pumping cycle to 100% 
during the pulse buildup, and back to 0 during the cavity dumping phase. 

To illustrate the practical realization of this technique, we will consider a 
typical ruby oscillator consisting of a 10-cm by 1-cm ruby rod, a Pockels cell, a 
thin-film polarizer, and two 99% mirrors. If we assume a 75-cm-long cavity, we 
obtain a round-trip transit time of 5 ns. The ruby rod is pumped by a 1-ms-long 
flashlamp pulse, and the Pockels cell is switched the first time after about 0.8 ms. 
The time delay between switching the Pockels cell and the occurrence of peak 
power in the cavity is typically 60ns. In order to extract the stored cavity energy, 
the bias on the Pockels cell is reduced to zero after this time delay. This can be 
accomplished by means of the circuit shown in Fig. 8.28. In this arrangement, 
the Pockels cell is connected in-line between coaxial cables Lt and L2. Closing 
the switch S will discharge the capacitor C into the transmission line L1• When 
the voltage pulse reaches the Pockels cell, the optical beam will experience a 90° 
polarization rotating and the Q-switch pulse will start to build up from noise. 
Assuming a perfect 50 Q impedance of the Pockels cell, no reflection will occur 
at the cell and the voltage pulse will travel to the end of the shorted transmission 
line L2• At that point the pulse will be reflected with a 180° phase shift. When 
the reflection reaches the cell, the voltage on the crystal will be zero. Therefore 
the length of cable ~ determines for how long the voltage is applied to the 
Pockels cell. 

The performance of a ruby oscillator having the above-mentioned system 
parameters is illustrated in Fig. 8.29. Shown is the power inside the resonator if 
the energy is not dumped (Fig. 8.29a). The measurement was made by monitoring 
the leakage radiation through one of the 99 % mirrors with a fast detector and 
oscilloscope. The peak power and energy inside the resonator were determined 
to be 190 MW and 1 J, respectively. Figure 8.29b shows the circulating power 
monitored through the same mirror if the energy is dumped and the system is 
operated as a PTM oscillator. The internal cavity power reaches almost the same 
value as in Fig. 8.29a, then falls in about 5 ns to almost zero. This shows that all 
but a small percentage of the available energy has been dumped from the cavity. 
Figure 8.29c reveals that the dumped pulse is triangular, with a 10 to 90% rise 
time of 3.0 ns and a pulse width of 5.3 ns. This width compares exactly with the 
cavity round-trip transit time within experimental error. The total energy of this 
pulse was measured to be 0.75 J. The peak power of this pulse is thus 1.4 x 108 

W. The rise time of the output pulse is determined by the switching speed of the 
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Fig. 8.29a~. Performance of a ruby oscillator with 
cavity dumping. Photo scales lOns/div. (a) Inter
nal cavity power at 99% mirror without dumping. 
Pulse rise time 7ns, pulse width 12ns, peak power 
190MW. (b) Internal power, with cavity dumping, 
drops from 180 MW to almost zero in 5 ns. (c) Power 
dumped from cavity; rise time 3.0ns, pulse width 
5.3ns, energy 0.74J, and peak power 140MW 

hydrogen thyratron which was used to discharge capacitor C. The experimental 
data reveals that 75% of the stored energy was extracted from the resonator. 

In practical situations the design of cavity dumped lasers is completely dom
inated by the requirement of keeping the power density within the cavity below 
the damage level. The usual calcite polarizer, being the component with the low
est damage threshold, has been replaced in contemporary oscillators by highly 
damage-resistant thin-film polarizers. These components permit oscillators to op
erate at power densities up to 300MW/cm2. 

It is not necessary in a cavity dumped system to use the same Pockels cell 
for both the Q-switch initiation and cavity dumping. Earlier systems employed 
two Pockels cells for these functions [8.89-91]. Also, instead of a fixed-delay 
transmission line a more precise synchronization between the peak power in the 
cavity and the switching of the Pockels cell can be achieved if the cavity radiation 
is monitored by a detector mounted behind one of the 99% mirrors [8.92]. 
Other variations of cavity dumping are described in [8.93-95], this technique 
can be employed in any solid-state laser; for example, Nd: glass oscillators have 
produced 3-ns pulses with energies up to 180mJ [8.95]. Cavity dumping is also 
possible with cw-pumped lasers; this will be discussed next. 

Cavity Dumping of cw-Pumped Lasers 

Cavity dumping can be compared with the Q-switching of a continuously pumped 
laser. In both cases energy is assumed to be discharged from the laser in the form 
of a repetitive train of light pulses. However, energy accumulation and storage 
between output pulses are primarily in the optical field for cavity dumping, and 
primarily in the atomic population inversion for Q-switching. 

The finite buildup time of the field inside the laser cavity and the time required 
to repump the inversion set an upper limit to the repetition rate available from Q
switched lasers. This maximum value of repetition rate for Q-switched Nd: YAG 
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Fig. 8.30. Common arrangements for cavity dumping of cw-pumped solid-state lasers. The broken 
lines indicate the beams which are diffracted by the modulator 

lasers is of the order of 50 to 100kHz. Cavity dumping of continuously pumped 
lasers is a way to obtain pulsed output at higher repetition rates than are available 
by Q-switching. Repetition rates from 125 kHz up to several megahertz for cavity 
dumping were achieved with cw-pumped Nd: YAG lasers [8.96, 97]. 

Figure 8.30 shows two common arrangements employed for cavity dumping 
of cw-pumped solid-state lasers [8.96, 97]. Essentially all systems of this type 
employ acoustooptic modulators as the switching element. In order to obtain fast 
switching action, the incident beam must be focused to a narrow waist inside 
the modulator. The two oscillator designs differ in the way the optical beam is 
focused into the modulator. 

In Fig. 8.30a the modulator is located at a beam waist created by a concave 
mirror and by the thermal lens properties of the laser rod. The acoustic wave in 
the fused silica causes Bragg scattering of the forward- and backward-traveling 
light beam in the resonator. The two diffracted beams which are obtained from the 
cavity-dumped oscillator are initially traveling in opposite directions, therefore 
their frequencies are shifted to a value of w + Q and w- Q, where w is the 
frequency of the incident beam and Q is the frequency of the acoustic wave 
[8.98, 99]. The two diffracted beams are extracted from the cavity as a single 
beam and deflected out of the system by a mirror. In Fig. 8.30b the cavity is 
formed by three high-reflectivity mirrors Mt, Mz, and MJ. The mirror curvature 
and the distance between M 2 and M3 are chosen such that the light beam between 
M2 and M3 is focused to a small diameter at the center of curvature of MJ. The 
modulator is inserted at the waist of the optical beam. 

479 



Acoustooptic modulators employed for cavity dumping differ from their coun
terparts used in Q-switch applications in several respects: 

1) Compared to Q-switching, the cavity-dump mode requires much faster 
switching speeds. The rise time in an acoustooptic modulator is approxi
mately given by the beam diameter divided by the velocity of the acoustic 
wave. In order to obtain rise times around 5 ns, a value which is required for 
efficient cavity dumping, the incident beam must be focused to a diameter 
of approximately 50 pm. 

2) For efficient operation in the cavity-dump mode, it is important that esentially 
all the circulating power be diffracted into the first diffraction order. In a 
Bragg device the diffraction efficiency increases with the rf carrier frequency, 
therefore modulators employed in cavity dumpers operate at considerably 
higher frequencies, i.e., 200 to 500 MHz as compared to acoustooptic Q
switches. 

3) In order to generate an output pulse in the cavity-dump mode, a short rf 
pulse is applied to the modulator, whereas in an acoustooptic Q-switch the 
rf carrier is turned off for the generation of an output pulse. 

4) The cavity is never kept below threshold condition as in the Q-switched 
mode of operation. If the cavity is dumped of all its energy, the field has 
to build itself from the noise level. Repetitive cavity dumping was observed 
to become unstable in this case. If the repetition rate is lowered, the laser 
material is pumped higher above threshold between pulses, therefore, ac
cording to the theory of Wagner and Lengyel [8.3], a larger fraction of the 
stored energy is extracted from the system. The lower limit of the dumping 
repetition rate is reached when the internal laser energy decreases to one 
photon immediately after dumping. The upper limit of the cavity dumping 
repetition rate is set by the switching speed of the modulator. Repetition 
rates as high as 10 MHz have been reported. From a cw-pumped Nd: YAG 
laser capable of lOW of cw power, peak powers of 570W with a pulse 
duration of 25 ns have been obtained at a 2 MHz repetition rate [8.100]. 
For high-data-rate communications systems, cavity dumping of cw-pumped 
lasers is sometimes combined with mode locking [8.101, 102]. 

The technique of cavity dumping is also employed in regenerative systems. 
In a regenerative laser a pulse is injected into a laser resonator containing an 
amplifier. The pulse passes several times through the same amplifier medium 
and is then switched out. Figure 8.31a shows an optical schematic of a laser 
which employs this technique [8.103]. Illustrated is a diode-pumped Nd: YAG 
crystal located between two highly reflective mirrors, a Pockels cell Q-switch and 
a polarizer. The Nd: YAG crystal is cw-pumped and repetitively cavity dumped 
at a 10 Hz repetition rate. During the 100 ps pump time, the Pockels cell is 
operated at zero wave retardation. This is the low Q-condition because radiation 
is transmitted out of the resonator through the polarizer. At the end of the pump 
pulse, the injection laser seeds an 8 ns pulse into the resonator through the rear 
reflector. At the same time, the Pockels cell is switched to l/4 wave retardation 
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Fig. 8.3la,b. Cavity dumping of an injection seeded laser . 
Optical schematic of laser system (a) and output pulse 
shape (b) 

which establishes the high Q-condition. Radiation is building up between the 
two highly reflective mirrors. The injected pulse is regeneratively amplified in 
the cavity for about 360 ns or 120 passes. The Q-switch is then returned to zero 
wave retardation which dumps the amplified pulse through the polarizer. The 
KTP crystal converts the wavelength to 532 nm and shortens the pulse to about 
5 ns. The sequence is repeated at a 10Hz pulse repetition frequency. Figure 8.31b 
shows the output pulse at 532 nm. 

An analysis of the extraction efficiency of cavity-dumped regenerative lasers 
can be found in [8.104]. The results are quite similar to the Q-switched case, and 
the extraction efficiency depends only on the amplifier gain and resonator losses. 
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9. Mode Locking 

As we have seen in the previous chapter, the minimum pulse width obtainable 
from a reflection-mode Q-switched laser is on the order of lOns because of the 
required pulse buildup time. With the cavity dumping technique, the pulse width 
can be reduced to a minimum of 1 to 2 ns. The limitation here is the length 
of the cavity, which determines the pulse length. Ultrashort pulses with pulse 
widths in the picosecond regime are obtained from solid-state lasers by mode 
locking. Employing this technique, which phase-locks the longitudinal modes 
emitted by the laser, the pulse width is inversely related to the bandwidth of the 
laser emission. 

In a free-running laser, both longitudinal and transverse modes oscillate si
multaneously without fixed mode-to-mode amplitude and phase relationships. 
The resulting laser output is a time-averaged statistical mean value. Restricting 
oscillation of the laser to the TEMoo mode for the moment, we recall from Chap. 
5 that in a typical laser cavity there are perhaps a few hundred axial modes which 
fall within the frequency region where the gain of the laser medium exceeds the 
losses of the resonator. 

In Fig. 9.1 the spectral and temporal structure of the radiation inside a laser 
cavity are shown for a non-mode-locked laser. In the frequency domain, the 
radiation consists of a large number of discrete spectral lines spaced by the axial 
mode interval cj2L. Each mode oscillates independent of the others, and the 
phases are randomly distributed in the range -1r to +1r. In the time domain, the 
field consists of an intensity distribution which has the characteristic of thermal 
noise. 

If the oscillating modes are forced to maintain a fixed phase relationship to 
each other, the output as a function of time will vary in a well-defined manner. 
The laser is then said to be "mode-locked or "phase-locked". Figure 9.2 shows 
the output signal of an ideally mode-locked laser. The spectral intensities have a 
Gaussian distribution, while the spectral phases are identically zero. In the time 
domain the signal is a single Gaussian pulse. As can be seen from this figure, 
mode locking corresponds to correlating the spectral amplitudes and phases. 
When all the initial randomness has been removed, the correlation of the modes 
is complete and the radiation is localized in space in the form of a single pulse. 

Because the intensity profiles J(t) shown in Figs. 9.1b and 2b circulate around 
inside the cavity with a repetition rate determined by the round-trip transit time, 
these signals will repeat themselves and appear in the laser output at a rate of 
c j2L. Therefore, mode locking results in a train of pulses whose repetition period 
is twice the cavity transit time. 
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Fig. 9.1. Signal of a non-mode-locked laser. In the frequency domain (a) the intensities i(v) of the 
modes have a Rayleigh distribution about the Gaussian mean and the phases are randomly distributed. 
In the time domain (b) the intensity has the characteristic of thermal noise 
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Fig. 9.2a,b. Signal structure of an ideally mode-locked laser. The spectral intensities (a) have a 
Gaussian distribution, while the spectral phases are identically zero. In the time domain (b) the 
signal is a transform-limited Gaussian pulse 
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H we make some simplifying assumptions, we can obtain a general idea about 
the pulse width and peak power of the mode-locked output pulses. The structure 
of an optical pulse is completely defined by a phase and an intensity. Whether 
these refer to time or to frequency is immaterial since, if the description in 
one domain is complete, the profiles in the other are obtained from the Fourier 
transform. However, there is no one-to-one correspondence between the two 
intensity profiles I(t) and i(v), since each depends not only on the other but also 
on the associated phase function. The only general relationship between the two 
is 

LlvLlt ~ K, (9.1) 

where Llt and Llv are the full width of half-height of I(t) and i(v), respectively, 
and K is a constant of the order of unity. In particular, the shortest pulse obtain
able for a given spectral bandwidth is said to be transform-limited; its duration 
is 

K 
tp = Llv · (9.2) 

For mode-locking purposes Llv corresponds to the gain bandwidth LlVL of the 
laser, although sometimes in the literature Llv is more loosely interpreted as being 
the atomic linewidth of the laser medium. The number of axial modes which are 
contained within the oscillating bandwidth is N = Llvi..tR. where tR = 2L f c is the 
round-trip time in the optical resonator. The width of the individual mode-locked 
pulses is therefore 

(9.3) 

Equation (9.3) expresses the well-known result from Fourier's theorem that the 
narrower the pulse width tp. the larger the bandwidth required to generate the 
pulse. From (9.3) follows also the interesting fact that the pulse width of the 
mode-locked pulses roughly equals the cavity round-trip time divided by the 
number of mode-locked pulses. 

For simplicity, the spectral intensity in Fig. 9.2a was chosen to be a Gaussian 
function and hence the temporal profile has also a Gaussian distribution. The 
most general Gaussian optical pulse is given by 

E(t) = ( ~) exp ( -c:d2) exp [j(wpt + ,Bt2)] • · (9.4) 

The term a determines the Gaussian envelope of the pulse, and the term j,Bt is a 
linear frequency shift during the pulse (chirp). From (9.4) follows for the pulse 
width at the half-intensity points 

-(2 In 2)1
/
2 

tp- -- ' a 
(9.5) 
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and a bandwidth again taken at the half-power points of the pulse spectrum [9.1] 

1 [ ( 2 (32 ) ] 1 /2 
Llvp = ;: 2 ln 2 a : . (9.6) 

Note how the frequency chirp contributes to the total bandwidth. The pulse 
width-bandwidth product is a parameter often used to characterize pulses. For 
Gaussian pulses, the pulse width-bandwidth product is given by 

(9.7) 

For the important special case (3 = 0 (i.e., no frequency chirp), one obtains 
K = tpLlVp ~ 0.441. 

Mode-locked lasers can have high peak powers, because the power contained 
in the entire output of the uncoupled laser is now contained within the more 
intense ultrafast pulses. From (9.3) follows for the ratio of pulse-on-to-pulse-off, 
i.e., the duty cycle, a value of Lltp/tR = 1/N, so that the peak power of the 
pulse is N times the average power resulting from incoherent phasing of the 
axial modes. For aNd: glass laser, N can be as high as 104• 

The generation of mode-locked pulses from a laser requires that the longi
tudinal modes be coupled together. This is achieved experimentally by placing 
inside the laser cavity either an externally driven loss or phase modulator, or a 
passive device which exhibits saturable absorption. 

Active mode-locking is the technique employed in cw-pumped lasers. A con
tinuous train of mode-locked pulses at a relatively high repetition rate (several 
hundred megahertz) is obtained, as shown in Fig. 9.3. Saturable absorbers are 
the preferred way of obtaining mode-locked output from the pulse-pumped laser. 
Saturable dyes mode-lock and simultaneously Q-switch the laser output. There
fore, from a dye mode-locked laser a relatively short train of mode-locked pulses 
is generated, as illustrated in Fig. 9.4. The envelope of the train of pulses has ap
proximately the duration of a regular Q-switched pulse. Details of the generation 
of mode-locked pulses with active and passive devices will be discussed in the 
following sections. Exxcellent tutorial discussions of the work on mode-locked 
lasers with extensive references can be found in [9.2-7]. 

t 
Intensity 

T ime l5 ns/div.] -

Fig. 9.3. Oscilloscope trace of a train of mode
locked pulses from an actively mode-locked 
cw-pumped Nd: YAG laser 
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Fig. 9.4. Oscilloscope trace of a typical passively mode-locked Nd: glass laser. Horiwntal 20 ns/div. 
Rise and fall times and pulse width are all detector-limited in this photograph and also in Fig. 9.3 

9.1 Passive Mode Locking 

In 1965 the nonlinear absorption of saturable absorbers was first successfully 
used both to Q-switch and mode-lock solid-state lasers [9.8, 9]. Figure 9.5 shows 
various configurations of mode-locked oscillators whose three essential compo
nents are the optical cavity, the laser rod, and the dye cell containing the nonlin
ear absorber. Concave mirrors reduce the stringent requirements of stability of 
the laser cavity and facilitate optical alignment. A small aperture discriminates 
against higher-order transverse cavity modes and achieves pure TEM00-mode 
radiation. On the other hand, longitudinal mode selection due to etalon effects 
must be carefully avoided by employing Brewster angles at the laser rod and 
wedged plates for the dye cell and laser mirrors. 

We will now discuss the pulse formation in a passively mode-locked laser. A 
computer simulation of the evolution of a mode-locked pulse train from noise is 
shown in Fig. 9.6 [9.10]. This figure shows the transformation of irregular pulses 
into a single mode-locked pulse. In Figs. 9.6a-c the noise-like fluctuations are 
linearly amplified, however, a smoothening and broadening of the pulse struc
ture can be seen. In Figs. 9.6d-f the peak-to-peak excursions of the fluctuations 
have increased and, in particular, the amplitude of the strongest pulse has been 
selectively emphasized. In Fig. 9.6f the background pulses have been completely 
suppressed. 

The successive stages in the development of mode-locked pulses illustrated 
in Fig. 9.6 have been experimentally observed in ruby and glass lasers [9.11- 13]. 
In these experiments electrooptic streak cameras were employed which clearly 
showed the transformation of irregular fluctuating pulses into a periodic suc
cession of mode-locked pulses. The understanding of passive mode locking in 
solid-state systems was greatly improved after a time-domain description of mode 
locking was introduced by Letokhov [9.14]. According to this . model, which has 
been adopted by many researchers [9.4, 10-13, 15], the simultaneous Q-switched 
and mode-locked pulse evolution from noise can be divided into three stages. 
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Fig. 9.5a-d. Experimental arrangements for passively mode-locked lasers. Oscillator cavity with 
optically contacted dye cell (a) and with dye cell tilted at Brewster angle (b) arrangements, including 
telescopes in the resonator, are shown in (c) and (d) 

Linear Amplification Stage. In the initial stage, population inversion of the 
laser transition and the transmission of the bleachable dye are not affected by 
the radiation. As a result, both the amplification and absorption processes can 
be considered to be linear. The intensity pattern is that of spontaneous emission 
with a spectral content about equal to the fluorescence bandwidth. Interference 
of the laser modes with random phase relations leads to fluctuations of the light 
intensity. The total number of fluctuations is large, being of the order of the 
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number of cavity modes, but there is a small number of intensity peaks exceeding 
the average intensity significantly. The chaotic sequence of fluctuations shown 
in Fig. 9.6a represents the laser radiation in the early stage of pulse generation. 

As time goes on, the gain increases above threshold and the noise-like signal 
is amplified. During the linear amplification a natural mode selection takes place 
because the frequency-dependent gain favors cavity modes in the center of the 
fluorescence line. As a result of the spectral narrowing caused by the amplification 
process, a smoothening and broadening of the amplitude fluctuations occurs, as 
shown in Figs. 9.6b and c. 

The following numbers are typical for the linear amplification process of the 
Nd: glass, a large number of longitudinal modes is initially excited. For a typical 
cavity length of "" 1 m, one calculates ""4 x 104 cavity modes in Nd: glass with 
DVF ~ 7500GHz. This bandwidth also implies a duration of the fluorescence 
peaks of 10-13 s at the beginning of the linear amplification. Assuming a net 
gain of several percent per cavity round trip at the center of the laser line, the 
linear stage comprises ""103 cavity transits corresponding to a buildup time of 
w-5 s. The light intensity rises by many orders of magnitude to approximately 
107 W/cm2, and the fluorescence peaks increase in duration to about 10-11 s. 

Nonlinear Absorption. In this second phase of pulse evolution, the gain is 
still linear but the absorption of the dye cell becomes nonlinear because the 
intensity peaks in the laser cavity approach values of the saturation intensity 
Is of the dye (Fig. 8.26b). In the nonlinear regime of the mode-locked laser 
we note two significant processes acting together: first, there is a selection of 
one peak fluctuation or at least a small number. The most intense fluctuations 
which were built up during the linear amplification stage preferentially bleach 
the dye and grow quickly in intensity. The large number of smaller fluctuations, 
on the contrary, encounter larger absorption in the dye cell and are effectively 
suppressed. The second effect is a narrowing of the existing pulses in time, which 
broadens the frequency spectrum. The shapes of the pulses are affected by the 
nonlinearity of the dye because the wings of the pulse are more strongly absorbed 
than the peak. The second phase ends when the absorbing transition in the dye 
cell is completely saturated. Under favorable conditions the final transmission is 
close to one; i.e., the dye is transparent. The nonlinear action of the absorber at 
the intermediate power regime was illustrated in Figs. 9.6d and e. 

From the foregoing considerations follows that a saturable absorber employed 
for mode locking must have (1) an absorption line at the laser wavelength, (2) 
a linewidth equal to or greater than the laser line width, and (3) a recovery time 
shorter than the round-trip time of a pulse circulating between the two mirrors 
forming the laser cavity. In Table 9.1 the saturation parameter and the recovery 
time are listed for four dyes commonly used in mode-locked lasers [9.5]. 

Nonlinear Amplification. The final phase of the pulse evolution occurs when 
the intensity is sufficiently high for complete saturation of the absorber transition 
to take place and for the amplification to be nonlinear. This is the regime of high 
peak power. During the nonlinear stage the pulse intensity quickly rises within 
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Table9.1. Saturation density Is and recovery time m of various 
dyes employed for mode-locking 

Eastman Eastman 
Dye No. 9740 No. 9860 DDI Cryptocyanine 

Is [W cm-2] 

1D [ps] 
Laser 

4 X 107 

8.3 
Nd 

5.6 X 107 

9.3 
Nd 

"'2 X 107 

14 
Ruby 

5 X J(j6 
22 
Ruby 

"'50 cavity round trips to a value of several gigawatts per square centimeter. 
As was shown in Fig. 9.6f, at this point the background pulses have been almost 
completely suppressed. Successive passages of the high-intensity radiation pulse 
through the resonator result in a pulse train appearing at the laser output. Finally, 
the population inversion is depleted and the pulse decays. It would be expected 
that the nonlinear amplification would further broaden the spectrum and narrow 
the temporal width of the pulse. However, this does not happen, as can be seen 
by comparing Figs. 9.6e and f. This is due mostly to the onset of new processes, 
which cause the high-intensity pulse to evolve into a very complicated temporal 
and spectral structure. 

The output pulses from a mode-locked laser are far more complex than would 
be predicted by a simple theory because at these high light intensities various 
nonlinear effects occur which strongly affect the generated pulse. The pulse
width measurement consistently yields a duration longer than the reciprocal of 
the bandwidth. Treacy [9.16] observed that pulses were chirped and, hence, could 
be compressed by a dispersive delay line outside the laser cavity. Subpicosecond 
structures were observed by several groups [9.7, 17-19], and more recently, sev
eral researchers reported the observation of spectral broadening and modulation 
that were typical of self-phase modulation [9.20-22]. 

It is generally believed now that during the high-intensity stage of pulse de
velopment, the characteristics of the output pulses are largely determined by the 
intensity-dependent index of refraction change in the laser rod and dye solvent. 
Under different conditions or at different times, self-phase modulation can pro
duce either a positive frequency sweep or the breakup of a pulse into a burst with 
the character of random noise. As the pulse grows, the nonlinear index of refrac
tion causes the more intense portions to experience longer optical path lengths, 
expanding the leading edge of the pulse and compressing the trailing edge to 
produce a positive frequency sweep. If there is limited self-focusing, self-phase 
modulation will continue and the spectral shifts will become significant com
pared to the laser gain profile. The pulse shape will be distorted by the reduced 
gain for the shifted components. Nonnal dispersion will then cause the different 
frequency components of the phase-modulated, distorted pulse to interfere. In 
Nd: glass, an irregular sequence of subpicosecond light bursts of total duration 
of 10 to 15 ps finally results. Measurements of individual pulses as a function 
of position within the train clearly showed the change of pulse properties as a 
function of the number of cavity round trips [9.23-25]. It was shown [9.25, 26] 
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that pulses positioned several hundred nanoseconds before the maximum of the 
pulse train display optimum properties. Because of the small intensity (several 
108 W em - 2) one finds frequency modulation and dispersion effects negligible. 

The results of extensive experimental studies of the time and spectral structure 
of mode-locked laser radiation has been summarized in [9.25-29]. Mode-locked 
pulses are usually detected with the help of a fast photodiode and a traveling-wave 
oscilloscope. For example, the Tektronix model 519 traveling-wave oscilloscope 
has approximately a 1-GHz bandwidth. A combination of this oscilloscope and 
an ITT F4014 photodiode will have a rise time of about 0.5 ns. An oscilloscope 
display of the mode-locked laser output is an indispensible diagnostic tool for 
performing the alignment of the components, adjusting input power and dye 
concentration, etc., and checking the overall performance of the system such as 
number of mode-locked pulses, duration of the envelope, presence of background 
radiation, etc. However, the photodiode-oscilloscope combination does not pro
vide adequate time resolution for direct measurement of the pulse duration of 
individual mode-locked pulses. Although image-tube streak cameras [9.30] and 
ultrahigh-speed cameras with Kerr cell shutters [9.31] having time resolutions of 
a few picoseconds have been built, so few now exist that most workers, instead, 
employ nonlinear optical effcts, such as harmonic generators [9.32, 33] and two 
or three photon absorption methods for pulsewidth measurements [9.34]. 

9.1.1 Design and Performance Characteristics of Passively 
Mode-Locked Solid-State Lasers 

Most passively mode-locked lasers are similar in design to the oscillator con
figurations shown in Fig. 9.5. Usually, the oscillator is followed by an external 
optical gate which transmits only one pulse from the pulse train emitted by the 
laser. Despite the relatively simple construction of a passively mode-locked laser 
oscillator, the output will be very unpredictable unless dye concentration, opti
cal pumping intensity, and resonator alignment are carefully adjusted. It is not 
uncommon to find that the average pulse duration from one train of picosecond 
pulses to the next changes significantly and that the pulse train envelopes are 
not reproducible [9.35]. For instance, one may find that, in "'10 shots, optimum 
mode locking occurred only once. With the proper saturable absorber and with 
a judiciously chosen optical system, the probability of obtaining clean mode
locked pulse trains which are free of subsidiary pulses is typically 0.6 to 0.7 in 
passively mode-locked solid-state lasers. With extreme care, which involves the 
optimization of each individual component, systems have been reported which 
consistently mode-locked 80 to 90% of the time [9.36-38]. 

The design elements of particular interest in a mode-locked system are the 
resonator configuration, the type of dye and solvent used, the concentration and 
thickness of the dye, and the construction of the dye cell. In the following we 
will discuss these elements and their influence on the oscillator output. The 
performance parameters of prime concern are the pulse energy and width, the 
signal-to-noise ratio, and the shot-to-shot reproducibility. 
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Resonator Configuration. One major requirement in the resonator design of a 
mode-locked system is the complete elimination of reflections which can occur 
from components located between the two cavity mirrors. This is accomplished 
by employing laser rods with Brewster's angle at the ends, placing the dye cell at 
Brewster's angle in the resonator, and by using cavity mirrors which are wedged. 
Reflection from an optical surface which is parallel to the cavity mirrors will 
create a secondary resonator. The mode-locked pulse will be split into several 
pulses which will circulate inside the resonators with different round-trip times. 
The result is a very erratic output usually consisting of several superpositioned 
pulse trains or containing subsidiary pulses in the train [9.2, 35, 39]. With all 
optical surfaces inside the resonator, either at Brewster angle or antireflection
coated and tilted away from the resonator axis, coupled resonator structures can 
be avoided and the occurrence of satellite pulses is minimized. Similar attention 
must be paid to avoid back-reflection into the cavity from external components. 

In order to reduce the number of reflective surfaces in the laser cavity and, 
therefore, minimize the possibility of secondary reflections, the dye cell and rear 
mirror are often combined. As shown in Fig. 9.5a, the 100% mirror takes the 
place of the rear dye-cell window. A saturable absorber, where the dye is in 
contact with the cavity mirror, not only provides the most reliable mode-locking 
operation but also yields the shortest pulses [9.2, 40]. Typically, dye cells vary 
in length from 1 em to 0.1 em; however, it was found that a thin dye layer is 
preferable for mode locking [9.40,41]. The resonator length is usually chosen 
between 1 and 1.5 m; in this case the pulse separation is of the order of 10 n, 
which makes the selection of a single pulse with an external gate relatively sim
ple. The reflectivity of the front mirror is typically between 50 and 60 %. The 
output reproducibility from a mode-locked laser is drastically improved by us
ing at least one curved mirror instead of two plane mirrors [9.38]. Very often 
a mode-selecting aperture is inserted into the resonator of a mode-locked oscil
lator because in multitransverse-mode systems the power density is so large in 
localized areas that component damage frequently occurs. Sometimes a Galilean 
telescope or a single lens is included in the laser cavity to increase the beam 
diameter, which reduces the optical power density inside the dye and at the 
rear mirror. Examples of oscillators containing beam-expanding optics in the 
resonator are shown in Figs. 9.5c and d [9.37, 42]. 

Saturable Dyes Suitable for Mode-Locking. As was mentioned before, a dye 
employed to mode-lock a laser has to have a fast recovery time which is of the 
order of the duration of the mode-locked pulse. Generally speaking, saturable 
absorbers with long relaxation times tend to narrow the spectral width, while 
saturable absorbers with fast relaxation times tend to broaden the spectral width 
of lasers. This is the reason why for longitudinal-mode selection of passive Q
switched lasers, dyes with very long recovery times are desirable, as discussed 
in Chap.5. 

Nd: glass and Nd: YAG lasers are mode-locked with Eastman 9740 or 9860 
dye suitably diluted with 1 ,2-dichloroethane or chlorobenzene. The dye concen-
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tration is usually chosen to produce a linear transmission between 50 and 80 % 
at 1.06 J.Lm through the cell. Experimental data concerning the properties of these 
dyes were published in [9.43, 44). 

Practically all dyes useful in the generation of mode-locked pulses decom
pose when exposed to ultraviolet light. In particular, Eastman 9740 and 9860 are 
extremely sensitive to light in the uv region. To eliminate dye breakdown due to 
uv radiation from flashlamp and ambient light, the dye cell should be well light
shielded with only a small aperture exposed for the laser beam. Uv-absorbing 
glass and quartz can be used for the dye cell windows, and special uv-free fluo
rescent lighting around the laser area is usually installed. A suitable fluorescent 
lamp is the General Electric Series F96 Tl2/Gold. Otherwise, while handling 
these dyes, fluorescent lights should be turned off and a tungsten-filament lamp 
should be used for illumination. 

A new dye- Eastman 14015- was introduced for mode-locking neodymium 
lasers. According to preliminary data, it appears that this dye is much more stable 
and yields a longer performance life than the dyes mentioned above. Eastman 
14015 has the interesting property that the recovery time is drastically affected 
by the solvent [9.45]. It was found that the dye dissolved in 1,2-dichloroethane 
produces Q-switching, but it does not mode-lock the Nd: glass laser. This was at
tributed to the relatively long lifetime of the dye in its triplet state. Other solvents 
were found to shorten the recovery time, and mode locking was achieved with 
iodoethane, methyl sulfoxide, and ethyl sulfide as solvents. Ruby lasers are usu
ally mode-locked with either cryptocyanine or 1, 1'-diethyl-2, 2'-dicarbocyanine 
iodide (DDI) [9.42). The former dye can be diluted with nitrobenzene, acetone, 
ethanol, or methanol. The most consistent mode-locked operation is achieved 
with acetone, mainly because the absorption peak for cryptocyanine in acetone 
exactly coincides with the ruby line, while in the other solvents it is displaced 
by more than 100 A compared to the ruby wavelength. Shorter mode-locked 
pulses and a more reliable operation is achieved with DDI diluted in methanol 
or ethanol. The absorption peak of the DOl-methanol combination occurs at 
7060 A. By some substitutions on the polymethine chain of DDI a new dye, 
DDI*, was developed which, diluted with methanol, has an absorption peak at 
the ruby wavelength [9.46]. It was also found that in DDI* a temperature change 
from 3 to 40° C resulted in only a 3 % shift of the absorption, and during a 
16-week period a 4 %absorption shift occurred compared to cryptocyanine with 
a 16% shift. Highly reproducible ultrashort mode-locked pulses with duration of 
the order of 5 ps were obtained by adding rhodamine 6G to a solution of DDI in 
methanol [9.47]. In the same laser, DDI in methanol yielded pulses of lOps in 
length and cryptocyanine in acetone resulted in pulse widths around 20 ps. Other 
related dyes, such as DDCI and DTCDI, have also been used to mode-lock ruby 
lasers and have resulted in pulse widths of 20 to lOOps, respectively [9.48). 

Saturable absorbers should be replenished with fresh solution periodically. 
By far the most reliable performance from mode-locked dye systems is obtained 
if the dye is circulated through the cell from a large reservoir. The pumping 
action assures uniform mixing of the dye; because of the large volume, the 
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dye's concentration remains constant over a long period of time and fresh dye 
is exposed to each laser pulse [9.49, 50]. For a discussion of the structure and 
properties of organic dyes the reader is referred to [9.51]. 

Performance Data of Mode-locked Solid-state Lasers. The wide-spread inter
est in the Nd: glass laser arose because this material possesses a much broader 
linewidth than other solid-state lasers and would, therefore, be expected to pro
duce the shortest mode-locked pulses. Typical commercially available mode
locked Nd: glass lasers produce pulse trains about 50 to 200 ns wide, containing 
pulses of 5 to 20ps in duration. The Brewster-ended rods have dimensions rang
ing from 8 to 20 em in length and up to 1.5 em in diameter. Mode locking is 
achieved with dye cells having a path length of several millimeters. Mirrors or 
windows are wedged at least 30 arc/min so that they do not act as mode selectors. 
The total energy output can vary from 25 mJ to several hundred millijoules, and 
the energy content of the pulses in the middle of the train is between 1 to 10 mJ. 
Engineering aspects of mode-locked Nd: glass systems have been discussed in 
[9.36, 38]. 

From ruby lasers of approximately similar geometry as the glass lasers men
tioned above, pulse durations that have been quoted range from 5 ps to 30 ps 
[9.41, 42, 46, 52-55]. Thicknesses of dye cells range typically from several mil
limeters to a fraction of a millimeter. Optimum absorber cell transmission for 
most systems is between 0.6 and 0.8. For a typical ruby rod, 10 em long and 1 
em in diameter, the total energy in the mode-locked pulse train is around 50 mJ 
and the energy per single pulse is about 2 to 5 mJ in the center of the train. 

Mode-locked Nd: YAG lasers typically employ laser rods ranging from 
3 x 5 mm to 6 x 75 mm in size. With 1-mm-thick dye cells pulses between 
20 and 40ps in duration have been produced [9.49, 56-58]. Depending on dye 
concentration and ftashlamp energy, the pulse trains are usually 10 to 80ns long. 
Figure 9.7a shows a typical mode-locked train generated by a Nd:YAG laser. A 
portion of the pulse in the center was switched out in order to measure the pulse 
width. Figures 9.7b and c show an oscillogram and a two-photon absorption 
measurement of this pulse. 

It has been found that for maximum reliability of operation it is necessary to 
temperature-control the dye solution. A change in absorption of ~ % per degree 
was found in the diluted Eastman dyes 9740 and 9860 [9.58]. Very stable and 
reproducible performance was achieved with a flowing dye system with the dye 
temperature controlled to ± 0.1 C. 

Pulsed mode-locked Nd: YAG systems are usually operated at a pulse repe
tition rate of up to 5 pps and in extreme cases up to 30 pps [9.59]. The systems 
usually incorporate a large pump and temperature-controlled dye reservoir, mi
cropore filter, and a laminar flow dye cell. Materials which come into contact 
with the dye solution must be limited to stainless steel, teflon, and glass. 

Mode-locked pulses ranging from 5 to 15 ps were obtained by mode-locking 
Nd: CaLaSOAP with Eastman dye 9740 in dichlorethane [9.60]. A 0.25-mm-
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Fig. 9.7a-c Passively mode-locked Nd: YAG laser. Oscillograms of (a) the pulse train, (b) a single 

pulse, and (c) a two-photon absorption measurement 

thick dye was formed by the 65% mirror and a wedged fused silica window. 
The train contained typically 15 to 20 pulses. 

Generation of Bandwidth-limited Pulses. In order to generate extremely short 
bandwidth-limited mode-locked pulses from solid-state lasers, the following pro
cedures must be followed: 

1) Complete elimination of parasitic mode selection which causes a reduction 
in the number of excited modes. From (9.3) it follows that purposely reducing 
the number of longitudinal modes leads to a longer pulse duration. On the other 
hand, flattening of the gain-frequency profile and therefore increasing the number 
of modes helps to generate shorter light pulses [9.61, 62]. 

2) Use of a narrow-path dye cell. It has been found that the width of the 
individual pulses in a mode-locked train have a direct relationship to the optical 
path length of the dye cell. The most reliable mode locking and the shortest pulses 
are obtained when the saturable absorber is placed in contact with one of the 
dielectric mirrors and the dye thickness l satisfies the condition l :::; cr f2n, where 
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r and n are the relaxation time and refractive index of the dye, respectively, and 
c is the speed of light. For Eastman dyes A9740 and A9860, 1 ~ 1 mm. The 
relationship between dye thickness and pulse duration has been investigated by 
Bradley et al. [9.18, 63], who measured their shortest pulses for 1 ~ 30 p.m. 

3) Selection of a single pulse from the early portion of the train. Measure
ments with picosecond streak cameras have shown that the shortest pulses occur 
in the initial part of the train [9.63-65]. As was explained earlier, during the 
high-intensity-portion of the pulse development, self-phase modulation causes 
frequency broadening of the pulses. Bradley and Sibbett [9.63] measured pulses 
of 3 ps duration at the beginning of a pulse train generated from a Nd: glass 
laser, mode-locked with a 50-p.m-long dye cell, increasing to about lOps at the 
end of the train. 

4) Operation close to threshold. Since the pulse duration tp ~ 1/N, where N 
is the number of locked modes, one might be tempted to increase the pump power 
in an effort to excite more modes. However, if the pump energy is too high, it 
is possible for more than one train of mode-locked pulses to develop during the 
pump cycle. Experience shows that pumping the laser just above threshold is 
essential for reproducible mode-locking operation. 

A mode-locked pulse can also be further shortened by several temporal com
pression techniques. The approaches mentioned in the literature include single 
pass or multiple pass pulse compression employing saturable absorbing dyes 
[9.66]. Particularly effective are regenerative pulse compression schemes, where 
a mode-locked pulse from a master oscillator is injected into a regenerative am
plifier containing an intracavity saturable dye. As the pulse is amplified through 
the nonlinear transmission range of the dye, its leading and trailing edges expe
,rience more loss than its peak, effectively compressing it in time [9.67-69]. 

Variable Pulse Width from Passively Mode-locked Systems. Several appli
cations of mode-locked laser systems, such as laser-produced plasma experi
ments, require the generation of relatively long mode-locked pulses with dura
tions of several hundred picoseconds. By combining mode locking with longitu
dinal mode selection, it is possible to extend the pulse width from the picosecond 
to the nanosecond range. A reduction of the number of axial modes and therefore 
an expansion of the pulse width can be achieved by inserting frequency-selective 
elements into the cavity. Employing tilted transmission etalons or diffraction 
gratings or a combination of both, variable pulse widths were obtained from 
Nd: glass, Nd: YAG, and ruby lasers [9.65, 70]. Figure 9.8 shows typical results 
for a saturable absorber mode-locked and Q-switched Nd: YAG system [9.71]. 
With no etalon the pulse width, as determined from two-photon fluorescence, 
was 20 ps. When tilted etalons of different thicknesses were inserted in the cav
ity and adjusted such that the transmission maximum coincided with the peak 
fluorescence of the 1.06-p.m line, stable operation was obtained at pulse widths 
up to 1.25 ns. Agreement between the experimentally determined pulse duration 
and the spectral characteristic of the cavity shows that mode locking with spec-
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Fig. 9.8. Pulse width versus etalon thickness for a 
mode-locked Nd: YAG laser [9.71] 

tral mode selection is understood well enough so that lasers can be designed to 
produce pulses having durations anywhere in the range from 10-11 to 10-9 s. 

Signal-to-Noise Ratio. One important characteristic of the emission from a 
mode-locked laser is the ratio between the peak intensity of the pulse and the 
background radiation between the principal pulses. Especially when single mode
locked pulses are amplified to high energy levels, any radiation preceding the 
main pulse is very undesirable. For oscillators employed in multiple amplifier 
systems, a signal-to-noise ratio in excess of 20 dB is usually required. This perfor
mance level can be achieved with carefully designed systems which are operated 
close to threshold. The signal-to-noise ratio from an oscillator can be improved 
by passing the radiation through a fast-relaxing saturable dye. Having the dye 
cell located external to the oscillator will attenuate the low-intensity background 
radiation more than the high peak power mode-locked pulse [9.72]. 

9.2 Active Mode Locking 

By placing inside a laser cavity either a phase (FM) modulator or an amplitude 
(AM) modulator driven at exactly the frequency separation of the axial modes, 
one can cause the laser to generate a train of mode-locked pulses with a pulse 
repetition rate of fm = cf2L. Active mode locking, performed on cw-pumped 
lasers such as the Nd: YAG system, is achieved by inserting into the resonator 
an electrooptic or acoustooptic modulator. 

Loss Modulation. From a frequency-domain viewpoint, introducing a time
varying transmission T(t) through an amplitude modulator inside the laser res
onator creates sidebands on each oscillating axial mode which overlap with ad-
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joining axial modes. The operation can best be described as follows: assume that 
the mode with the frequency vo, nearest the peak of the laser gain profile, will 
begin to oscillate first. If a loss modulator operating at a frequency f m is inserted 
into the resonator, the carrier frequency v0 will develop sidebands at ± fm· If 
the modulating frequency is chosen to be commensurate with the axial mode 
frequency separation fm = cf2L, the coincidence of the upper (vo + fm) and the 
lower (vo - fm) sidebands with the adjacent axial mode resonances will couple 
the vo- fm. vo, and vo + fm modes with a well-defined amplitude and phase. 
As the vo + fm and vo - fm oscillations pass through the modulator, they will 
also become modulated and their sidebands will couple the vo ± 2fm modes to 
the previous three modes. This process will continue until all axial modes falling 
within the laser linewidth are coupled. 

Viewed in the time domain, the same intracavity modulating element, with 
its modulation period equal to the round-trip transit time 2L f c, can reshape the 
internal circulating field distribution repeatedly on each successive round trip 
inside the cavity. For example, light incident at the modulator during a certain 
part of the modulation cycle will be again incident at the same point of the next 
cycle after one round trip in the laser resonator. Light suffering a loss at one time 
will again suffer a loss on the next round trip. Thus, all the light in the resonator 
will experience loss except that light which passes through the modulator when 
the modulator loss is zero (Fig. 9.9a). Light will tend to build up in narrow 
pulses in these low-loss time positions. In a general way we can see that these 
pulses will have a width given by the reciprocal of the gain bandwidth, since 
wider pulses will experience more loss in the modulator, and narrower pulses 
will experience less gain because their frequency spectrum will be wider than 
the gain bandwidth. 

Siegman and Kuizenga [9.73, 74] developed an elementary analysis of mode 
locking in homogeneous lasers by following a single mode-locked pulse through 
one round trip around the laser cavity. For steady-state mode locking the pulse 
shape should be unchanged after a complete roundtrip. The self-consistent solu
tion carried out for a Gaussian pulse leads to a simple expression which shows the 
dependence of the mode-locked pulse width on linewidth, modulation frequency, 
depth of modulation, and saturated gain. 

For an acoustooptic AM modulator operating in the Bragg regime, as well 
as for electrooptic AM modulators, the single-pass transmission function is 

T(t) ~ cos (bAM sin wmt) , (9.8) 

,,~ 
T(t)l 

OA A A A •t 

(a) AM mode locking (b) FM mode locking 

Fig. 9.9a, b. Mode-coupling behavior in the case of (a) AM mode locking and (b) FM mode locking 
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where bAM is the modulation index and Wm = 27rJm is the angular frequency 
of the modulation. In the ideal mode-locking case, the pulse passes through the 
modulator at the instant of maximum transmission. This occurs twice in every 
period of the modulation signal wm, and hence one drives these modulators at a 
modulation frequency equal to half the axial mode spacing of the laser. Expanding 
(9.8) at the transmission maximum gives for the round-trip modulation function 

which results in a pulse width for the AM mode-locked laser [9.75] of 

(gl)1f4 ( 1 )1/2 
tp(AM) ;:::j ~ + Ll , 

2bAM Jm V 

(9.9) 

(9.10) 

where g is the saturated gain coefficient at the line center, Llv is the gain band
width of the laser, and lis the length of the active medium. The AM mode-locked 
pulses have no frequency "chirp"; i.e., f3AM = 0 in (9.4). 

Phase Modulation. Light passing through an electrooptic phase modulator will 
be up- or down-shifted in frequency unless it passes through at the time when the 
intracavity phase modulation b(t) is stationary at either of its extrema. The recir
culating energy passing through the FM modulator at any other time receives a 
Doppler shift proportional to db/ dt, and the repeated Doppler shifts on successive 
passes through the modulator eventually push this energy outside the frequency 
band over which gain is available from the laser medium. The interaction of the 
spectrally widened circulating power with the narrow laser linewidth leads to a 
reduction in gain for most frequency components. Thus, the effect of the phase 
modulator is similar to the loss modulator, and the previous discussion of loss 
modulation also applies here. As shown in Fig. 9.9b, the existence of two phase 
extrema per period creates a phase uncertainty in the mode-locked pulse position, 
since the pulse can occur at either of two equally probable phases relative to the 
modulating signal. The quadratic variation of b(t) about the pulse arrival time 
also produces a frequency "chirp" within the short mode-locked pulses. 

In the FM case, the internal phase modulator introduces a sinusoidally vary
ing phase perturbation b(t) such that the round-trip transmission through the 
modulator is given approximately by 

(9.11) 

where bFM is the peak phase retardation through the modulator. The ± sign 
corresponds to the two possible phase positions at which the pulse can pass 
through the modulator, as mentioned earlier. With these parameters the pulse 
width of phase mode-locked pulses is given by [9.73] 

(gl)1f4 
tp(FM) ;:::j 2(8FM)lf4(JmLlv)l/2 . (9.12) 
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In an electro-optic phase modulator the phase retardation is proportional to the 
modulating voltage, hence DFM ex. P!/2, where Pm is the drive power into the 
modulator. Therefore, we obtain from (9.12) for the pulse width tp(FM) ex. P;;118, 

which indicates that the pulses shorten very slowly with increased modulator 
drive. More effective in shortening the pulses is an increase of the modulational 
frequency. Since fm = cf2L, the pulse width will be proportional to the square 
root of the cavity length. 

In order to calculate the pulse width from (9.12), we can calculate the satu
rated gain coefficient g by equating the loop gain with the loss in the resonator 

2gl Rj In(~) , (9.13) 

where R is the effective reflection of the output mirror and includes all losses. 
For a typical Nd: YAG laser with 10 % round-trip loss, that is, R = 0.9, a 
resonator length of 60 em, and a linewidth of 120 GHz, the pulse length is given 
by tp(FM) = 39(1/6r:M_)114• For DFM = 1 rad, which is easily obtainable, pulses of 
39 ps can be generated. The mode-locked pulses obtained through FM modulation 
show a linear frequency shift 

( Dr:M.)l/2 
f3FM = 11"2 

4gl Llv fm , (9.14) 

where f3FM was defined in (9.4). 

Dynamics of Mode Locking. H a laser cavity is mechanically or optically dis
turbed, the mode-locked pulse train may be upset sufficiently to cause a momen
tary, substantial broadening of the pulses themselves. In such a case, the cavity 
must recover under the influence of the modulator. A transient description of 
the buildup of mode locking has been developed for the extreme case where the 
laser cavity field starts out from noise. For an AM modulator with a modula
tion function according to (9.8), a transient solution of the mode-locking process 
yields [9.76, 77] 

tp = [tanh(M/Mo)]1/ 2 ' 
(9.15) 

where t'Pl is tlte steady-state pulse widtlt given by (9.10), M is the number of 
round trips from the time the modulator is turned on, and tlte constant Mo is 
given by 

Llv 
Mo = 4(2gl)1126AMfm · 

(9.16) 

According to (9.15) it requires M Rj 1.5Mo for the pulse width to approach 5% 
of the final steady-state value. For a typical cw-pumped Nd: YAG laser with 
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Llv = 120 GHz, fm = 100MHz, 2gl = 0.2, and bAM= 0.3, almost 3000 transits 
or 15 p,s are required to bring the pulsewidth down near its steady-state value. 

9.2.1 Design of Actively Mode-Locked Laser Systems 

As is the case with passive mode-locked systems, etalon effects due to intracavity 
elements will reduce the bandwidth of the system and broaden the mode-locked 
pulses. In a cw-pumped Nd: YAG laser, even a weak etalon effect due to the mod
ulator or rod surfaces can decrease the effective value of Llv by a large amount. 
Therefore, one of the most important considerations in a practical mode-locking 
system is the elimination of residual reflections and optical interference effects 
in the laser cavity. On the other hand, it is possible to use a tilted etalon inside a 
mode-locked laser to deliberately lengthen the pulse width. With uncoated quartz 
etalons of thickness between 1 and 10 mm, good control of the pulse width can 
be achieved [9.75]. 

Mode locking of cw-pumped Nd: YAG lasers has been accomplished with 
acoustooptic loss modulators [7. 78, 79] and electro-optic phase or loss modulators 
[9.80-82]. Detailed design information of stable and reliable actively mode
locked Nd: YAG and Nd: YLF systems can be found in [9.83, 84]. The crystals 
used in electro-optic modulators are usually lithium niobate or barium sodium 
niobate. We will consider LiNb03 as an example to illustrate typical operating 
parameters of an electro-optic modulator employed in active mode locking. 

For LiNb03 operated as a phase modulator, two cases are of particular inter
est. First, suppose that the direction of light propagation is in the x direction and 
that the modulating field is applied in the z direction. A pure phase retardation 
can be obtained by polarizing the light either along the y axis or the z axis. One 
obtains 

(9.17) 

where no and ne are the ordinary and extraordinary index of refraction, and r13, 
r33 are the electro-optic coefficients of LiNb03. Because r33 is larger than r13 in 
LiNb03, optimum phase modulation is obtained by polarizing the incident light 
in the z direction. The total phase change in the crystal is t5 = 27!' Llnaf >.0 , where 
a is the length of the crystal in the x direction. If a voltage V = Vo cos wm t is 
applied across the crystal in the z direction, the peak single-pass phase retardation 
of the modulator is 

(9.18) 

where d is the dimension of the crystal in the z direction. The effective value of 
bFM is obtained by multiplying (9.18) with the mode-coupling coefficient of the 
crystal, [9.85]: 

bFM = [cos ( 7l':o) sine(;~)] 8~ (9.19) 
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where Zo is the distance of the modulator from the end mirror and L is the 
optical length of the laser cavity. The term in brackets, which varies between 0 
and 1, represents the degree of synchronism between the optical and modulating 
fields. If the LiNb03 modulator is operated with the light polarized in the y 
direction, the term r33n~ in (9.18) must be replaced by r13n~. For LiNb03 these 
parameters are n0 = 2.24, and ne = 2.16 at 1.06 f..Lm, and r13 = 8.6 X 10-1° Cm/V 

and r33 = 30.8 x w-10 cmN. Typically, a phase retardation. of approximately 
Dm = 1 rad results with 300 V across a 5-mm x 5-mm x 20-mm crystal. 

In order to produce a pure loss modulation in LiNb03 the light propagates 
along the z axis (optic axis) and the modulating field is applied in the x direc
tion. If the incident beam is polarized in the x direction, a single pass through 
the crystal will cause a polarization rotation of 1rr22n~aEx / .Ao radians. For a 
sinusoidally varying voltage Vx = Vo cos wmt, the peak single-pass power loss 
to the incident polarization is 

c _ . 2 (1rr22n~Vo a) 
VAM - sm .Ao d . (9.20) 

Hence, when used with a Brewster plate internal to the laser, this crystal orien
tation acts as a pure loss modulation. From these considerations follows that in 
order to convert from phase to loss modulation it is necessary to substitute an x 
axis LiNb03 for a z-axis one and to reduce the frequency by a factor of 2. 

Electrically, the modulator consists of a pair of electrodes between which the 
crystal is placed An inductive loop and a tuning capacitor are shunted across 
these electrodes and are used to achieve the desired resonant frequency. 

In a Nd: YAG laser, the average power obtained in mode-locked operation 
is very nearly the same as the average power from the same laser without mode 
locking [9.86]. We do not consider here the reduction in average power that may 
occur in a laser simply from inserting the modulator element in the cavity as a 
result of optical losses in the modulator element. For example, in aNd: YAG laser 
phase modulated with a 2-cm-long LiNb03 crystal at a frequency of 388 MHz, an 
average power of 1.2 W TEMoo mode was achieved [9.80]. The laser produced 
a train of pulses 30ps in duration and with peak powers over lOOW. The rf 
drive power was 4.8 W. The laser consisted of a 63-mm-long by 3-mm-diameter 
laser rod pumped by two tungsten lamps in a double-elliptical pump cavity. 
The cw output power of the laser with the modulator inserted in the cavity 
was 1.3 W. In a similar arrangement, mode-locked pulses varying from 40ps to 
200ps were generated by inserting etalons into the cavity [9.74]. In a commercial 
Nd: YAG laser, phase modulation was achieved with a barium sodium niobate 
crystal having the size of a 5-mm cube which was driven with a 5-W rf source 
at 200 MHz [9.81]. 

Electronic Feedback Loops. Active mode locking of a laser can be achieved 
by using a tunable oscillator and adjusting the driving frequency to agree with 
the cavity length; or, alternatively, selecting a fixed frequency and adjusting the 
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mirror spacing to correspond. However, slow shifts in oscillator frequency or, 
more commonly, changes in effective cavity length due to thermal effects in the 
laser rod and laser support structure will cause a gradual loss of resonance. In the 
loss-modulated laser, this change causes the pulse to go through the modulator at 
a time when the polarization rotation is nonzero and, hence, increases the average 
loss introduced by the modulator. In the phase-modulated laser, it causes the pulse 
to pass through the modulator at a time when the instantaneous phase retardation 
is changing with time. Thus, a Doppler shift of the train results, which shifts the 
pulse frequencies toward the wings of the line, which reduces the output power 
of the laser. Actively mode-locked lasers are very sensitive to even very small 
frequency detuning between the applied modulation frequency fm and the exact 
round-trip repetition frequency c/2L of the laser cavity. For the pulse-modulation 
effects to be properly cumulative over many pulse transits, the two frequencies 
must be very accurately synchronized. Modulation frequency tolerances less than 
"' 1 kHz for a modulation frequency of several hundred megahertz are typical 
for cw mode-locked Nd: YAG lasers. In order to maintain stable mode-locked 
operation, it is necessary to use some form of electronic feedback. The primary 
role of the electronic system is to maintain the crystal driving frequency in exact 
resonance with the round-trip cavity frequency or equivalently with the cavity 
intermode spacing. 

Next, we will consider several types of feedback loops that have been used 
in mode-locked lasers for long-term operation. 

Oscillator Loop. A simple mode-locking system can be built by allowing the 
laser to determine its own drive frequency, as shown in Fig. 9 .10. This can 
be accomplished by using a high-speed photodetector to sense the first beat 
frequency cf2L of the oscillator. This signal is amplified, phase-shifted a variable 
amount, and then applied to the intracavity modulator. The adjustable phase 
shifter compensates for the delay in the feedback loop. When the phase of the 

Nd:YAG laser 

Photodetector 

,----~-l 

-t-B-E---=t---8--~ I 
L _______ _j 

Preamplifier Power 
amplifier 

Variable 
phase shift Fig. 9.10. Direct-drive mode-locking system 
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electric signal on the modulator and the signal derived from the laser equal an 
integer times 1r, the loop goes into regeneration and the laser is mode-locked. The 
resultant mode-locking system is a closed-loop oscillator using the laser cavity 
as the basic reference. Such a system will automatically track changes in cavity 
geometry [9.87]. 

In a phase-modulation system there is an ambiguity in the phase relationship 
between the laser pulse train and the modulator driving signal, as the pulses 
may pass through the modulator at either of the two extreme voltage points. 
Because of this phase ambiguity, two possible pulse trains can be obtained- one 
at 0° phase with respect to the modulator drive anq one at 180°. The laser will 
always operate with only one of these pulse trains running at a time, because 
to do otherwise would result in a larger net loss in the laser cavity. However, 
small perturbations to the laser can cause random shifting from one phase to 
the other, the phase change requiring several microseconds. An automatic phase
modulating mode-locked system, which operates by synchronizing the modulator 
drive signal to the first-order mode beat of the laser, suffers from sporadic loss 
of lock as the laser hops from one stable phase to the other. 

A loss-modulation system does not suffer from this ambiguity. However, one 
of the inherent problems with a loss modulator is the tendency to excite the 
natural relaxation oscillations in the cw laser. These relaxation oscillations cause 
fluctuations in amplitude, accompanied by damped oscillations at frequencies 
in the 30- to 150-kHz range. For this reason, most commercially built active 
mode-locked lasers employ phase modulation. 

In a phase-modulated laser we can avoid the failure mode which occurs 
due to a spontaneous switch of 180° in the phase of the output pulse train by 
utilizing the second-order beat frequency. A mode-locking control system that 
has proven to be quite stable is shown in schematic form in Fig. 9.11 [9.81]. The 
oscillator is phase-modulated at the fundamental beat frequency of 200 MHz by 
a modulator driven from a voltage-controlled oscillator (VCO). A photodetector 
mounted behind the rear mirror of the oscillator samples a portion of the beam. 
A bandpass filter selects the second harmonic of the cavity beat frequency. The 
resultant amplified 400-MHz signal is compared in a phase detector with a 400-
MHz comparison signal derived by multiplying the output of the VCO by 2. The 
phase-detected output is amplified and used to control the VCO. Initial mode 
locking is performed manually by adjusting the bias of the VCO. 

In another technique two drive frequencies, the fundamental and harmonic 
beat frequency, are b9th applied to the modulator to suppress the 180° phase 
switching of the optical pulse train [9.89]. An oscillator loop that incorporates 
this feature is shown in Fig. 9.12. Here the fundamental beat note fm is detected, 
amplified, and applied to the intracavity modulator. Part of this signal is coupled 
out, doubled in frequency, and applied to the crystal that is in a doubly resonant 
circuit. There are two phase-shift adjustments: an absolute phase shift and a 
relative phase shift The relative phase shifter is adjusted in the open loop as 
described previously to suppress the pulse train phase switching. The absolute 
phase shifter is then adjusted to provide stable loop operation. 
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Fig. 9.12. An oscillator loop corrected for phase switching [9.89] 

Servo Loops. It is possible to construct another type of feedback loop called 
a servo loop where variations in the laser generate an error signal which can 
be used to correct the frequency of the drive oscillator or to correct the cavity 
length. A simple technique for doing this takes advantage of the fact that as 
cf2L changes with respect to fm, the phase of the mode-locked pulse train 
relative to the modulation drive signal also changes. Both the loss- and phase
modulated lasers provide such a discriminant. Experimental curves of the phase 
of the pulse train as a function of the detuning frequency for a Nd: YAG laser 
are shown in Fig. 9.13. Using this discriminant, an error signal proportional to 
t1fm is derived which, for example, in the scheme illustrated in Fig. 9.14, is used 
to adjust the length of the cavity [9.80,-81]. In Fig. 9.14 the pulses are detected 
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Fig. 9.13. Experimental curves of the phase of the pulse train relative to the modulation drive signal 

as a function of detuning the modulation frequency from the axial mode interval [9.85] 
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Fig. 9.14. Mode-locking system with phase-detection technique [9.85] 

with a photodiode whose output consists of beat notes at all multiples of the 
modulation frequency. To avoid the ambiguity which occurs in phase-modulated 
systems, the first harmonic of the beat frequency is filtered out and amplified, 
after which both this signal and a portion of the signal driving the intracavity 
modulator (whose phase is used for comparison purposes) are beat down to an 
intermediate frequency. The two rf signals are then mixed and the de output of 
the mixer is amplified. The resultant de signal is then proportional to the phase 
difference between the pulse train and the rf modulator drive signal, and can be 
used to stabilize the phase of the pulse train. 

506 



Extensive lists of references on actively mode-locked solid-state lasers can 
be found in several excellent reviews [9.75, 86, 88]. Besides in Nd: YAG, active 
mode locking has also been achieved in ruby [9.90, 91], Nd: glass [9.92-94] and 
Nd : YLF [9.84, 95, 96]. 

At the conclusion of this chapter a few topics related to active mode locking 
will be briefly mentioned. Mode locking at harmonic multiples of the basic 
repetition frequency cf2L has been obtained by driving the intracavity modulator 
at the appropriate modulation frequency fm = N cf2L, where N > 1. Intracavity 
phase modulation at harmonics up to N = 5 has been achieved in aNd: YAG laser 
[9.97-99]. These techniques are of interest for high-data-rate communications 
systems. Several authors describe mode locking and second-harmonic generation 
inside the laser resonator using the same nonlinear crystal [9.81, 100, 101] or a 
separate nonlinear crystal [9.79]. 

9.3 Active-Passive Mode Locking 

Due to the statistical nature of passive mode locking, the pulses generated, 
frequently include satellite pulses and have large shot-to-shot variations in 
pulsewidth and energy. Purely active Q-switching and mode locking of a cw 
Nd: YAG laser can produce stable pulses but at very low energy. Therefore sev
eral authors [9.102-108] have developed active-passive Nd systems comprised of 
an acousto-optic modelocker and a saturable dye. In these systems, the pulse train 
amplitude stability and pulse contrast is improved with respect to purely passive 
systems. Perhaps the simplest experimental scheme is the Nd.: YAG colliding 
pulse method reported by Vanherzeele et al. [9.104]. More complex regener
ative amplifier systems have been reported for both Nd: YAG and Nd : glass 
[9.107, 108]. Simple, effective and low-cost systems employing an acousto-optic 
modulator have been described by a number of researchers [9.102, 103,105, 106]. 
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10. Nonlinear Devices 

Nonlinear optical devices, such as hannonic generators and parametric oscillators, 
provide a means of extending the frequency range of available laser sources. 
In 1961, Franken [10.1] and coworkers detected ultraviolet light at twice the 
frequency of a ruby laser beam when this beam was propagated through a quartz 
crystal. This experiment marked the beginning of an intense investigation into 
the realm of the nonlinear optical properties of matter. 

Frequency conversion is a useful technique for extending the utility of high
power lasers. It utilizes the nonlinear optical response of an optical medium 
in intense radiation fields to generate new frequencies. It includes both elastic 
(optical-energy-conserving) processes, such as hannonic generation, and inelastic 
processes (which deposit some energy in the medium), such as stimulated Raman 
or Brillouin scattering. 

There are several commonly used elastic processes. Frequency doubling, 
tripling, and quadrupling generate a single hannonic from a given fundamen
tal high-power source. The closely related processes of sum- and difference
frequency generation also produce a single new wavelength, but require two 
high-power sources. These processes have been used to generate high-power ra
diation in all spectral regions, from the ultraviolet to the far infrared. Optical 
parametric oscillators and amplifiers generate two waves of lower frequency. 
They are capable of generating a range of wavelengths from a single frequency 
source, in some cases spanning the entire visible and near-infrared regions. 

As far as inelastic processes are concerned, the Raman process can be utilized 
in solid-state lasers for the generation of additional spectral output lines. The 
strongest interaction is for the output shifted towards a longer wavelength (first 
Stokes shift), but at sufficiently high pump intensities additional lines at longer 
as well as shorter wavelengths with respect to the pump wavelength will appear. 
(Stokes and anti-Stokes lines.) 

Although it produces a small wavelength shift, stimulated Brillouin scatter
ing is mainly of interest for the realization of phase-conjugating mirrors. The 
application of phase conjugation, or wavefront reversal, via stimulated Brillouin 
scattering offers the possibility of minimizing thermally-induced optical distor
tions [10.2] which occur in solid-state laser amplifiers. 

Nonlinear optical effects are analyzed by considering the response of the 
dielectric material at the atomic level to the electric fields of an intense light beam. 
The propagation of a wave through a material produces changes in the spatial 
and temporal distribution of electrical charges as the electrons and atoms react to 
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the electromagnetic fields of the wave. The main effect of the forces exerted by 
the fields on the charged particles is a displacement of the valence electrons from 
their normal orbits. This perturbation creates electric dipoles whose macroscopic 
manifestation is the polarization. For small field strengths this polarization is 
proportional to the electric field. In the nonlinear case, the reradiation comes from 
dipoles whose amplitudes do not faithfully reproduce the sinusoidal electric field 
that generates them. As a result, the distorted reradiated wave contains different 
frequencies from that of the original wave. 

In a given material, the magnitude of the induced polarization per unit volume 
P will depend on the magnitude of the applied electric field E. We can therefore 
expand P in a series of powers of E and write: 

Pt(Wj) = X~~Em(Wj) + ... + X~~nEm(wr)En(ws) 
+ X~~npEm(wr)En(ws)Ep(wt) + .. . 

+ X~~n(-iwr)Em(wr)Bn(ws) + .. . (10.1) 

where P and E are vectors linked by tensors of second (X<1>), third (X<3>, x<6>), 
and fourth (X<4>) rank. The values of the tensor coefficients are functions of fre
quency and temperature. The subscripts j, r, s, and t denote different frequency 
components, and 1, m, n, and p are Cartesian indices that run from 1 to 3. In 
(10.1) only those terms are listed which give rise to optical phenomena treated 
in this book. 

For small field strengths the polarization is proportional to the electric field E 
and is accounted for by the polarizability tensor X~~. Linear optics encompass 
all the interaction of light and dielectrics where the first term of (10.1) is a valid 
approximation. In linear optics the index of refraction is given by 

(10.2) 

where t: is the dielectric constant of the material. 
The x(3> term is responsible for second-harmonic generation, optical mixing, 

and the Pockels effect. The nonlinear polarization tensor X(3) vanishes in crystals 
that have a center of symmetry. In these crystals second-harmonic generation is 
not possible. The third-rank tensor x<3> in general has 27 components. As a result 
of crystal symmetry, many of the components of X(3) will be zero or equal to 

other components of the tensor. Furthermore, for those crystals of main interest 
to us, there is usually one predominant coefficient associated with a single light 
propagation direction which yields maximum harmonic power. If wr = w8 we 
obtain the relationship of second-harmonic generation 

(10.3) 

The generation of harmonics is a special case of optical mixing in nonlinear 
materials. The simultaneous application of two fields with frequencies wr and w8 
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produces a polarization at the sum and difference frequencies. The polarizations 

produced are of the form 

P1 ( Wr +ws) = X~~nEm(Wr)En(ws) · 
Wr -Ws 

(10.4) 

In general, ifthree waves wr, W8 , and w; = wr+w8 are superimposed in a nonlinear 
medium, each wave is coupled to the other two through polarization waves. This 

is called the parametric interaction of three waves. Therefore, it is possible to 

convert energy into radiation at the sum and difference frequencies. From the 
point of view of parametric amplification, the second-harmonic generation is a 
special case of interaction between two waves with a common frequency. 

The Pockels effect is obtained if one of the electric fields is taken to be 

a de field applied across a suitable crystal. For w8 = 0 and En = Edc one 

obtains Wj = wr, and the index of refraction becomes a function of Edc. i.e., 

Pt(Wj) = [XlmnEdc]Em(Wj). 
The x<4> term of (10.1) couples the nonlinear polarization to three electric 

field vectors. If wr = w8 = Wt is the fundamental frequency, then wi = 3w and 

P 1(3w) will generate the third harmonic. 
For En = Ep and Ws = -Wt the x<4> term transforms to 

(10.5) 

where Eav is the average electric field strength. In this case the index of refraction 
becomes a function of the light intensity, which leads to nonlinear processes, such 
as the Kerr effect, and electrostriction. 

With the application of a de magnetic field (ws = 0) the x<6> term describes 
the Faraday effect. 

10.1 Harmonic Generation 

In this section, we will review the basic theory and discuss system parameters 
and material properties which affect harmonic generation. 

10.1.1 Basic Equations of Second-Harmonic Generation 

The process of harmonic generation by an incident wave of frequency w1 must be 

viewed as a two-step process: First, a polarization wave at the second harmonic 

2wt is produced which has a phase velocity and wavelength in the medium which 

are determined by nt, the index of refraction for the fundamental wave, that is, 

Ap = cf2vtnt. The second step is the transfer of energy from the polarization 

wave to an electromagnetic (em) wave at frequency 2w1• The phase velocity and 

the wavelength of this em wave are determined by n2, the index of refraction for 
the doubled frequency, that is, >.2 = c/2vt n2. For efficient energy transfer it is 
necessary that the two waves remain in phase, which implies that n1 = n2• Since 
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almost all materials have normal dispersion in the optical region, the radiation 
will generally lag behind the polarization wave. The phase mismatch between 
the polarization wave and the em wave for collinear beams is usually expressed 
as the difference in wave number 

(10.6) 

If Maxwell's equations are solved for a coupled fundamental and second
harmonic wave propagating in a nonlinear medium, then the ratio of the power 
generated at the second-harmonic frequency to that incident at the fundamental 
is given by [10.3] 

P2w = h2 [zKI/2 (Pw)112 sin Llkll2] 
Pw tan A Llkll2 ' 

(10.7) 

where 

(10.8) 

l is the length of the nonlinear crystal, A is the area of the fundamental beam, 
'TJ is the plane-wave impedance "' = J JLO I c:oc: = 377 I no [ 11], WI is the frequency 
of the fundamental beam, and derr is the effective nonlinear coefficient of the 
nonlinear polarizability tensor x<3> in (10.1). The dimension of derr in (10.8) 
is given in the MKS system and includes c:o, the permittivity of free space, 
thus derr [AsN2]. Some authors exclude c:0 from the d coefficient, in this case 
d [AsN2] = 8.855 x 10-12d [mN]. The conversion from the cgs system to MKS 
units becomes d[AsN2] = 3.68 X 10-15d[esu]. 

For low conversion efficiencies, (10.7) may be approximated by 

P2w = 12 KPw sin2 (Llkll2) 
Pw A (Llkll2)2 . 

(10.9) 

For a given wavelength and a given nonlinear material, K is a constant. The con
version efficiency, therefore, depends on the length of the crystal, the power den
sity, and the phase mismatch. For a crystal of fixed length, the second-harmonic 
power generation is strongly dependent on the phase mismatch expressed by the 
sinc2 function, as is illustrated in Fig. 10.1. In this case, a variation of Llk was 
obtained by changing the crystal temperature. The harmonic power is at maxi
mum when Llk = 0, that is, at the exact phase-matching temperature. For a fixed 
Llk, the second-harmonic power as a function of distance l along the crystal 
grows and decays with a period of Llkll2 = 11'. Half of this distance has been 
termed the coherence length lc. It is the distance from the entrance face of the 
crystal to the point at which the second-harmonic power will be at its maximum 
value. The reader is warned not to confuse this parameter with the coherence 
length lc of the laser beam, which was defined in Chap. 5. 

511 



0.7 

0.6 

~ 0.5 
0 a. .., 

·c: 
0 E oA 
"' .s: -o 
c: 
0 
~ 0.3 

·~ 
"' 
~ 0.2 

0.1 

Temperature [ C I 

Fig.lO.l. Second-harmonic generation as a function of 
temperature in a Ba2NaNbs015 crystal employed to frequen
cy-double a Nd: YAG laser 

For normal incidence the coherence length is given by 

lc = Al 
4(n2- n1) 

(10.10) 

Expressing the phase mismatch L1k in terms of coherence length in (10.9), one 
obtains 

P2w = z2K.i. Pw . 2 (~) 
p w c 71"2 A sm 2lc . (10.11) 

The oscillatory behavior of (10.11) is shown in Fig.10.2 for several values of lc. 
For the ideal case lc = oo, the second-harmonic conversion efficiency is propor
tional to the square of the crystal length, at least in the small-signal approximation 

P2w = z2Kp"' 
Pw A. (10.12) 

Clearly, if the crystal is not perfectly phase-matched (lc = oo), the highest second
harmonic power we can expect to generate will be the signal obtained after the 
beam propagates one coherence length, no matter how long the crystal is. The 
decrease in harmonic power, for example, between lc and 2lc, is explained by a 
reversal of the power flow. Instead of power being coupled from the polarization 
wave into the em wave, it is coupled from the em wave into the polarization 
wave: i.e., the power is coupled back into the input beam. Thus we find that 
the power oscillates back and forth between the harmonic and the fundamental 
wave. 
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In almost all practical cases the coherence length is limited by the beam 
divergence and the bandwidth of the laser beam and by angular and thermal 
deviations of the crystal from the phase-matching angle and temperature. 

Index Matching 

With typical dispersion values in the visible region, the coherence length in 
most crystals is limited to about 10 J.lm. For this reason the intensity of second
harmonic power is small. Only if n1 can be made substantially equal to n2 will 
relatively high efficiencies of frequency doubled power be obtained. 

An effective method of providing equal phase velocities for the fundamental 
and second-harmonic waves in the nonlinear medium utilizes the fact that dis
persion can be offset by using the natural birefringence of uniaxial or biaxial 
crystals [10.4, 5]. These crystals have two refractive indices for a given direction 
of propagation, corresponding to the two allowed orthogonally polarized modes; 
by an appropriate choice of polarization and direction of propagation it is often 
possible to obtain Llk = 0. This is termed phase matching or index matching. 

We shall restrict our discussion to the most frequently encountered case of 
birefringence, that of uniaxial crystals. These crystals, to which the very important 
nonlinear crystals KDP and its isomorphs and LiNb03 belong, have an indicatrix 
which is an ellipsoid of revolution with the optic axis being the axis of rotation, 
as shown in Fig. 10.3. The two allowed directions of polarization and the indices 
for these directions are found as follows: We draw a line through the center of 
the ellipsoid in the direction of beam propagation (line OP in Fig. 10.3). Then 
we draw a plane perpendicular to the direction of propagation. The intersection 
of this plane with the ellipsoid is an ellipse. The two axes of this ellipse are 
parallel to the two directions of polarization and the length of each semi-axis is 
equal to the refractive index in that direction. 

We now examine how the indices of refraction vary when the direction of 
propagation is changed. We notice that for the direction of polarization perpen
dicular to the optic axis, known as the ordinary direction, the refractive index is 
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Fig. 10.3. Indicabix ellipsoid of a uniaxial crystal. Shown is also a cross section perpendicular to the 
light propagation direction P 

independent of the direction of propagation. For the other direction of polariza
tion, known as the extraordinary direction, the index changes between the value 
of the ordinary index no when OP is parallel to z, and the extraordinary index 
ne when OP is perpendicular to z. When the wave propagation is in a direction 
e to the optic axis, the refractive index for the extraordinary wave is given by 
[10.6] 

(10.13) 

where the superscripts "o" and "e" refer to the ordinary and the extraordinary 
rays. 

Changing the point of view, we look now at the shape of the wavefronts for 
these two rays instead of their direction and polarization. Assuming that the input 
is a monochromatic point source at 0, the expanding wavefront for the o ray is 
spherical, whereas the spreading wavefront for the e ray is an ellipsoid. This 
property of crystals is described by the index surface, which has the property 
that the distance of the surface from the origin along the direction of the wave 
vector is the refractive index. For an uniaxial crystal this surface has two sheets -
a sphere for ordinary waves polarized perpendicular to the optic axis with index 
n°, and an ellipsoid for extraordinary waves with index ne(e). By definition the 
optic axis is that direction at which the o and e rays propagate with the same 
velocity. If the value of ne - n° is larger than zero, the birefringence is said 
to be positive and for ne - n° smaller than zero the birefringence is negative; 
the corresponding crystals are called positive or negative uniaxial. Figure 10.4 
shows a cross section of the index surface of a negative uniaxial crystal (for the 
moment we consider only the solid lines n] and n!). The complete surfaces are 
generated by rotating the given sections about the z axis. The wavefront velocity 
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v and the refractive index n are related by v = c/n, where c is the velocity of 
light. 

Both refractive indices n° and ne are a function of wavelength. Figures 10.4 
and 10.5 illustrate how the dependence of the refractive index on beam direction, 
wavelength, and polarization can be utilized to achieve angle-tuned phase match
ing. The dashed lines in these figures show the cross section of the index surfaces 
n2 at the harmonic frequency. As can be seen, the negative uniaxial crystal has 
sufficient birefringence to offset dispersion, and the matching condition can be 
satisfied for a beam deviating from the z axis by the angle E>m. 
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The directions for phase-matched second-harmonic generation are obtained 
by considering the intersection of the index surfaces at the fundamental and 
harmonic frequencies. As was mentioned earlier, frequency doubling may be 
considered as a special case, where two incident waves with electric fields Em 
and En are identical wave forms. There are two types of processes in harmonic 
generation, depending on the two possible orientations for the linear polarization 
vectors of the incident beams. In the type-I process both polarization vectors are 
parallel: in the type-II process the polarization vectors are orthogonal. 

In a negative uniaxial crystal there are two loci where the index surfaces 
intersect and ..dk = 0 [10.10] 

n2(8m) = n1 type-! 

n2(8m) = HnH8m) + nn type-IT ; (10.14) 

first, in a symmetrical cone at 8m (type-!) about the optic axis, where two o-rays 
at ware matched to an e-ray at 2w; second, in a cone at 8m (type-IT), where an 
o-ray and an e-ray at ware matched to an e-ray at 2w. 

The harmonic power is not independent of the azimuthal angle of the phase 
matched direction (Fig. 10.5). In general, deer is a combination of one or several 
coefficients of x(3)' and the angles e and rp which define the direction of the 
wave propagation vector. For example, for KDP and its isomorphs and type-! 
index matching, one obtains [10.7, 8] 

deer = dt4 sin 2rp sin em . 
The phase matching angle 8m is obtained by combining (10.14 and 13) 

. 2 (ny)-2- (n2)-2 
sm em = ( e)-2 ( 0)-2 . 

n2 - n2 

Maximum interaction is achieved when a single beam incident on the crystal is 
equally divided into two fundamental beams propagating along the crystal's x 
andy axis. Therefore, one obtaines rp = 45° and Em =En in (10.3). In type-! 
phase matching the fundamental beams are polarized perpendicular to the optical 
axis and the harmonic beam is polarized parallel to the optical axis of the crystal. 

For type-IT phase matching one obtains 

deer = dt4 cos 2rp sin 28m . 

In this case the beam propagation vector is orientated at 90° with respect to the x 
axis (r/J = 90°) for maximum interaction. A single linearly polarized fundamental 
beam incident on the crystal may be equally divided into o and e rays by ori
enting the polarization vector at 45° with respect to the x axis. The polarization 
vector of the harmonic beam is rotated 45° from the fundamental beam with the 
polarization parallel to the optical axis. 
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Comparing type-1 and -II phase matching, we find that type I is more favor
able when em is near 90°, whereas type-ll leads to a higher detr when em lies 
near 45°. For LiNb03 and type-I phase matching we obtain 

deff = d3t sin em+ d22 cos em(4 sin3 cP- 3 sin ¢) . 

Critical Phase Matching 
If phase matching is accomplished at an angle em other than 90° with respect 
to the optic axis of a uniaxial crystal, there will be double refraction. Therefore, 
the direction of power flow (Poynting vector) of the fundamental and second 
harmonics will not be completely collinear but occur at a small angle. 

For a negative uniaxial crystal and type-I phase matching, this angle is given 
by [10.9] 

(n})2 ( 1 1 ) . 2e 
tan(!= -2- (fli)2 - (n2)2 SID - • (10.15) 

The angle e has the effect of limiting the effective crystal length over which 
harmonic generation can take place. The beams completely separate at a distance 
of order 

la =a/(! (10.16) 

called the aperture length, where a is the beam diameter. Of course, at only a 
fraction of this distance the reduction of conversion efficiency due to walk-off 
becomes noticeable and has to be taken into account. 

For weakly focused Gaussian beams, the aperture length can be expressed as 
[10.9] 

(10.17) 

where w0 is the fundamental beam radius. 
For a given crystal, the effect of beam separation due to double refraction 

can be accounted for, to first order, by a reduction of the material constant Kin 
(10.8). Walk-off over the crystal length reduces K according to 

Kw = K/(1 + l/la} . (10.18) 

Another limitation of angular phase matching is due to the divergence of 
the interacting beams. For second-harmonic generation in a negative crystal we 
find from (10.6) that ..::1k = 0 if n'l = n~(em), which is exactly true only at 
e = em. In Sect. 10.1.2 it will be shown that there is a linear relationship 
between small deviations 88 from the phase matching angle and L\k. The change 
of L\k as a function of 88 can be large enough to cause practical difficulties 
in real devices. Consider as an example second-harmonic generation in KDP at 
1.065 J.Lm with em= 42°. The linear change in ..::1k withe is sufficiently great to 
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restrict the divergence from the phase-matched direction to approximately 1 mrad 
if the coherence length is to be greater than 1 em. Phase matching under these 
unfavorable conditions is termed "critical phase matching". 

Noncritical Phase Matching 

If the refractive indices can be adjusted so that em = 90°' by variation of a 
parameter such as the temperature or chemical composition of the crystal, the 
dependence of L\k on angular misalignment 8() is due to a much smaller quadratic 
term, instead of a linear relationship as is the case in critical phase matching. 

In addition, at em = 90° there are no walk-off effects due to double re
fraction. For example, second-harmonic generation in LiNb03 occurs at 90° for 
1.064-{tm radiation provided the crystal is at a temperature of"' 47° C. The al
lowable divergence from the phase-matched direction is greater than 10mrad if 
the coherence length is to be 1 em. For these reasons, 90° phase matching is often 
called noncritical phase matching. Provided that n} and ni are nearly equal and 
d(n} - ni) f dT f 0, noncritical phase matching can be achieved by temperature 
tuning the crystal. 

Because of its practical importance, in this section we have emphasized phase 
matching in negative uniaxial crystals. The reader interested in a systematic 
review of phase matching in uniaxial and biaxial crystals is referred to the paper 
by Hobden [10.10]. Frequency doubling with focused Gaussian beams has been 
discussed in [10.12,13]. The subject of nonlinear optics has been treated in 
several books [10.3,11,14-16] and tutorial review articles [10.17]. For a general 
introduction to crystal optics the reader is referred to standard texts [10.6,19, 20]. 

10.1.2 Parameters Affecting the Doubling Efficiency 
High-efficiency second-harmonic conversion depends on parameters which are 
related to the laser source, such as power density, beam divergence, and spectral 
linewidth, and parameters associated with the harmonic generator, such as the 
value of the nonlinear coefficient, crystal length, angular and thermal deviation 
from the optimum operating point, absorption, and inhomogeneities in the crys
tal. The dependence of the second-harmonic power on these parameters will be 
examined in this subsection. 

The Dependence of Harmonic Generation on Laser Parameters 

Power Density. From (10.9) it follows that the conversion efficiency is propor
tional to the power density of the fundamental beam, whereas the harmonic power 
itself is quadratically proportional to the fundamental power. At conversion effi
ciencies above 20 %, the second-harmonic generation starts to deviate markedly 
from the linear relationship of (10.9) because of depletion of the fundamental 
beam power. At these high efficiencies, (10.7) should be used. 

Figure 10.6 shows experimental data and predicted performance for a har
monic generator comprised of a 10 mm long KTP crystal. The fundamental beam 
is derived from a Q-switched diode-pumped Nd: YAG laser at 1.064ftm. The 
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Fig.10.6. Second-harmonic conversion efficiency versus power density for a KTP crystal pumped 
by a Q-switched Nd: YAG laser at 1.06 pm [10.18] 

laser had a maximum pulse energy of 40mJ in a 12ns pulse. At the peak inten
sity of 175MW/cm2 for the pump beam, the conversion efficiency approached 
80%. The solid curve is obtained from (10.7) if one introduces the following 
system parameters: crystal length l = 10 mm, effective nonlinear coefficient 
derr = 3.2 pmN, fundamental wavelength .A1 = 1.064 p.m. The fundamental beam 
was a weakly focused Gaussian beam with a spot radius of w0 = 0.75 mm. The 
beam area is therefore A= 7rw6 = 1.8 X 10-2cm2• 

As will be demonstrated in the next section, phase-mismatch can be expressed 
as i1k = j38 8f), where j38 is the angular sensitivity and fJ() is the beam divergence 
of the fundamental beam. From (10.24) and Table 10.2 follows /38 = 0.2 (mrad
cm)-1 for KTP at 1.06 p.m and type-II phase matching. The beam divergence of 
the weakly focused beam was about 12mrad or i1k = 2.4cm-1. 

Walk-off reduces the region of overlap between the beams, thus reducing 
the effective gain length of the crystal. From (10.17) we obtain for the aperture 
length la = 290 mm if we use a beam walk-off angle of ll = 4.5 mrad (Table 10.2). 
Since the aperture length is large compared to the crystal length, the correction 
factor defined by (10.18) is close to 1. 

The theoretical doubling efficiency calculated using (10.7) gives quite ac
ceptable agreement with the experimental data. As expected, the theory predicts 
higher efficiency than can be achieved in practice due to the imperfect nature of 
the pump beam and crystal quality. 

Beam Divergence. When collinear phase-matched second-harmonic generation 
is used, the light waves will have a small but finite divergence. It is necessary 
to consider the mismatch i1k of the wave vector for small deviations 68m from 
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the phase-matched direction. An expansion for n1- n~(8) taken for a direction 
close to the perfect phase-matching direction Bm yields 

0 _ e('-") = 8[n1- n~(8)] ('-" _ '-" ) 
n1 n2 0 ae 0 Om . (10.19) 

The expression given in (10.13) for the dependence of n~ on the angular direction 
in the crystal can be very well approximated by [10.21] 

n~(8) = n2- (n2- n~) sin2 e. 

Introducing (10.20) into (10.19) gives 

n} - n2(8) = 88(n2 - n2) sin 28m , 

where we note that on1 1 ae = o, and on2/ ae = o. 
Introducing (10.21) into (10.6) yields 

L1k = f3oMJ' 

where 

f3o = 47r 0 (ng- n2) sin 20m 
A1n1 

(10.20) 

(10.21) 

(10.22) 

is a material constant and expresses the angular sensitivity of the crystal. The 
expression for {39 has been divided by n?, because 88' is now the angular 
misalignment measured external to the crystal. 

From (10.9) follows that the conversion efficiency will be reduced to one-half 
of its peak value for 

L1kl = 1 39 2 . . (10.23) 

If we combine (10.22) and (10.23), we obtain an expression for the angular 
tolerance. The full angle L10 = 280' measured external to the crystal which 
determines the full width half maximum (FWHM) of the conversion process is 
given by 

All = 5.56 
..:....~um lf3o . (10.24) 

For example, KD*P has an angular bandwidth of L1Bm = 2.2 mrad-cm or an 
angular sensitivity of (39 = 2.5 (mrad-cm)-1• 

Under noncritical phase-matching conditions (Bm = 90°), we can make the 
approximation sin 2(90° + 88) ~ 288, and instead of (10.24) we obtain 

ACI = ( 0.44,\J/l )1/2 
..:....~o ( 0 e) n1 . 

n2 -n2 
(10.25) 
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Spectral Linewidth. Expanding n}-n~(8) for small wavelength changes around 
the central wavelength .Ao at which phase matching occurs results in [10.25] 

(10.26) 

From (10.6, 23, 26) we obtain an expression for Ll.A = 2c5.A, where c5.A = .A -
.Ao is the deviation from the phase-matching wavelength at which the doubling 
efficiency drops to one-half 

Ll.A = 0 44.A Jl (8n} _ ~ 8n~(8)) 
· 1 a.x1 2 a.x2 (10.27) 

Spectral Brightness. From the foregoing considerations it becomes clear that 
in order to achieve maximum second-harmonic power, the laser source should 
have a high power density, small beam divergence, and narrow linewidth. These 
properties of the laser can also be expressed by a single parameter, namely the 
spectral brightness [W/cm2 sterad A]. For high-efficiency second-harmonic gen
eration the laser must exhibit a high spectral brightness, which can be achieved 
by transverse and longitudinal mode selection. Experimental data showing the 
dependence of second-harmonic generation on the mode structure of the laser 
can be found in [10.26, 27]. In general, one finds that ruby and Nd: YAG lasers 
have sufficiently narrow linewidths for efficient harmonic generation. In these 
lasers attention is focused mainly on obtaining a diffraction limited beam, i.e., 
TEM00-mode operation. In Nd: glass, however, the broad linewidth of the laser 
without axial mode selection can present a severe limitation in obtaining high 
conversion efficiencies. 

Very high conversion efficiency for the entire pulse requires that all the ra
diation incident on the nonlinear crystal be converted efficiently, regardless of 
its intensity, bandwidth, polarization, or amplitude and phase variations. The 
range of intensity over which the efficiency is high is especially important. The 
intensity is necessarily nonuniform because it drops to zero at the spatial and 
temporal edges of the beam, and there may also be amplitude nonuniformities. 
The standard technique of frequency conversion uses a single crystal of a nonlin
ear material for frequency doubling. With a single nonlinear crystal, the dynamic 
range is necessarily limited to moderate values. Eimer/ [10.28, 29] found that 
using two crystals for each conversion step, the dynamic range can be much 
larger. The two crystals are arranged so that the output wave generated in the 
first one is polarized orthogonally to that generated in the second. The two har
monics therefore add in quadrature, which gives the technique its name quadratic 
frequency doubling. The conversion efficiency of these quadrature arrangements 
is much less-sensitive to laser pulse nonuniformities than that in single-crystal 
methods. Consequently, very high conversion efficiency is possible for typically 
nonuniform laser pulses. 
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Parameters of the Harmonic Generator which Affect Doubling Efficiency 

Temperature. The indices of refraction of the crystal at the phase-matching 
temperature To can be expanded in a Taylor series for a nearby temperature 
[10.30] 

(10.28) 

With the aid of (10.6, 23) we obtain an expression of the temperature sensitivity 
of the doubling crystal with respect to second-harmonic generation, 

0.44.At 
L).T = l d(ni- nJ)/dT ' 

(10.29) 

where L).T is the full width at half-maximum of the temperature range over 
which second-harmonic generation is possible in a particular crystal (Fig.10.1). 
Temperature changes of the doubling crystal may be the result of ambient tem
perature variations, or they may be caused by absorption losses in the crystal. 
Experimentally determined thermal tuning ranges for several crystals of practical 
interest are shown in Fig. 10.7. 

Phase-Matching Angle. The sensitivity required to angular-adjust a doubling 
crystal and maintain its alignment is given by (10.24). The angle L18 now be
comes the full acceptance angle over which the crystal can be tilted before the 
second-harmonic power decreases to less than half. Figure 10.8 illustrates the 
angular tuning range for several crystals of practical interest. 

Absorption. Absorption in the crystal will lead to thermal gradients as well 
as thermally induced stresses. The associated refractive index nonuniformities 
severely restrict the crystal volume over which phase matching can be achieved 
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Fig.10.7. Thennal tuning curves of several nonlinear crystals. A, CDA, Ul6~tm. I = 100 
MW/cm2, 1.8-cm-long crystal; B, ADP, 0.53~tm. I= 10MW/cm2, 4-an-long crystal; C, RDA, 
0.69~tm. I= 100MW/cm2, 1.5-cm-long crystal 
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Fig. 10.8. Angular dependence of second
harmonic power in nonlinear crystals. 
A, 1.75-cm-long CDA crystal (Nd: YAG 
laser) at 20° C [10.23]; B, 1.35-cm-long 
CD* A (Nd : YAG laser) at 20° C [10.23]; 
C, 1.45-cm-long RDA crystal (ruby laser) 
[10.22] D, 2.5-cm-long KDP (Nd: 
glass system), [10.21] 

[10.31, 32]. Heating of the nonlinear crystal due to absorption is particularly 
a problem in doubling experiments involving high-power cw beams. A self
induced thermal distribution in the nonlinear material can be caused by absorption 
of the fundamental or harmonic beams or by multiphoton absorption processes 
[10.24, 33]. 

Optical Homogeneity. Index inhomogeneities in nonlinear optical crystals are 
an important limiting factor in second-harmonic generation, since the phase
matching condition cannot be satisfied over the whole interaction path of the 
beams. Effects of crystal inhomogeneities, such as striae, have been discussed 
by several authors [10.30, 34]. 

Nonlinear Coefficient. From purely theoretical considerations it would seem 
that the crystal with the highest nonlinear coefficient would be the most desirable 
material to use in a doubling experiment. However, in practical situations it turns 
out that damage threshold, optical quality, angular and thermal tuning range, 
acceptance angle, etc., are equally important parameters. From (10.11) it follows 
that it is possible to trade off the nonlinear coefficient d for the interaction length 
lc. A material with a low nonlinear coefficient but with properties which allow a 
long interaction length can be as efficient as a short crystal with a high nonlinear 
coefficient. 

Figure of Merit. The parameters which affect the doubling efficiency can be 
combined in a figure of merit which characterizes either the laser source, the 
crystal, or both. For example, Eimer/ [ 10.35] has shown that the performance of 
a nonlinear frequency doubler is uniquely determined by the output brightness of 
the pump laser and the figure of merit of the nonlinear material. Furthermore, the 
analysis revealed that the maximum conversion efficiency is only dependent on 
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the optical properties of the material, and the brightness of the pump laser, but 
is independent of the physical size of the nonlinear crystal. The size is adjusted 
to avoid optical damage in the material. The constraint is that the material under 
consideration must be available in large enough sizes to fit the requirements of 
the laser system. The nonlinear frequency doubling crystal is characterized by the 
nonlinear index and the parameters defining the tolerance to angular, wavelength, 
and temperature detuning from phase-matched conditions. 

In the analysis mentioned above second-harmonic conversion is characterized 
by two parameters relating the conversion efficiency, the pump intensity and the 
nonlinear properties of the material. These are the nonlinear "drive" which is the 
source term for generation of the electric field at the second harmonic, and the 
detuning which is the phase mismatch between second-harmonic waves at the 
exit and entrance planes of the crystal. The drive is given by 

(10.30) 

where C is proportional to the nonlinear coefficient of the material, I is the pump 
intensity, and l is the crystal length. If derr is expressed in pmN and >. in t-tm. 
one obtains 

The detuning is given by 

8 = 0.5i1kl' (10.31) 

where ilk is the wavevector mismatch given by (10.22). 
The drive and detuning parameters determine the conversion efficiency 

(10.32) 

The use of these equations is illustrated in the following example. The theoretical 
conversion efficiency of a Q-switched Nd: YAG laser with an output energy of 
1 Joule per pulse in a 15 ns pulse is calculated. The laser beam has a divergence 
of 0.3 mrad and a cross-sectional area of 0.5 cm2 at the doubling crystal. The 
harmonic generator is a 2.5 em long KD*P crystal oriented for type-II doubling. 
Introducing deff and n for KD*P, one obtains C = 0.97Gw-1/ 2 and from the 
other parameters follows a drive of ry0 = 0.78. The detuning parameter 8 = 1.12 
is obtained from f3 = 2.5 (mr-cm)-1 for KD*P, 80' = 0.3 mrad and l = 2.5 em. 
Introducing these two parameters into (10.32) yields a theoretical conversion 
efficiency of "' = 0.62. 
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10.1.3 Properties of Nonlinear Crystals 

Survey of Materials 
Tables 10.1 and 2 list properties and phasematching parameters for several im
portant nonlinear materials. For the design of a frequency converter the following 
properties of the nonlinear crystal are of key importance: value of the nonlinear 
coefficient, damage threshold, phase-matching and transparency range, available 
crystal size and optical homogeneity, and chemical and mechanical stability. The 
selection of a particular nonlinear material for use in a solid-state laser is mainly 
predicated upon high damage threshold and good optical quality, with secondary 
emphasis placed on the magnitude of the nonlinear coefficient. 

For example, despite the lower nonlinear coefficient of KDP compared to the 
other materials discussed in this section, conversion efficiencies as high as 80% 
have been obtained from these crystals. Since a high conversion efficiency is 
actually the result of material properties as well as pump source characteristics, 
the high peak power, narrow spectral bandwidth, small beam divergence and 
clean spatial and temporal beam profiles obtained from Nd: glass lasers employed 
in fusion research, make possible such high harmonic conversions even in crystals 
with modest nonlinearity. 

From Table 10.1 it is clear that for high-power lasers, such as pumped pulsed, 
Q-switched systems, our choice of nonlinear materials is limited to crystals be-

Table 10.1. Properties of important nonlinear materials 

Effective 
Phase- nonlinear Refractive Damage 
matching coefficient• index threshold Absorption 

Material type [I0-12 rn/VJ no(w) [GW/cm2] [cm-1] 

KD•P n 0.37 1.49 0.5 0.005 
KTP n 3.18 1.74 0.5 0.010 
LBO I 1.16 1.56 2.5 0.005 
BBO 1.94 1.65 1.5 0.005 
LiNb03 (5% MgO) 4.7 2.23 0.10 0.002 
Lil~ 4.1 1.85 O.Dl 0.002 

• For 1064nrn to 532nrn second-harmonic generation 

Table10.2. Phasematching parameters for 1064 to 532nrn conversion 

Tolerance parameters (FWHW) 

Phase matching Walk-off Angular Thermal Spectral 
Material angle angle [mr-cm] [°C-cm] [run-em] 

m•p 53.7° 1.45° 1.0 6.7 0.66 
KTP 24.3° 0.26° 25 25 0.56 
LBO 4.3 3.6 0.75 
BBO 22.8° 3.19° 0.5 55 0.66 
LiNb03 (5% MgO) 90° (1) 0 47 0.6 0.23 
Lil~ 30.2° 4.26° 0.7 

(1) at T = 107°C 
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longing to the KDP family, or to KTP and BBO if the small crystal size of these 
new materials is acceptable. The other nonlinear materials, such as LiNb03 and 
Li103, have such low damage thresholds that their application has been restricted 
to harmonic generation of cw-pumped Nd: YAG lasers. 

At the present time, the leading candidate material for nonlinear experiments 
with solid-state lasers is KTP, since the crystal has a large nonlinear coefficient, 
high damage threshold and large angular and temperature acceptance range. Its 
major drawbacks are the limited size (about 1 cm3 at present) and the high cost 
associated with the difficult growth process. KDP is superior to any other nonlin
ear crystal with regard to availability in large sizes combined with an excellent 
optical quality. Crystals with diameters as large as 27 em have been fabricated. 
Crystals grown from the melt such as LiNb03 or KTP are generally hard, chem
ically stable and can easily be polished and coated. Solution grown crystals such 
as KDP and its isomorphs are soft and hygroscopic. These crystals need to be 
protected from the atmosphere. 

The reader is reminded that considerable differences exist in literature re
garding the values of the nonlinear coefficient and damage threshold The latter 
depends on the beam quality and spot size within the crystal and whether surface 
or bulk damage is considered The nonlinear coefficients listed in Table 10.1 are 
from [10.55] with the exception of LBO which is taken from [10.37]. 

The most important application for harmonic generators is the frequency con
version of Nd lasers. In Table 10.2, the phase-matching conditions for important 
nonlinear crystals are listed for 1064 to 532 harmonic generation. 

The dependence of phase-matching conditions on temperature, angle, and 
wavelength variations from the ideal condition is expressed by LlT, Ll8, and 
LlA. These parameters, given in (10.24, 25, 27, 29, 55) define the interval between 
the half-power points of the curve of second-harmonic power against temperature, 
angle, and wavelength, respectively. 

If birefringence is a slow function of T, then the crystal has a wide cen
tral peak, making it easier to maintain peak output in the presence of small 
temperature fluctuations. In this regard, KTP and BBO outperform other linear 
materials. 

Crystals which have a birefringence which is not strongly dependent on wave
length allow efficient doubling of laser beams having a broad spectral bandwidth. 
As was explained earlier, in a 90° phase-matching condition the effect of beam 
divergence on the interaction length is minimized. This explains the large accep
tance angle of LiNb03. 

KDP and Its Isomorphs. The crystals of this family have proven to be an im
portant group of useful second-harmonic generators. The most prominent mem
bers of this group of nonlinear crystals are potassium dihydrogen phosphate, 
KH2P04 (Symbol KDP); potassium dideuterium phosphate, KD2P04 (Symbol 
KD*P); cesium dideuterium arsenate, Cs~AS04 (Symbol CD* A); and Ammo
nium dihydrogen phosphate, NH4H2P04 (Symbol ADP). The crystals which are 
all negative uniaxial, belong to point group 42 m and, thus, have a tetragonal 
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symmetry. The crystals are grown at room temperature from a water solution 
which makes large, distortion-free, single crystals available. 'ftansparency exists 
from 0.22 to 1.6 pm for the phosphates, and from about 0.26 to 1.6 pm for the 
arsenates. Deuteration increases the infrared limit to about 1.9 pm. The greatest 
attributes of this family of crystals as a nonlinear device material are their resis
tance to laser damage and their high optical quality. Opposing these advantages, 
there are several disadvantages. The materials have fairly low refractive indices, 
typically 1.50 to 1.55, so that they also have small nonlinear coefficients. All 
of the KDP isomorphs are water-soluble and have a maximum safe operating 
temperature of about 100° C. The crystals are sensitive to thermal shock, and 
should be heated slowly at a rate of less than about 5° C/min. 

ADP and KDP were the first crystals used for the demonstration of phase
matched second-harmonic generation. Isomorphs of these materials have sim
ilarly been used in nonlinear optics, the most widely known isomorphs being 
deuterated KDP, which is normally designated as KD*P. The most complete 
compilation of data on KDP, KD*P, and ADP can be found in [10.51]. Some 
of the other isomorphs have been used because the temperature dependence of 
their refractive index allows 90° phase matching for particular interactions. CDA 
and CD* A 90° phase-match the important 1.06-pm transition of Nd: YAG and 
Nd: glass [10.23, 24, 54]. 

Calculations of various basic properties of KDP related to the generation of 
the second, third, and fourth harmonics of 1 pm laser radiation for five different 
conversion processes can be found in [10.56]. The paper contains a detailed 
tabulation of phase matching angles, sensitivity to angular mismatch, wavelength, 
and temperature. Figure 10.9 shows the crystal and electric vector orientation for 
harmonic generation in KDP and its isomorphs. KDP and KD*P crystals are 
commercially available for either type I or type II angle-tuned phase matching. 
Type II is more efficient than type I, but places more restrictions on input beam 
quality. The crystals are usually supplied in cells sealed in dry inert atmosphere 
or index matching fluid. 

Potassium Titanyl Phosphate (KTP) 

The crystal KTiOP04 (KTP) is a unique nonlinear optical material that is being 
widely used for second-harmonic generation of Nd lasers emitting around 1 pm. 
KTP is also very attractive for various sum- and difference- frequency and optical 
parametric applications over its entire transparency range from 0.35 to 4.5 pm. 
Although a few specific characteristics of other materials are better, KTP has a 
combination of properties that make it unique for second-order nonlinear optical 
applications, and second-harmonic generation of Nd lasers, in particular. It has 
large nonlinear coefficients; the adequate birefringence in the y-z and the x-z 
planes allows phase matching for the more effective type-IT process over a large 
wavelength range. It has wide acceptance angles, an unusually large temperature 
bandwidth, relatively good thermal properties and a high damage threshold. KTP 
is the best nonlinear material for Nd: lasers to emerge in recent years. At the 
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present time, the major drawback is the difficult growth process required to 
produce these crystals, which leads to high cost and small-size crystals. 

KTP decomposes on melting ("' 1150°C) and hence normal melt processes 
cannot be used to grow this material. However, single crystals of KTP can be 
grown by both hydrothermal and flux techniques. Currently crystals up to 1 cm3 

are commercially available. KTP crystallizes in the orthorhombic point group 
mm2. The crystal structure, refractive indices, and phase match parameters have 
been reported in [10.42-45, 55, 75-77]. 

Figure 10.10 shows the transmission curve for KTP. The material is transpar
ent from 0.35 p,m to about 4.5 p,m. The optical spectrum is structure-free except 
for traces of OH- absorption bands observed at 2.8 and 3.8 p,m. 

Figure 10.11 shows the crystal orientation for the phase-match condition 
of the type-II interaction at 1.06 p,m. It should be noted that the phase-match 
angle 4> measured from the x-axis in the xy plane is different for flux and 
hydrothermally grown crystals. The phase match direction in KTP for second
harmonic generation of 1.06 p,m radiation results in a walk off angle of 4.5 mrad 
between the fundamental and second-harmonic beam. 

Frequency-doubling efficiencies in excess of 65% are now routinely obtained 
from KTP pumped by high-quality laser beams. However, KTP suffers from 
gradual photochemical degradation (gray tracking) which is cumulative with ex
posure to a combination of second-harmonic and fundamental radiation. This 
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degradation leads to increased absorption in the crystal which can eventually 
cause crystal failure. The photochemical effect is reversed by operating the KTP 
at an elevated temperature. Crystals operating at flux levels of 150MW/cm2 and 
temperatures of 80°C have shown lifetimes in excess of 20 million pulses with 
> 60% conversion efficiency. However, there have been failures due to bulk 
damage in crystals operated at 65°C and lower. 

Lithium Triborate (LBO) 
LBO is a newly developed nonlinear optical crystal characterized by good UV 
transparency, a relatively high optical-damage threshold, and a moderate non
linear optical coefficient [10.36-38]. These properties, along with its mechanical 
hardness, chemical stability, and nonhygroscopicity, make LBO an attractive ma
terial for certain nonlinear optical processes. Because the birefringence in LBO 
is smaller than that in BBO, it tends to limit the phase-matching spectral range. 
However, it also leads to the possibility of noncritical phase-matching and larger 
acceptance angle for frequency-conversion applications in the visible and near
IR. Commercial availability of this crystal is still very limited. 

Beta-Barium Borate. The material t3-BaB20 4 (BBO) is a new nonlinear optical 
crystal which possesses excellent properties for nonlinear frequency conversion in 
a spectral range that extends from the ultraviolet to the mid-infrared. This material 
has a moderately large nonlinear coefficient, a large temperature tolerance, low 
absorption and a very high damage threshold. The principal shortcoming with 
BBO is the low angular tolerance of 0.5 mr-cm, which requires a diffraction 
limited-beam for efficient frequency doubling. 

BBO is of particular interest for frequency doubling into the blue region. 
The transmission band for BBO extends to 200 nm in the UV so that single or 
multiphoton absorption is not a problem with this material. Recently BBO has 
been used to double the output of a TI : Sapphire laser with efficiencies up to 
60%. Beta-barium borate is a very new material and the data base is limited at 
the present time. Relevant data can be found in [10.38, 46,47, 55, 78-80]. 

Lithium Niobate (LiNb03). This material is nonhygroscopic and hard, taking a 
good polish readily. The uniaxial crystal, belonging to the trigonal point group 
3m, has a large nonlinear coefficient relative to KDP. The crystals of lithium 
niobate are transparent in the region 0.42 to 4.2 J.tm. Temperature sensitivity of 
birefringence is such that, by varying the temperature, phase matching can be 
achieved at 90° to the optical axis. 

Unfortunately, LiNb03 is particularly susceptible to photorefractive damage 
from propagation of visible or UV radiation. This optical-index damage is re
versible if the ambient temperature of the crystal is increased to about 170°C 
which is above the annealing temperature for the photorefractive damage. Dop
ing of LiNb03 with 5% of MgO reduces photo-refractive damage and permits 
noncritical phasematching at a somewhat lower temperature, namely 107°C. 
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Despite the high nonlinear coefficient, and the ease of handling and polishing, 
the need for operation at elevated temperatures combined with a relatively low 
damage threshold have severely limited practical applications for this material. 

Current work on LiNb03 includes doping with MgO to combat damage 
problems and changing the composition of the crystal (changing the lithium-to
niobium ratio) with postgrowth annealing to alter its phase-matching properties. 
The results of the extensive studies of the growth and crystal structure of lithium 
niobate have been published in the literature [10.58, 59]. Other papers have high
lighted some of the practical problems that arise in the use of lithium niobate 
[10.40, 41, 48, 57, 60-67]. 

Lithium Iodate. Li103 crystals are transparent in the region 0.32 to 4.0 iJm. The 
crystal is grown from water solutions. Lithium iodate has nonlinear coefficients 
which are comparable to those of lithium niobate, although it does not suffer 
from the refractive index damage problems that plague the niobate. 

On the other hand, Li103 has a low damage threshold (below 100 Mw/cm2) 

that can lead to failure in long life applications and limits application to cw 
lasers. Since the refractive indices are very stable with respect to temperature, 
phase matching is achieved by angle tuning [10.39, 70-73]. 

Consequently, lithium iodate has found application in efficient intracavity 
second-harmonic generation in Nd: YAG lasers. However, recently the material 
has been replaced by KTP in most applications. 

10.1.4 Intracavity Frequency Doubling 

In the previous section we discussed frequency doubling by placing a nonlinear 
crystal in the output beam of the laser system. Frequency doubling a cw-pumped 
laser system in this manner would result in an unacceptably low harmonic power 
because large conversion efficiencies require power densities which are not avail
able from a cw-pumped laser. One obvious solution to this problem is to place the 
nonlinear crystal inside the laser resonator, where the circulating power is approx
imately a factor (1/T) larger than the output power. The power is coupled out of 
the resonator at the second-harmonic wavelength by replacing the output mirror 
with transmission T by one which is 100% reflective at the fundamental and 
totally transmitting at the second harmonic. Functionally, the second-harmonic 
crystal acts as an output coupler in a manner analogous to the transmitting mirror 
of a normal laser. In the normal laser the transmitting mirror couples out power 
at the laser frequency, whereas the nonlinear crystal inside the laser couples 
out power at twice the laser frequency. Because advantage is taken of the high 
power density inside the laser cavity, it is only necessary to achieve a conver
sion efficiency equal to the optimum mirror transmission to convert completely 
the available output at the fundamental to the harmonic. For example, for a 
cw-pumped Nd:YAG laser with an optimum output coupling ofT= 0.1, an 
intracavity conversion efficiency of 10% will produce an external conversion of 
100%, in the sense that the total 0.53-iJm power generated in both directions by 

531 



the nonlinear crystal is equal to the maximum 1.06-Jlm power which could be 
extracted from the cavity without the nonlinear crystal. 

There are several disadvantages associated with intracavity doubling. A non
linear crystal of poor optical quality will drastically degrade the performance of 
the laser. Amplitude fluctuations are strongly magnified by the combination of 
the nonlinear process and the gain of the active material. The harmonic power is 
generated in two directions, which requires an additional dichroic mirror for com
bining the two beams. The other alternative to intracavity doubling of a cw laser 
is external doubling with a strongly focused beam. However, since the amount of 
second harmonic produced is proportional to the product of fundamental power 
and fundamental power density, the reduced power in an external-doubling con
figuration requires a much higher power density in order to produce the same 
harmonic output as could be produced by doubling inside the cavity. Since a 
greater power density is required for external frequency doubling, crystal dam
age is more likely to occur in this configuration. In addition, crystal acceptance 
angles are frequently too narrow to permit tight focusing of the beam onto the 
crystal. For flashlamp-pumped operation, on the other hand, the fraction of circu
lating power that is coupled out is so high that there is little advantage in placing 
the crystal inside the laser. 

The choice of nonlinear materials for intracavity frequency doubling of the 
Nd: YAG and Nd: YA103 laser are KTP, BBO, LiNb03, Li103 and CD* A. Com
pared to flashlamp-pumped systems, in internally frequency-doubled cw lasers 
the average power is usually high and the peak power low. Therefore, a high 
nonlinear coefficient, small absorption losses, and good optical quality are the de
termining factors for the selection of a particular crystal. In order to increase the 
conversion efficiency of cw pumped systems, the power density can be increased 
by employing an acousto-optic Q-switch or modelocker in the resonator. 

Simplification of the basic intracavity doubling design is achieved by using 
a gain medium that also functions as the nonlinear material. Work on diode
pumped self-doubling lasers is in the early phases of development at the present 
time. The most attractive nonlinear gain medium is Nd: YAB, which is a dilute 
form of the stoichiometric neodymium compound neodymium aluminum borate 
(NAB). Diode-pumped Nd: YAB lasers with output powers in the milliwatt range 
have been demonstrated [10.74]. 

Cavity Configuration 
There are three primary factors which affect the choice of a laser cavity configu
ration. In order to achieve efficient harmonic generation it is important to obtain 
a high power density inside the nonlinear crystal. Concurrently, the intracavity 
beam must be large enough inside the laser rod to utilize the maximum rod vol
ume which can contribute to TEMoo-mode oscillation. This generally requires 
that the beam cross-sectional area be at least an order of magnitude larger inside 
the laser rod than inside the nonlinear crystal. Finally, since intracavity harmonic 
generation produces a beam of harmonic power in each of two directions, it is 
desirable to select a cavity configuration which permits recovery of both beams. 
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Fig.10.12. Internal second-harmonic generation [10.105] 

A resonator configuration which allows for a large TEM00-mode volume in the 
laser rod and provides a high power density in the nonlinear crystal is shown in 
Fig.l0.12. The cavity, formed with one 10-m and one !-m radius-of-curvature 
mirror, represents a near-hemispherical configuration. Both mirrors have high
reflection coatings for the 1.06-Jlm radiation and the front mirror is transparent 
for the 0.53-Jlm radiation. Only the green light, emitted toward the flat mirror, 
leaves the cavity; the green light traveling in the opposite direction is absorbed in 
the Nd : YAG crystal. The nonlinear crystal is located at the position of minimum 
spot size. 

Barium sodium niobate (Ba2NaNbsOts) was a very popular nonlinear material 
in the early 1970's, since it has a very large nonlinear coefficient (about 38 times 
larger than that of KDP). However, material issues associated with poor optical 
quality and low damage threshold could not be solved and the crystal is no longer 
available commercially. 

The Brewster-angle plate in the cavity serves to polarize the laser in the 
proper plane. Also, the position of the laser rod in the cavity was chosen so 
that self-aperturing by the laser rod permitted the laser to operate only in the 
TEMoo mode. With this arrangement a total cw power of 1.1 W at 0.532 Jlm has 
been produced, which equals the available 1.064-Jlm TEMoo output of the basic 
Nd:YAG laser [10.105]. 

If it is desired to obtain all the harmonic power in a single output beam, 
it is necessary to employ a dichroic mirror to reflect one of the beams back in 
the same direction as the other. Figure 10.13 shows a technique which allows 
the extraction into a single output beam of the second-harmonic power which 
is generated in both directions by the frequency-doubling crystal [10.106]. The 
frequency-doubled beam has a polarization which is rotated 90° with respect to 
the polarization of the fundamental beam. The dichroic mirror M1 is designed to 
reflect the 1.06-Jlm beam completely and transmit virtually all the orthogonally 
polarized 0.53-Jlm beam. Mirror M2 is a 100% reflector for both 1.06-Jlm and 
0.53-Jlm mirrors. In this way the forward and reverse green beains are combined 
into one. 

To prevent any destructive interference effects, the phase shifts due to disper
sion between the 1.06- and 0.53-Jlm beams in the air path between the doubling 
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Fig.10.13. Three-mirror, folded cavity configuration allows harmonic power generated in two direc
tions to be combined into a single output beam [10.106] 

crystal and the dielectric coating of mirror M2 must be adjusted so that they are 
in phase as they reenter the doubling crystal after reflection from M2. This is 
accomplished by providing a translation adjustment for the mirror M 2 to move it 
toward or away from the doubling crystal, such that the net phase shift between 
the two waves is a multiple of 27!". The computed phase shift, based on the mea
sured 1.06-0.53/1m dispersion of air of 3.6 x w-6, is approximately 29.0°/cm. 
For doubling of the l.06-11m line of Nd: YAG, this requires a mirror movement 
of no more than 3.28cm [10.107], and the accuracy required to correct for the 
phase shift is of the order of millimeters. 

The beam diameter at various locations inside a laser cavity of the type 
shown in Fig. 10.13 is a function of mirror curvature, laser rod size and face 
curvature, nonlinear crystal orientation, and the placement and spacing of all 
these and any other intracavity elements (such as Brewster plates, intracavity 
lenses, or apertures), as well as of the thermal focusing present in the rod. A 
computer program which takes into account all of the factors mentioned above 
in determining the beam diameter at various intracavity locations is presented in 
[10.108]. 

Intracavity frequency doubling of a laser operating in many longitudinal 
modes will generate fluctuations in the instantaneous as well as the average har
monic power. The nonlinear process in the resonator actually magnifies the fluc
tuations occurring due to mode beating at the fundamental. Single-longitudinal
mode operation or mode locking avoids this problem. Figure 10.14 shows an 
intracavity frequency-doubled Nd: YAG laser containing two quartz etalons in 
the resonator to obtain single-frequency operation [10.109]. The cavity is de
signed to obtain an adequate TEMoo-mode volume in the laser rod and a small 
waist at the nonlinear crystal. The beam waist is generated by a short-radius 
mirror and the Nd: YAG rod with one end curved to act as an internal focus
ing element. Frequency-doubled output in a single direction is achieved with a 
three-mirror cavity similar to Fig.10.13. The multiple-dielectric-layer 45° mirror 
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Fig.10.14. Single-ended output by use of three-mirror, folded cavity configuration (similar to 
Fig. 10.13). The intracavity 45° mirror is highly reflecting at 1.06/lm but transparent at 0.53 llm. 
The shon-radius curved mirror is highly reflecting at both 1.06 and 0.53/lm [10.109] 

favors s-polarized laser oscillation at 1.06 flm and very effectively transmits the 
second-harmonic p-polarized radiation. The system shown in Fig. 10.14 produces 
unidirectional power outputs of 0.3 to 0.5 W at 0.53 J.lm. 

An analysis of optical second-harmonic generation internal to the laser cavity 
has been presented in [10.105, 110]. The steady-state condition for intracavity 
doubling can be determined if we equate the round-trip saturated gain of the 
laser to the sum of the linear and nonlinear losses 

2gol* = L + K' I 
l+I/Is ' (10.33) 

where go is the unsaturated gain coefficient, l* is the length of the laser medium, 
I is the circulating power density in the laser rod, and Is is the saturation power 
density of the active material. All linear losses occurring at the fundamental 
frequency are lumped together into the parameter L; the quantity K' I is the 
nonlinear loss. The nonlinear coupling factor K', defined by 

is related to Kin (10.12); it is K' = ,z2 K, where"' accounts for different power 
densities in the laser rod and nonlinear crystal in the case of focused beams; that 
is, "' = IccysiBl/ Irod and l is the crystal length. 

From the theoretical treatment of intracavity doubling, it follows that a max
imum value of second-harmonic power is found when 

K ' L 
max= Is . (10.34) 

The magnitude of the nonlinearity required for optimum second-harmonic pro
duction is porportional to the loss, inversely proportional to the saturation density, 
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and independent of the gain. Thus, for a given loss, optimum coupling is achieved 
for all values of gain and, hence, all power levels. As we recall from Chap. 3, in 
a laser operating at the fundamental wavelength the optimum output coupling of 
the front mirror is gain-dependent. The usefulness of (10.34) stems from the fact 
that by introducing the material parameters for a particular crystal into (10.8) and 
combining with (10.34), the optimum length of the nonlinear crystal is obtained. 
For example, from (10.8) we obtain I<' = 1.5 x 10-6 12 ~~: for Ba2NaNb50 15. 

With (10.34) and Is ~ loJ W/cm2 for Nd: YAG, the optimum crystal length is 
12 = 660 L/ ~~: [cm2]. Assuming a round-trip loss of L = 0.02 and a power-density 
enhancement of ~~: = 50, a crystal of l = 0.5 em is sufficient to optimally couple 
the second harmonic from the laser. 

From the theory presented in [ 10.11 0], it follows that if the loss due to the 
inserted second-harmonic crystal is small compared to the total internal loss, 
the value of I<' is the same for fundamental and second-harmonic output cou
pling. Also, the maximum second-harmonic power equals the fundamental power 
obtainable from the same laser. 

In real systems, the second-harmonic power is usually considerably below the 
output power which can be achieved at the fundamental wavelength. The reason 
is that the insertion loss of the nonlinear crystal is in many cases significant in 
the low-gain lasers employed for intracavity doubling. Furthermore, availability 
of crystals and damage considerations lead often to non-optimum conditions as 
far as crystal length and pump-power density are concerned. 

As an example, the performance of a typical intracavity doubled Nd: YAG 
laser is illustrated in Fig.10.15. The output at the harmonic wavelength is com
pared to the TEM00 output available at 1.064 J.lm from the same laser. The 
Nd: YAG laser employed in these experiments was cw pumped by diode ar-
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Fig.lO.lS. Comparison of fundamental and second harmonic output from a cw pumped intracavity 
frequency doubled Nd : YAG laser for different nonlinear crystal lengths 
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rays and intracavity doubled with KTP. After measuring the output at 1.064 p.m, 
a KTP crystal was inserted in the folded resonator (similar to the arrangement 
shown in Fig.10.14) and the output coupler was replaced with a mirror of high 
reflectivity at 1.064 and 0.53 p.m. For the short crystals, the nonlinear coupling 
factor K' is too small and far from optimum. A higher output at 532 nm would 
require an increase of r;, by tighter focusing of the beam. However, this makes 
alignment very critical and sacrifices mechanical and thermal stability of the laser. 
A longer nonlinear crystal is therefore a better solution. However, a 15 mm long 
crystal is about the longest crystal available for KTP. 

Intracavity frequency doubling of a cw-pumped laser can be combined with 
Q-switching or mode locking. In a typical system of the first type the laser 
contains, in addition to the laser rod and harmonic generator, an acoustooptic 
Q-switch in the resonator. In the case of an internally doubled Q-switched laser, 
the harmonic power generated cannot be simply related to the harmonic coupling 
coefficient, since the effects of pump depletion and pulse stretching must be con
sidered. However, the harmonic power extracted from the laser can be related to 
the pumping rate above threshold, and to the normalized harmonic coupling coef
ficient [10.111]. Due to the higher intensities in a Q-switched laser, as compared 
to a cw system, the optimum second-harmonic of the nonlinear parameter output 
occurs at a lower value K'. The lower value of K' permits the use of a mirror 
configuration which is well within the region of stable oscillation and yields a 
fairly large beam waist. The configuration is thus relatively insensitive to slight 
misalignment and motion of the resonator elements. In the case of the cw system 
the optimum second-harmonic output is obtained for a resonator operating with 
an extremely small beam waist (and thus larger K') which is sensitive to both 
transverse and axial motions of the resonator elements. 

Literature on, repetitively, Q-switched Nd: YAG, Nd: YLF, and Nd: YA103 

lasers internally frequency doubled by different nonlinear crystals can be found 
in [10.112-118]. 

In applications requiring high amplitude stability, one may wish to mode
lock the internally frequency-doubled laser. Stability is an important criteria for 
many laser applications, and one that has posed many difficulties for intra-cavity 
doubled solid-state lasers. In multi-longitudinal-mode lasers, the doubling process 
can occur either by direct doubling of individual longitudinal modes, or by sum
frequency mixing of two different modes. 

This coupling of longitudinal modes via the frequency-doubling process 
causes random-noise fluctuations in the laser output, due to longitudinal-mode 
beating, and is referred to as the "green problem" [10.49]. Similar coupling is 
observed between the polarization modes in type-II doubling between the 'e' and 
'o' waves. This fundamental instability can be overcome by mode-locking which 
locks the longitudinal modes in phase and thus eliminates mode beating. 

Since the harmonic conversion efficiency is greatest at the peak of the mode
locked pulses, the harmonic conversion process tends to flatten and broaden the 
pulses, opposing the modulator's efforts to sharpen the pulses [10.124]. 
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The pulse-lengthening mechanism can be understood by considering the 
losses introduced to the resonator by the mode-locking modulator and the har
monic generator. The loss due to second-harmonic generation is caused by the 
transmitted output power; this loss decreases with longer pulses because peak 
power and, hence, harmonic conversion efficiency decreases with longer pulses. 
The loss introduced by the mode-locking modulator, on the other hand, increases 
with longer pulses, since this loss results from the tails of the pulse passing 
through the modulator under less than optimum conditions. The pulse length of 
the mode-locked laser is affected by both these losses. To a first approxima
tion, the pulse length will be that which minimizes the sum of these two losses, 
as is illustrated in Fig.10.16 for a typical Nd:YAG laser [10.119]. The pulse
lengthening effect decreases the peak power as well as the average power of 

the laser. Therefore, the enhancement of second-harmonic power due to mode 

locking is not as large as one would expect. Theoretical expressions for the en

hancement of second-harmonic generation to be expected from mode locking 
have been given in [10.125, 126]. 

Internally frequency-doubled and mode-locked Nd: YAG lasers have pro

duced 0.5 to 1.5 W of output power at 0.53 J.Lm [10.119, 123]. Pulse widths are 
typically 250 to 330 ps. With proper temperature control of the nonlinear crys
tal, it is even possible to perform both the electrooptic modulation and optical 
harmonic generation in a single intra-cavity nonlinear crystal [10.119-123]. 
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Recently, it was found that by appropriate rotational alignment of the dou
bling crystal high amplitude stability can be achieved [10.50, 52]. Marshall et al. 
[10.53] demonstrated stabilities between 0.2% and 1% r.m.s., depending on the 
observation time, for a frequency-doubled Nd: YAG laser with an output of 3 W 
at 532nm. 

10.1.5 Third-Harmonic Generation 
Frequency up-conversion to the third harmonic has attracted considerable atten
tion for Nd: glass laser beams for fusion applications. Third-harmonic genera
tion is a two-step process involving two harmonic generators. In the first crystal 
("doubler") some fraction of the fundamental radiation is converted to the sec
ond harmonic, followed by a second crystal ("tripler"), in which unconverted 
fundamental radiation is mixed with the second harmonic to produce the third 
harmonic. The equations governing frequency mixing in nonlinear crystals have 
been given in [10.127]: 

dEtfdz = -iKtE:3Ei exp(-iilk · z)- htEt , 

dE;.jdz = -iK2E:3Ei exp( -iilk · z)- h2Ez , 

dE:3/dz = -iK3E1E2exp(iilk · z)- h3E:3 . 

(10.35a) 

(10.35b) 

(10.35c) 

Here the E1 's are the complex electric vectors of waves propagating in the z 

direction with frequencies w1, where w3 = w1 +w2. The electric field of wave j is 
the real part of E 1 exp(iw1t- ik1z), and the phase mismatch ilk= k3- (k1 + k2) 
is proportional to the deviation ilB of the beam path from the phase-matching 
direction. The 1/s are absorption coefficients. For tripling, w2 = 2wt. w3 = 3wt, 
K2 ~ 2Kt, and K3 ~ 3Kt. 

Equations (10.35a, b) describe single rays as well as complete beams [10.128--
130], and solutions are presented in Fig. 10.17 for the phase-matched case (ilk = 
0). The efficiency refers to the combined fundamental and second-harmonic input 
power to the tripler. 

The parameter M is the ratio of second-harmonic power to total power in 
the tripler: 

(10.36) 

If the input photons at wand 2w are matched 1: 1, then P2w+2Pw and M = 0.67. 
In principle, complete conversion of the input beams to the third harmonic can 
be achieved. For other values of M, after a ray has propagated an optimum 
distance Zopt into the crystal, the number of photons in one of the components 
depletes to zero, and as z increases beyond Zopt the mixing process reverses and 
the third-harmonic radiation reconverts. 

Successful tripling is made difficult because the distance Zopt is a sensitive 
function of both M and intensity; for example, Fig. 10.17 shows that input at 
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Fig.10.17. Tripling efficiency of a 9 mm thick phase-matched KDP type-11 crystal as a function 
of total input intensity, for various percentages M of the second harmonic in the input. A small 
absorption of 0.04cm-1 is included for the fundamental [10.128] 

4GW/cm2 will convert with an efficiency of 25% if M = 50% but 80% if 
M=60%. 

Efficiency tripling depends on the fundamental and second-hannonic photons 
emerging from the first crystal in a ratio of 1 : 1 over a broad intensity range. 
Craxton [10.128, 130] has shown that this requirement can be achieved by means 
of an appropriate choice of polarization angle in the doubler. Figure 10.18 shows 
three tripling schemes which can lead to high efficiency of the third-hannonic 
generation. In each case, two out of three photons of the ordinary beam prop
agating in the doubling crystal at the fundamental wavelength w are converted 
to an extraordinary beam at 2w. Depending on crystal orientation and thickness, 
the unconverted photons of the fundamental beam can emerge from the doubling 
crystal either elliptically polarized at 45° to the o- and e-axes, plane polarized 
parallel to the o-axis, or plane polarized parallel to the e-axis. 

A detailed discussion of the relative merits of the different configurations 
illustrated in Fig.10.18 can be found in the above-cited references. 

10.1.6 Examples of Harmonic Generation 
Examples of several different types of laser systems which incorporate harmonic 
generators will illustrate the current state-of-the-art of this technology. Employing 
a KTP-crystal harmonic generation with an output power of 3.9W at 532nm by 
intra-cavity frequency doubling in a Nd: YAG laser oscillator acousto-optically 
Q-switched at 10KHz has been demonstrated [10.131]. The laser head contained 
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(c) plane polarized parallel to the e-axis [10.128) 

a 25 mm by 3 mm Nd: YAG crystal pumped by 6 one-centimeter long diode 
arrays which were arranged symmetrically around the rod in 2 sets of 3 arrays 
each. The optical pump power at 807 nm was 60W. At the fundamental output, 
the laser oscillator produced 12 W multimode and 5.5 W TEMoo Q-switched av
erage power. The optimal fundamental power was obtained with a 96% reflecting 
mirror. 

A hemispherical laser cavity was employed to obtain TEMoo operation with 
reasonable extraction efficiency, while at the same time giving a tight beam 
waist for intra-cavity doubling. Using a type-II doubling crystal, the intra-cavity 
flux incident upon the crystal was maximized by placing it at the waist of the 
cavity mode. The length of the KTP crystal was 15 mm. To improve the doubling 
efficiency, and to obtain a uni-directional output, the cavity was folded with a 
dichroic mirror and the 1.06 J.tm output coupler that would be used to obtain 
optimum fundamental output was replaced with a high reflector at 1.06 and 
0.532J.tm. 

Figure 10.19 illustrates the optical schematic of the folded resonator-configu
ration. The performance of the acousto-optically Q-switched laser is depicted in 
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Fig. 10.20, which exhibits the average power produced at 1.06 I'm (for optimum 
coupling), and at 0.532 I'm when the output coupler is replaced by a total reflector 
at 1.06 and 0.532 f.'m. 

A krypton arc lamp pumped cw Nd : YAG laser, using a similar arrangement, 
as shown in Fig.10.19, and a type-IT KTP doubler achieved over 20W of average 
output at 532nm [10.117, 118]. This output was obtained at 3.6kW lamp input 
power and a Q-switch repetition rate of 25kHz. With the same laser, an output 
of 9 W has been demonstrated in cw operation. 

Ron [10.116, 132, 133] obtained an average frequency-doubled output of 
35 W at 532 nm with a cw pumped repetitively Q-switched Nd: YAG laser. The 
acousto-optic Q-switch produced 150 ns wide pulses at 10kHz. Harmonic gen
eration was achieved with an intracavity CD* A crystal. The system featured 
electro-optical compensation for self heating in the crystal and beamshaping to 
minimize thermal gradients. 

CD* A permits noncritical phase matching at about ll2°C. A pulsed electric 
field was used to fine tune the phase-matching condition. Application of an elec-

542 



tric field provides a means of shifting the phase-match temperature, shifts equiva
lent to 2° C temperature changes have been obtained. Absorption of the powerful 
radiation passing through the crystal leads to heating which detunes the crystal 
from the phase-match condition. This self heating effect causes a drop of har
monic power and leads to output instability. A closed-loop phase-matching sys
tem, using electro-optical tuning provides short- and long-term phase-matching 
compensation for thermal gradients. The system also incorporated transverse 
beamshaping with an aspect ratio of about 2.5: 1. Shaping of the beam's trans
verse profile into an elliptical format, and utilization of one-dimensional heat 
flow offer significantly reduced thermal profiles and permit efficient operation 
at high average power. The temperature profile present across a nonlinear crys
tal driver at multi-watt power levels is sufficient to cause local departures from 
phase match sufficient to degrade performance. By profiling the input beam cross 
section appropriately, thermal gradients can be reduced to acceptable levels. 

Kogan et al. [10.103] developed a 1 J, frequency-doubled Nd: YAG laser 
consisting of a TEMoo mode oscillator, four amplifiers, an optical isolator, and a 
KD*P doubler cut for type-IT phase matching at 1064nm. The system operates at 
a pulse repetition rate of 10 pps, a pulse width of 17 ns, and a beam divergence 
of 0.4 mrad in a 12.5 mm diameter beam. At an average power of 10.5 W at 
532 nm the conversion efficiency was about 50%. A schematic of the laser optical 
system is shown in Fig. 10.21. It was reported that the system delivered over 20 
million shots without any damage to the crystal. It should be noted that KD*P is 
critically phase matched at this wavelength. Also, due to the high sensitivity of 
the crystal to angular misalignment the 25 mm long crystal had to be operated 
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with a fundamental beam whose divergence is less than 1 mrad. For this reason, 
a diffraction-limited oscillator was developed. 

A modem version of a frequency-doubled multistage Nd: YAG laser system 
employing diode pumping has been described in Chap. 4. The laser depicted in 
Fig. 4.16 employed a 1-cm long KTP crystal which converted the fundamental 
output with a maximum efficiency of 66% to produce an output of 500 mJ per 
pulse at 532 nm. Conversion efficiency vs. fundamental input intensity at the 
harmonic generator is plotted in Fig. 10.22. 

The requirement for generation of short wavelengths from inertial-confine
ment-fusion lasers has prompted the development of large-aperture harmonic 
converters for doubling, tripling and quadrupling of the Nd: glass laser output. 
As an example, we will consider conversion experiments originally carried out 
on the now dismantled Argus laser at the Lawrence Livermore National Labora
tory [10.104]. Argus is an image-relayed, spatially filtered laser system capable 
of delivering up to 1 kJ output energy in a 600ps pulse. With a 10cm diame
ter, and 2.29 em thick KDP crystal up to 346 J of laser energy at 532 nm was 
generated. This corresponds to a 83 % conversion efficiency. Tripling and qua
drupling yielded efficiencies of 76% and 70%, respectively. A summary of the 
performance of the conversion experiments is shown in Table 10.3. 

The variation of the doubling efficiency vs. input at the fundamental intensity 
for the type-1 KDP crystal is shown in Fig. 10.23. Since the crystals were un
coated, the internal conversion efficiency refers to the measured overall efficiency 
corrected for Fresnel reflection losses. 

Table 10.3. Frequency conversion efficiencies achieved on the Argus laser 

Wavelength 
[nm) 

532 
355 
266 

544 

Conversion 
efficiency 

83% 
55% 
51% 

Maximum energy 
generated [J] 

346 
41 
50 

Output power 
[GW) 

495 
68 
83 
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Fig.l0.23. Frequency-doubling effi
ciency as a function of input power 

Following the early experiments on the Argus system, KDP crystal arrays 
with apertures of 74cm have been built for conversion of the Nova laser out
put. These large aperture converters are constructed from 15 em or 27 em KDP 
segments, held together by an eggcrate stainless steel support structure [10.134]. 

10.2 Parametric Oscillators 

As was mentioned at the beginning of this chapter, two beams with different 
frequencies incident on a nonlinear crystal will generate a traveling polarization 
wave at the difference frequency. Provided the polarization wave travels at the 
same velocity as a freely propagating electromagnetic wave, culmulative growth 
will result. For reasons which will soon become clear, the two incident beams 
are termed "pump" and "signal" waves, having a frequency of vp and v5 , and 
the resulting third wave is termed "idler" wave with frequency v,.. Under proper 
conditions, the idler wave can mix with the pump beam to produce a traveling 
polarization wave at the signal frequency, phased such that growth of the signal 
wave results. The process continues with the signal and idler waves both growing, 
and the pump wave decaying as a function of distance in the crystal. 

Since each pump photon with energy hvp is generating a photon at the signal 
(hv5 ) and idler frequency (hvi), energy conservation requires that 

Vp = Vs + Vj. (10.37) 

In order to achieve significant parametric amplification, it is required that at 
each of the three frequencies the generated polarization waves travel at the same 
velocity as a freely propagating electromagnetic wave. This will be the case 
if the refractive indices of the material are such that the k vectors satisfy the 
momentum-matching condition kp = ks + ki. For collinearly propagating waves 
this may be written 
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(10.38) 

where n8 , ni. and np are the refractive indices at the signal, idler, and pump 
frequency, respectively. The pump signal is usually provided by a laser and, 
therefore, ..\p is fixed. However, if the refractive indices are varied, the signal 
and idler frequencies will tune. Considerable control of the refractive indices, 
and wide tuning, is possible by making use of the angular dependence of the 
birefringence of anisotropic crystals, and also by temperature variation. Rapid 
tuning over a limited range is possible by electro-optic variation of the refractive 
indices. 

Optical parametric oscillators (OPO's) can provide an efficient and relatively 
simple means of frequency shifting the outputs of solid-state lasers. Typically, 
the output of a high-power pulsed laser is focused into a nonlinear crystal, and if 
the intensity of this pump laser is sufficiently high, the optical parametric process 
is initiated, which generates signal and idler outputs whose optical frequencies 
sum to equal that of the pump. In order to lower the threshold for parametric 
conversion, the crystal is usually enclosed in a resonant cavity that provides 
feedback at the signal and/or the idler frequency. 

A schematic of a typical parametric oscillator is shown in Fig. 10.24. The 
gain-producing nonlinear material _is located inside an optical resonator, which 
must provide sufficient feedback to overcome the losses in the system. There are 
several different types of optical parametric oscillators characterized by the form 
of feedback provided. The doubly resonant oscillator employs feedback at both 
the signal and idler frequencies; the singly resonant oscillator employs feedback 
at either the signal or idler, but not both. In both types of oscillators the mirror 
through which the pump radiation enters the cavity is highly transmitting, and 
the exit mirror may be either transmitting or reflecting at the pump frequency. 

The first successful operation of an optical parametric oscillator was achieved 
by Giordmaine and Miller [10.81] in 1965. Their oscillator employed lithium 
niobate as the nonlinear material and used a 530 nm pump signal derived by 
frequency-doubling the 1.06-1-Lm output of aNd: CaW04 laser. 

Since then considerable effort has been expended in understanding and im
proving the device performance, and numerous nonlinear materials were evalu
ated for possible use in practical devices. While the process of optical parametric 

Nonlinear material ,,, '-'s,l', 

M, 
{

Reflecting at v,, ''• 

M 1 ' Transmitting at vP 

Fig. 10.24. Parametric oscillator with a doubly 
M2 • Partially transmitting at v,. v; resonant cavity 

546 



conversion is conceptually simple and elegant, many difficulties have been en
countered in realizing practical systems. Among the most serious has been optical 
damage to the non-linear crystal, caused by the high electric fields necessary for 
non-linear conversion. Typical damage thresholds for non-linear materials are 
in the same range as the intensities required for efficient conversion. A second 
drawback to parametric conversion has been the low efficiency and poor beam 
quality of the pump sources themselves. 

In recent times, however, these two problems have been overcome: first, be
cause new nonlinear crystals with high damage thresholds have been developed 
(for example, KTP, BBO, LBO, KNb03), and second, because diode pumping 
has provided a new generation of efficient high-power solid-state lasers with 
single-transverse-mode outputs and a high degree of shot-to-shot stability. With 
the recent introduction of these new nonlinear materials in conjunction with 
diode-pumped solid-state lasers, renewed interest has developed in optical para
metric oscillators. These recent advances in lasers and materials technology have 
considerably improved the prospects for efficiently generating tunable radiation 
using optical parametric oscillators (OPO). 

The optical parametric oscillator has been the subject of many papers and 
review articles; detailed discussions of the theory and summaries of earlier work 
on OPO's can be found in [10.82-85]. 

10.2.1 Design Parameters 

Of greatest interest in practical devices, is an accurate calculation of OPO thresh
old and conversion efficiency. In the optical process, the signal and idler outputs 
are generated by interaction between the intense pump and weak quantum noise 
at the signal and idler frequencies. This interaction occurs via the second-order 
nonlinearity of the crystal medium, and results in amplification of the signal and 
idler at the expense of the pump. The power gain G for the signal wave produced 
by a pump of intensity Ip in an optical parametric converter is given by [10.86]: 

G = cosh2 g letr 

where 

and the effective length letr is given by 

(10.39) 

(10.40) 

(10.41) 

The walk-off angle is f!, wp is the pump beam spot radius, and l is the crystal 
length. For long crystals the effective length is given by the walkoff length, 
lw = J7rwp/2e. The effective nonlinear coefficient, detr is calculated from the 
second-order nonlinear tensor. 

Since the signal Is and idler [j intensities are extremely low, typically e-13 

times lower than the pump intensity lp, they must be greatly amplified before any 
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significant depletion of the pump occurs. We therefore say that the optical para
metric process demonstrates a threshold, and this threshold is typically defined 
as the point at which the pump depletion due to generation of signal and idler 
fields reaches 1% [10.87]. High pump intensities (typically 100 MW cm-2) are 
required to exceed threshold for the optical parametric process, and this threshold 
intensity is often comparable with the damage threshold of the OPO crystal. 

In order to lower the threshold, the crystal is usually enclosed in a reso
nant cavity which provides feedback at the signal, and/or the idler frequencies. 
For stability reasons the cavity is usually resonant only at the signal (or idler) 
frequency. If both signal and idler are resonated, then all three fields must re
main in phase over many passes through the cavity. This would require a single 
frequency, chirp-free laser. However, since the sum of the phases of the signal 
and idler waves is equal to that of the pump, it is possible to obtain a constant 
phase signal, if the phase of the idler matches itself to that of the pump. In this 
case a broad-band (multi-longitudinal mode) pump can be just as effective as a 
single frequency pump, in driving the OPO. When only one wave is resonated, 
the other is free to change its phase (and frequency) to match that of the pump. 
For these reasons, singly resonant oscillators (SROs) are used in most practical 
applications. The threshold for a SRO is given, in the steady state case, by 

(10.42) 

where 2al is the round-trip loss, and R is the cavity output-mirror reflectivity. 
For an OPO pumped by a pulse of duration r (intensity half-width at the 1/e 
point), the threshold pump intensity is [10.87] 

2.25 ( 15£ 1 ) 2 
lth = --2- -- +2al +In rn +ln2 , 

KYs leff ct V R 
(10.43) 

where 

(10.44) 

The effective nonlinear coefficient deer is determined by phase-matching consid
erations, as discussed below. The threshold of an OPO is therefore inversely 
proportional to the square of the nonlinear coefficient and the effective crystal 
length. Threshold can be reduced in the SRO by allowing the pump to make a 
second pass through the OPO crystal. This is most easily done by reflecting the 
pump off the output coupler of the OPO. The threshold pump intensity lth for a 
singly-resonant OPO with reflection of the pump from the OPO output coupler, 
is given by [10.87]: 

2.25 ( 15L 1 ) 2 
Ith = ~ -f - +2al +In rn +ln4 

"'Ys eff(l + ) ct V R 
(10.45) 
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and 'Y ~ 1 (at threshold) is the ratio of backward to forward pump amplitude in 
the OPO cavity. 

The mode coupling coefficient is 9s = wi/Cwi + w~) and L is the optical 
length of the OPO resonator. 

In the plane-wave approximation the conversion efficiency of the OPO is 
given by 

. 2 l 7] = sm g eff. (10.46) 

Using this expression, total conversion of the pump can be achieved in theory. 
As the point of total conversion is exceeded, power starts to couple back into 
the pump field at the expense of the signal and idler fields, and the conversion 
efficiency decreases. 

In practice, Gaussian beams are employed rather than plane waves. In this 
case, as in the case of frequency doubling, the maximum theoretical conversion 
efficiency is reduced. Although the center of the beam may be achieving total 
conversion, the intensity in the wings is considerably lower than the optimum. 
As one increases the pump power to convert the wings, the center exceeds the 
optimum and some back conversion occurs, resulting in an overall decrease in 
the conversion efficiency. 

The dependence of conversion efficiency on pump power is illustrated in 
Fig. 10.25. Plotted is experimental data from several OPO experiments carried 
out with KTP as the nonlinear crystal and a Nd: YAG laser pump at 1.064JLm. 
The solid curve was obtained by integrating the equations for plane wave OPO's 
over the spatial profile of the Gaussian beam, as described in [10.88]. 

It turns out that one can derive a generic relationship between the factor by 
which pump power exceeds threshold power, and the OPO conversion efficiency. 
While there is some spread in the data, the general agreement is surprisingly good. 
The general "rule of thumb" for design of an efficient OPO, is to pump at least 
4 times above threshold for maximum efficiency. Thus one can calculate the 
threshold for a given OPO, then multiply this value by a factor 4 to determine 
the required pump intensity. 
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It is important to remember that the conversion efficiency discussed so far is 
for the conversion of the pump power into both the signal and idler beams. The 
energy or power between the signal and idler beams is divided according to the 
ratio of the photon energies, i.e. 

(10.47) 

From this follows the energy of the signal compared to the total energy Er 
converted by the OPO 

Er 
Es = 1 +>.sf>.; . (10.48) 

In the so-called degenerate mode, for which >.a = >.; = 2>.p, each pump photon 
generates two photons at twice the pump wavelength. In this case, two orthogo
nally polarized beams at the same wavelength are emitted from the OPO. 

10.2.2 Materials 

The nonlinear crystals used for parametric oscillators must be transparent and 
have low loss at the pump wavelength as well as the signal and idler. Very 
important for reliable OPO operation is a high damage threshold and a large 
ratio of optical damage threshold to pump threshold for oscillation. Table 10.4 
lists a number of nonlinear materials for use in OPO's. The critical parameters for 
OPO crystals are slightly different to those for doubling where one requires broad 
angular acceptance, low-temperature sensitivity, and broad frequency acceptance. 
In OPOs, absence of these qualities merely leads to broad-linewidth output from 
the OPO due to the inherent tunability of the OPO. For example, exceeding 
the acceptance angle merely prevents phase matching at one pair of signal and 
idler wavelengths, however, the OPO will tune these wavelengths until phase 
matching is recovered, producing an output of broader linewidth. 

Of the materials listed in Table 10.4, LiNI>OJ and Li103 are nonlinear mate
rials which have been employed in parametric oscillators in the past. As can be 
seen, these materials have damage threshold levels considerably below those of 
the newer materials such as KTP, BBO, LBO and K~. 

KTP is limited by absorption bands beyond 4.1 pm; it is the material of 
choice for the design of OPOs pumped with Nd lasers at 1.06 pm [10.96-101]. 

Table 10.4. Materials for mid-infrared OPO pumped at 1.06 Jllll 

KNb0:3 LiNbO:! Lii03 KTP AgGaS2 BBO LBO 

detr [pm/V] 10.2 5.1 1.3 2.3 13.5 1.94 1.16 
transparency [pm] 0.4-5 0.5-5 0.4-5.5 0.4-4.1 0.7-18 0.19-2.5 0.16-2.6 
Imax [GW/cm2] :?: 1 0.2--0.5 0.12 :?: 1 0.03 15 2.5 
Lmax [em] 1 ;?:5 ;?:5 1 4 1 1 
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L..O .,----.----------------, Fig.10.26. Tuning range of an OPO 
pumped by a 1.06 1-1m Nd laser and em
ploying a type-II KTP crystal 
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Fig.10.27. Tuning curves for BBO in a type-I 
configuration pumped at the wavelength of 266 
and 355nm 

In Fig. 10.26, the phase-matching angle of KTP is plotted vs. tuning range for 
a pump wavelength of 1.064 J.lm. Noncritical phase matching results in a signal 
output of 1.6 J.lm. For OPOs operating in the UV, visible or near-infrared BBO 
and LBO are the preferred materials because of the transparency range which 
extends to very short wavelengths. As an example, Fig. 10.27 shows tuning curves 
for OPOs using BBO in a type-I configuration pumped at the tripled or quadrupled 
output from a Nd laser [10.89, 90]. 

Potassium niobate (KNb03) is a promising material for mid-IR applications, 
with transparency out to 5 J.lm. The phase matching curve for 1.06 J.lm pumping 
is shown in Fig. 10.28. Tuning from 2.1 to 4.5 J.lm and 1.4 to 2 J.lm is obtained 
by theta rotation from 16 to 21 o, a sufficiently small angular spread that can be 
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accommodated by modest-size crystals. The nonlinear coefficient deer is much 
higher than that for KTP, which could result in a low-threshold device. Walk-off 
angles range between 2 and 2.5°. From the convenient distribution of the signal 
and idler wavelengths, this device has the potential to cover the entire infrared, 
from 1.4 to 5 pm. So far KNb03 has been tested only for frequency doubling 
of solid-state lasers [10.94, 95]. It was found that despite the large nonlinear 
coefficients, the overall efficiency of the harmonic generator is limited by the 
rather small angular, spectral and temperature acceptance range. For this reason, 
KTP is usually the preferred material for frequency doubling. However, in an 
OPO, the small acceptance range translates to first order into a broader linewidth 
from the OPO rather than a reduction in efficiency. Depending on the application 
this may not be a serious drawback. 

Although silver gallium selenide (AgGaSe2) has a low damage threshold, 
it is of interest for the design of low-power OPOs because its transparency 
reaches far into the infrared. Optical parametric oscillators using AgGaS~ have 
been pumped by Nd, Ho and Er lasers and produced tunable outputs to 5.6 pm 
[10.91-93]. 

Listed in Table 10.4 is also the maximum crystal size currently available from 
commercial sources. A minimum crystal length of at least 1 em is usually required 
for the achievement of a high conversion efficiency, and a sufficient crystal cross
section is important to keep the pump intensity substantially below the damage 
threshold. For example, when pumping at the joule level, one typically needs 
to expand the pump beam to lower the pump intensity. In this case, operation 
at 100MW/cm2, with a typical pulse length of 20ns, requires a beam diameter 
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of 0.8 em. Thus, one requires a crystal size on the order of a 1 cm3 • The use of 
a larger pump-beam diameter also reduces the effect of walk-off; for example, 
the walk-off angle for a 200 p.m pump beam diameter in a mid-IR KTP OPO 
is 2.6°, which reduces the effective interaction length to 4 mm. However, if the 
pump-beam diameter is increased to 8 mm, the interaction length is dramatically 
increased to 160 mm, so that walk-off is negligible over the typical 15 mm length 
crystals employed in practice. 

10.2.3 Design and Performance of Modern Optical Parametric Oscillators 
Generatioq of tunable radiation in the UV, visible and IR region of the spectrum 
is of great interest in many applications. The optical parametric oscillator (OPO) 
has long been regarded as a convenient means of achieving tunable output from 
solid-state lasers. However, progress in the development of OPOs has been slow 
owing to a lack of suitable nonlinear materials and pump sources of desirable 
beam quality. As mentioned at the beginning of this subchapter, the advent of new 
nonlinear materials such as KTP, BBO and LBO in combination with the high 
beam quality obtained from diode-pumped lasers has revived interest in OPOs 
for the generation of tunable laser radiation. In this section, we will illustrate the 
design and performance of state-of-the-art OPOs which are pumped either by the 
fundamental or by one of the harmonic wavelengths of a Nd laser. 

Our first example is an OPO employing KTP as a nonlinear material pumped 
by a Nd: YAG laser at 1.064 p.m. This OPO is not used for generating a tunable 
output, but for providing an eye-safe wavelength at 1.6 p.m [10.96-98]. The 
crystal was cut out to achieve type-IT noncritical phase matching for a pump 
wavelength of 1.06 p.m (Nd: YAG) and a signal wavelength near 1.6 p.m; the idler 
wavelength was therefore near 3.1 p.m. Noncritical phase matching maximizes the 
effective nonlinear coefficient and essentially eliminates walk-off. 

Figure 10.29 shows two optical designs which were evaluated, namely a 
plane-parallel and a confocal cavity. The input mirror, through which the pump 
enters, was anti-reflection coated at the pump wavelength (1.06f-tm) and highly 
reflecting at the signal wavelength (1.6 p.m); while the output mirror was highly 
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Fig.l0.29. Optical parametric oscillator employing a KTP crystal inside a plane-parallel (a) and 
confocal resonator (b) 
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reflecting at the pump wavelength and 10% transmitting at the signal wavelength. 
In the plane-parallel configuration, the laser output was focused by a 100cm 

focal length lens, positioned so as to mode match the waist of the pump to the 
cavity mode of the OPO resonator. In the confocal design, the plane mirrors 
were replaced with a pair of 5 em concave mirrors with identical coatings to 
those used in the plane parallel cavity. The use of this cavity allows the pump to 
be more tightly focused while still maintaining good matching of the pump, to 
reduce the pump energy threshold for the device. This matching proved critical 
to successful operation of the OPO. Any mismatch between the pump mode and 
the TEM00 mode of the OPO cavity will cause a reduction in gain for optical 
parametric oscillation and a subsequent increase in threshold. For this reason, a 
single-transverse-mode pump is essential for obtaining high OPO efficiency. 

An oscillogram exhibiting the input and depleted pump pulse together with 
the generated signal pulse, is presented in Fig. 10.30. The pump depletion was 
approximately 16% on the first pass and reached 40% after the second pass, 
with the residual energy (15%) going into the idler output at 3.1 Jlm. This shows 
the advantage of reflecting the pump back through the OPO crystal to improve 
conversion efficiency. The performance of the plane-parallel and confocal OPO 
is illustrated in Fig. 10.31 in which the output is plotted vs. pump energy. The 
OPO employing a plane-parallel resonator reached threshold at a pump energy 
of 1.5 mJ, with a maximum output energy of 2.5 mJ obtained at 10 mJ pump 
energy. This corresponds to an energy conversion efficiency of 25%. Since the 
25 ns duration signal pulse is only half as long as the pump pulse, the power 
conversion efficiency of the OPO is 50%. 

Higher conversion efficiencies were observed with the confocal resonator 
than with the plane-parallel resonator, due to the lower threshold energy required 
in the former configuration. Threshold energy is reduced because the pump is 
focused more tightly into the KTP crystal to obtain optimum matching for the 
confocal resonator. The threshold pump energy of this device was only 0.8 mJ, 
considerably lower than that of the plane-parallel configuration. A maximum 
output energy at 1.6 f.lm of 1.8 mJ was obtained for 5.5 input pump energy. 
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This corresponds to an energy-conversion efficiency of 35%. In the confocal 
configuration, the power conversion efficiency of 1.06 J.tm pump to 1.61 JJ.m signal 
exceeds 50%, and the overall power conversion efficiency of the OPO, to both 
signal and idler outputs, exceeds 70%. 

Optical parametric oscillation is intensity dependent, so the pump intensity is 
a more meaningful parameter for gauging OPO performance than is pump energy. 
In Fig. 10.32, total output intensity is plotted vs. pump intensity. From the data 
presented in this figure follows that both resonator configurations produce similar 
results. 
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Optical parametric oscillation in the visible and near-infrared region has been 
demonstrated in BBO and LBO which have been pumped with Q-switched, fre
quency tripled [10.135-138] and quadrupled [10.139] Nd:YAG lasers. An ex
ample of such a device is the singly resonant OPO, shown in Fig. 10.33 [10.139]. 
A 20.5 mm long BBO crystal pumped by a Q-switched and quadrupled Nd: YAG 
laser with output at 266 nm provided continuously tunable output from 0.33 to 
1.37 J.l.m. An interesting feature of this OPO is the introduction of the pump beam 
into the OPO resonator by means of a separate set of mirrors oriented at Brew
ster's angle. The advantage of this design is the fact that the resonator mirrors 
M1 and M2 of the OPO do not have to transmit the intense UV pump beam. 
Optical damage of the mirrors is a major consideration in the design of OPOs. 
Threshold was obtained at 4.5 mJ or 23 MW/cm2• Recently, continuously tunable 
output ranging from 400 nm to 3 J.l.m with a single-angle-tuned BBO crystal was 
achieved [10.138]. The singly resonant OPO was pumped by the third harmonic 
from a Nd: YAG laser. · 

Combining diode-pumped solid-state lasers with OPOs provides all solid
state tunable radiation sources which might become the system of choice for 
applications such as remote sensing, pulsed laser spectroscopy and photo chem
istry. 

10.3 Raman Laser 

The Raman laser which is based on stimulated Raman scattering (SRS) has shown 
to represent a practical way to access wavelengths not directly available from 
solid-state lasers. Stimulated Raman scattering was first observed by Woodbury 
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and Ng [10.140] in experiments with ruby lasers in 1962. In its basic form, the 
Raman laser consists of a high pressure gas cell and resonator optics. If this 
completely passive device is pumped by a high-power laser, a fraction of the 
laser wavelength is shifted to a longer wavelength. The particular wavelength 
shift depends on the gas in which SRS takes place. Also, if the power level of 
the laser is increased, additional spectral lines will appear at longer as well as 
shorter wavelengths with respect to the pump wavelength. 

The basic Raman effect is an inelastic light scattering process. The energy 
levels of interest for Raman scattering are shown in Fig. 10.34. An incident 
quantum hvp is scattered into a quantum hvs while the difference in energy 
h(vp - vs) = hVR. is absorbed by the material scattering center. In Fig. 10.34 u 
is the upper state of the molecule, and i and f are the initial and final states. 
In principle, the excitation of the material may be a pure electronic excitation, 
or a vibrational or rotational excitation of a molecule. Solid-state-laser-pumped 
Raman lasers typically employ gases such as hydrogen or methane, therefore 
level i and f are the vibrational levels of the ground state of the molecule. The 
upper level u can be a real state or a "virtual" upper state. The frequency v8 

is called a Stokes frequency and is smaller than the incident light frequency 
by an amount equal to the excitation or pump frequency vp of the system. The 
difference between vp and v8 

Vp- Vs = 1/R. (10.49) 

is the Raman shift which is characteristic of the material in which the Raman 
process is observed. 

If the system is in an excited state to begin with, it may make a transition 
downward while the light is scattered. In that case the scattered light contains 
anti-Stokes frequencies which are larger than the incident frequency. 

In the stimulated Raman effect, the pump laser at frequency vp excites 
molecules to level u, and if a population inversion exists between levels u and 
f, it can produce lasing action. In this case the radiation v8 becomes amplified, 
while the pump radiation vp loses energy. The process has typical laser charac
teristics, such as pump energy threshold, exponential gain and narrow line width. 
The emission in Fig. 10.34a is called the first Stokes line, usually written S1• If 
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a high-power laser is focused into a Raman medium, additional lines will ap
pear at the output. Actually, a single laser frequency interacting with molecules 
will produce a "comb" of frequencies, each separated from its neighbor by the 
frequency spacing VR· These additional lines will be to the left and right of the 
wavelength scale with regard to the laser pump wavelength. 

The additional lines are produced by parametric four-wave mixing of the 
various waves propagating in the Raman medium. As an example Fig. 10.34b 
illustrates the generation of one such line, having a wavelength shorter than the 
pump wavelength. This so-called anti-Stokes line is the result of the interaction 
of vp and Vst both propagating in the same direction. The parametric four-wave 
mixing process does not require a population inversion between w and i, therefore 
there is no well defined threshold. The simplest way of looking at this interaction 
is that the two frequencies beat together to produce polarization (induced dipole 
moments in the molecules) at the difference frequency. This polarization then 
modulates the laser-molecule interaction and produces light beams at the side 
frequencies. 

Stokes lines have lower frequency (longer wavelength) and anti-Stokes lines 
have higher frequency (shorter wavelength). In each case the line is labeled first, 
second, etc., by counting the number of frequency shifts from the pump laser. 

The gain equations given below, which are taken from [10.141], provide the 
basic design parameters of the Raman lasers. A rigorous mathematical treatment 
of stimulated Raman scattering can be found in [10.142-144]. These references 
also provide comprehensive introductions to all areas of coherent Raman spec
troscopy. 

SRS can be described as a nonlinear interaction involving the third-order 
nonlinear susceptibility x3• At a medium's Raman resonance, the third-order 
susceptibility reduces to the peak Raman susceptibility XR• where the double 
prime indicates the imaginary part of the total susceptibility. 

The growth of the electric field at the Stokes wavelength and depletion of 
the pump field is governed by the equations: 

oEp = -~ x~IEsi2Ep oz 2cnp 
(10.50a) 

OEs = ~ "IE 12E 
~ 2 XR p s uz ens 

(10.50b) 

where wp - Ws = WR are the frequencies, ns and np are the indices of refraction, 
and c is the velocity of light. For a constant pump field, the Stokes field grows 
exponentially with a power gain given by 

(10.51) 

where Ys is the gain coefficient and l the interaction length in the Raman medium. 

_ wsx~IEpl2 _ 47rx~Ip 
Ys- - · 

nsc Asnsnpeoc 
(10.52) 
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Table 10.5. Stokes shift and Raman scattering cross-section for several gases 

Medium IIR [cm- 1] du [ cm2 ] 
dJl Ster 

H2 4155 8.1 x w-31 

Cf4 2914 3.0 x w-30 

N2 2330 3.7 x w-31 

HF 3962 4.8 x w-31 

If one expresses the third-order Raman susceptibility, x~ in terms of sponta
neous Raman scattering cross-section, da I d[l, one obtains 

ApA; N(da I d[l)Ip 
9s = 

n;nc1l"LlVR 
(10.53) 

where As is the Stokes wavelength and Ip is the pump intensity. N is the number 
density of molecules and LlVR. is the full-width, half-maximum Raman linewidth. 

From these equations follows that the gain for a single-pass Raman medium 
is proportional to the incident intensity, the active media cross-section (which 
includes pressure and linewidth dependencies), and the length of the Raman cell. 

The threshold of a Raman laser is usually defined as the gain required to 
achieve an output power at the Stokes wavelength that is of the same order 
as the pump radiation. For example, to achieve a 1 MW Stokes shifted power 
output, one requires a gain length product of g8 l = 36 in the Raman medium in 
order for the radiation to build up from the initial spontaneous noise level which 
is Ps = hvsLlVs ~ 10-19 w in the visible. Quantitative information such as gain 
coefficient and Stokes wavelength for many gases, liquids and solids are listed in 
[10.145]. Table 10.5 summarizes the data for the most important Raman media. 

The maximum theoretical conversion efficiency of a Raman laser is 

Vp- VR 
7J = . (10.54) 

Vp 

If one introduces into (10.54) the numbers given for VR in Table 10.5 it is obvious 
that the conversion efficiency can be very high. For example, a frequency doubled 
Nd: YAG laser, Raman shifted with CH4 provides an output at 630 nm. With 
VR = 2914cm-1 and vp = 18,797 cm-1 one obtains 7J = 84%. 

Device Implementation 

Practical Raman lasers employed to shift the wavelength of solid-state lasers are 
restricted to gases as the nonlinear medium. In liquids, stimulated Raman scatter
ing is complicated by the onset of Brillouin scattering and by self-focusing which 
leads to filament formation. Although Raman shifting is simple in principle, there 
are numerous design parameters to consider in engineering a practical device. 
SRS in gases compete with optical breakdown and with stimulated Brillouin 
scattering. In order to avoid these competing nonlinear effects, and to produce 
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Fig.l0.35. Raman laser configuration (a) single pass cell, (b) Raman resonator, (c) Raman oscillator
amplifier, (d) waveguide 

significant energy conversion, pump pulselength, input beam diameter, focusing 
and interaction length - which are all interrelated - must be carefully optimized. 
Raman lasers have been designed in a number of configurations such as the 
single-pass cell, Raman resonator, oscillator-amplifier and waveguide system. A 
short description of the salient features of these different designs will be given 
below. 

The simplest gas Raman laser is based on the single-pass emission in a gas 
filled cell as shown in Fig. 10.35a. The output beam quality is similar to that 
of the input pump. While the optics may be simply designed to prevent optical 
damage to the windows at focal intensities high enough to produce significant 
energy conversion, many nonlinear processes may occur to limit the conversion 
efficiency at high energies. Copious second Stokes and anti-Stokes production 
may occur, as well as stimulated Brillouin scattering and optical breakdown. The 
single-pass cell does not provide discrimination against these other nonlinear 
processes at high energy inputs. 
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By using mirrors at each end, feedback can be selectively enhanced at only 
the first Stokes wavelength, and the higher-order Stokes processes which would 
normally be built up by multiple passes wopld be eliminated. All that is required 
is that the gain be large enough to start the stimulated scattering process at a low 
enough threshold to achieve overall high conversion efficiency. 

A gas Raman laser utilizing a single resonator, is shown schematically in 
Fig. 10.35b. The mirror coatings selected allow all the pump light to pass into 
the cavity, while inducing resonator action at the Raman shifted frequency. The 
resonator transforms a multi-mode pump laser beam into a nearly diffraction
limited output beam with a slightly narrower pulse width. The high-quality beam 
is a result of keeping the pump intensity below single-pass threshold so that only 
multiple reflections of the lowest-order mode will achieve sufficient intensity to 
reach the stimulated scattering threshold. 

The resonator length must be balanced between two conflicting requirements. 
Long cells will allow a large beam size on the cell windows, which is necessary 
to prevent optical damage. The number of round-trip passes in the cell, however, 
varies inversely as the length of the cell, so the best resonator action is produced 
with cells whose length is much shorter than the equivalent pump laser pulse 
width. Alignment difficulties will also become troublesome at the longest lengths. 
For these reasons resonators should be limited to lengths less than about 50 em. 
The type of resonator is also an important parameter. 

fu order to have a large spot size on the windows and a small waist at the 
center of the cell, a nearly concentric arrangement is required. However, as the 
resonator is approaching the true concentric condition, the beam waist becomes 
very small and the laser intensity increases dramatically. Higher-order nonlinear 
effects are then produced which limit the conversion efficiency, particularly at 
higher energies. 

For high-energy applications an oscillator-amplifier arrangement, as shown 
in Fig.10.35c may be considered. A portion of the pump beam bypasses the 
resonator, and, along with the Raman shifted resonator output, enters the amplifier 
cell. The two input beams entering the amplifier must be propagating precisely 
parallel or antiparallel. The low-energy oscillator can be designed to produce only 
the first Stokes wavelength, and discriminate against all others. The amplifier has 
to be designed for a gain low enough that self-oscillation is prevented, yet it must 
saturate at a sufficiently strong Stokes signal. 

The use of a glass capillary to confine the pump beam to a long interaction 
length, as shown schematically in Fig. 10.35d has been exploited in the waveguide 
Raman laser. Almost complete conversion may be obtained due to the long 
interaction length, even at relatively low pump intensities. Because of the physical 
nature of the waveguide, the intensity at the inner walls of the capillary is near 
zero so there is little danger of damage. Similarly the input and output coupling 
optics can be in low intensity regions. One has to realize, however, that the long 
interaction length possible in a waveguide makes it a high gain device not just for 
the first Stokes component. At input intensities large enough to reach threshold 
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easily in the pump pulse, generated intensities may be large enough to produce 
second Stokes components, as well as other nonlinear effects. 

Examples of Raman-Shifted Lasers 
Table 10.6 summarizes the wavelengths and energies available from a Raman 
laser which consists of a gas cell filled with hydrogen and receives an input 
of 85 mJ in a 5 ns pulse at 560 nm, generated from a Nd: YAG pumped dye 
laser [10.146]. The maximum energy is obtained at the first Stokes wavelength 
which occurs at 730 nm and then falls off rapidly for the additional Stokes and 
anti-Stokes lines. 

Figure 10.36 shows the conversion efficiency of a Raman laser which is 
pumped by a frequency doubled Nd: YAG laser [10.141]. Plotted is the conver
sion efficiency to the first Stokes wavelength for three gases versus the normalized 
pump intensity expressed in times above threshold. The experiments were carried 
out with a 2 mm diameter beam in a 1 meter long cell. The collimated pump 
beam at 532 nm was emitted from a frequency doubled Q-switched Nd: YAG 
laser. Hydrogen has the lowest threshold and also the highest conversion effi
ciency. Threshold was achieved at an input of 8 mJ with an 8 ns long pulse. 

The same set-up was also employed to produce 80mJ of 1.9 Jl.m output, by 
passing the 1.064 Jl.m beam directly through the hydrogen filled cell. In this case 
the beam had a diameter of 6 mm and the input was 240 mJ. 

The design and performance of a state-of-the-art hydrogen gas Raman laser 
which converts the frequency doubled output of a Nd: YAG laser from 532 to 
683nm with an efficiency of up to 40% will be illustrated below [10.147]. The 
pump laser consisted of a Q-switched Nd : YAG oscillator, a single-pass amplifier 
followed by a frequency doubler. The 532 nm pump beam emerging from the 
CD* A doubler had an output energy up to 210mJ, a pulsewidth of 24 ns, a beam 
diameter of 4.9mm and a beam divergence of 1 mrad. The repetition rate of the 
system was 2Hz. The Raman laser consisted of the gas pressure cell and the 

Table 10.6. Wavelengths, energies and optimum gas pressures of Raman output of one commercial 
Raman shifter. S1 denotes ith Stokes wavelength; AS 1 denotes ith anti-Stokes wavelength. The pump 
laser had 85 mJ of energy in a 5 ns pulse at 560 nm. Gas was hydrogen at room temperature 

Wavelength [nm) Energy [mJ] Pressure [psi] 

195 (AS8) 0.0031 125 
213 (AS7) 0.0091 125 
234 (AS6) 0.024 110 
259 (AS5) 0.054 115 
290 (AS4) 0.10 145 
330 (AS3) 0.26 160 
382 (ASz) 0.78 190 
454 (AS!) 2.10 200 
730 (St) 17.00 90 

1048 (S2) 6.20 300 
1855 (S3) 0.60 275 
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Fig.l0.37. Schematic diagram of high-energy Raman cell 

resonator optics as shown in Fig. 10.37. The Raman cell is made from a block 
of aluminum bored with a 16 mm diameter hole, fitted with 0 -ring grooves and 
windows held together by end caps. The 25 mm diameter by 12.5 mm thick fused 
silica windows are antireflection coated at both the pump and the first Stokes 
wavelengths. The output of the Raman laser was measured as a function of 
input power with gas pressure, resonator configuration and length as parameters. 
Figure 10.37 depicts the concentric resonator configuration comprised of two flat 
mirrors and a pair of plano-convex lenses. The resonator length was 20 em. The 
entrance mirror has high transmission at 532 om and high reflection at 683 om. 
The exit mirror has high transmission for the pump wavelength at 532 om and 
50% reflectance at the first Stokes wavelength. The reflectance for the second 
Stokes (954 om) and first anti-Stokes ( 436 nm) wavelength was only a few percent 
at both mirrors. 

Figure 10.38 shows the output for different gas pressures and input energies. 
Optical breakdown leads to a drop in energy at the highest energies and pressures. 
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The misalignment sensitivity of the resonator axis to the pump axis is shown 
in Fig. 10.39. At low energies, the tilt is important because the gain is low and 
a good overlap of the beams is necessary. At the higher energies, however, tilt 
is not as important. It should be noted that the resonator itself was aligned and 
the misalignment refers only to the tilt with respect to the pump beam axis. 

Figure 10.40 shows the output vs. input for the resonator at the exact length 
for the concentric geometry (solid line) and for slight variations in length. As is 
apparent from the data, the resonator length becomes more critical for the higher 
input energies, and a change of (1-2)% in resonator length has a noticeable 
effect. The output energy of 65 mJ at 683 nm for 185 mJ input at 532 nm was 
the highest energy achieved with the concentric resonator. Optical breakdown, 
probably caused by small particles and impurities in the gas set this upper limit. 

By removing the lenses shown in Fig.10.37 experiments were also performed 
with a 35 em long flat/flat resonator. Hydrogen has enough gain to allow high 
conversion efficiency without an internal focus in the Raman cell. Since there is 
no focus in the cell, the problem of optical breakdown is reduced. 
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For the flat/flat resonator configuration the Raman-laser output increased 
monotonically with gas pressure. The output vs. input energy at llOOpsi, the 
highest pressure applied, is shown in Fig. 10.41. The average input intensity was 
100MW/cm2 and the output reflectance at 683nm was 50%. The threshold in
creased from 8 to 80mJ compared to the concentric resonator, however, the total 
output at the highest input energy was the same, i.e. 65 mJ. The highest output 
energy of 78 mJ was achieved at 1700 psi gas pressure and an input energy of 
195 mJ. It required also a change in output mirror, which for this case had a 
reflectivity of 27% at 683 nm and 86% at 532 nm. 

10.4 Optical Phase Conjugation 

Optical phase conjugation, also referred to as wave-front reversal, was first ob
served by workers in the Soviet Union [10.148, 149] in 1971. For an introduction 
to the field, and detailed accounts of the many theoretical and experimental stud
ies on the subject, the reader is referred to the extensive literature [10.2, 150, 155]. 

Optical phase conjugation started to generate considerable interest after po
tential applications have been treated in the open literature (e.g. compensating 
for the effects of atmospheric turbulence in the propagation of high-energy laser 
radiation, and for correcting optical train distortions and pointing errors in laser 
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fusion systems). From the standpoint of solid-state laser engineering, phase con
jugation via stimulated Brillouin scattering is particularly interesting, because it 
offers the possibility for compensating optical distortions produced in laser am
plifier stages. A comprehensive review of phase-conjugate solid-state lasers has 
been provided in [10.156]. 

Following a brief introduction, we will illustrate the application of optical 
phase conjugation to high-average-power oscillator-amplifier solid-state laser sys
tems. From a mathematical point of view, phase conjugation can be explained 
by considering an optical wave of frequency w moving in the (+z) direction, 

E(x, y, z, t) = A(x, y)exp{j[kz + ¢(x, y)]- jwt} (10.55) 

where E is the electric field of the wave with wavelength .X = 21r / k. The trans
verse beam profile is given by the function A(x, y) and the phase factor ¢(x, y), 
indicating how the wave deviates from a uniform, ideal plane wave. In particular, 
the phase factor carries all the information about how the wave is aberrated. 

If the beam given by (10.55) is incident upon an ordinary mirror, it is reflected 
upon itself and the sign of z changes to (-z), all other terms of the equation 
remain unchanged. However, if the beam is incident upon a phase conjugate 
mirror it will be reflected as a conjugated wave Ec given by 

Ec(x;y, z, t) = A(x, y) exp{j[ -kz- ¢(x, y)] - jwt}. (10.56) 

In addition to the sign change of z, the phase term has changed sign, too. The 
conjugate beam corresponds to a wave moving in the (-z) direction, with the 
phase ¢(x, y) reversed relative to the incident wave. We can think of the process 
as a reflection combined with phase or wave-front reversal. The phase reversal 
expressed by (10.56), for example, means that a diverging beam emitted from a 
point source, after reflection at a phase-conjugate mirror will be converging and 
be focused back to the point of origin. 

A practical application of phase reversal in a laser system is depicted in 
Fig. 10.42. Shown is an oscillator which produces an output with a uniform 
flat wavefront that is distorted in the amplifier medium. An ordinary mirror 
merely inverts the distortion as it reflects the beam, thereby keeping the distortion 
fixed with respect to the propagation direction. With a second pass through the 
amplifier, the distortion is essentially doubled. A phase-conjugate mirror, on the 
other hand, reverses the wavefronts relative to the wave propagation direction; 
hence, the same region of the amplifier that originally created the distortion 
compensates for it during the second pass through the amplifier. 

Phase-conjugate mirrors have been demonstrated in solids, liquids and gaseous 
media using a number of nonlinear optical interactions, such as three-wave and 
four-wave mixing, stimulated Brillouin scattering (SBS), stimulated Raman scat
tering (SRS), and photon echoes [10.2]. 

While many manifestations of self-pumped phase-conjugate mirrors have 
been demonstrated, an approach that has proven to be very practical is the use 
of the phase-conjugating properties of stimulated Brillouin scattering (SBS) in 
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Fig.10.42. Compensation for optical phase distortions caused by an amplifying medium using non
linear optical phase conjugation [10.157] 

gases. The high efficiency which can be obtained with SBS, combined with the 
absence of induced damage effects in gases, make this approach particularly at
tractive. Stimulated Brillouin scattering involves the scattering of light by sound 
waves (i.e., acoustic phonons, or pressure/density waves), which results from 
optically induced electrostriction. The resultant Stokes scattered light is down
shifted in frequency by a relatively small amount("-' 109 to 1010 Hz). Stimulated 
Brillouin scattering, which is a threshold process has a relatively large cross
section provided that the coherence time (1 / Llw) of the incident light is long 
compared to the response time r of the acoustic phonon. 

For pressurized gases, r is typically on the order of tens of nanoseconds. 
Therefore, high-efficiency stimulated Brillouin scattering requires linewidth nar
rowing or preferably single-longitudinal-mode operations. 

The gain of the Stokes-shifted wave is generally the greatest in a direction 
opposite to that of the incident beam. The efficiency of the SBS process (defined 
as the ratio of the Stokes-shifted, backward-going energy or power, to the incident 
optical energy or power) can be as high as 80% in practical laser devices. 

In the following section, we will illustrate the correction of optical aberration 
in amplifier stages by means of phase conjugation. Most of the work has been 
performed with high-power glass laser systems and with Nd: YAG lasers, using 
stimulated Brillouin scattering in methane [10.150, 158-160]. 

Figure 10.43 shows a block diagram of a diffraction-limited oscillator/ampli
fier system which employs a phase-conjugate mirror [10.157]. The oscillator 
produces a 10mJ TEM00 output which is passed through two amplifiers in series. 
Upon reflection from the phase conjugate mirror, the pulse retraces its path 
through the rods and is amplified to an energy of 850 mJ. The pulse repetition 
frequency is 10Hz. Reflectivities of over 80% have been achieved at 1.06 ltm 
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Fig.10.43. A phase-conjugate Nd: YAG oscillator-amplifier system [10.157] 

with a gas cell filled with methane at 1300 psi. At this pressure, the threshold for 
stimulated Brillouin scattering was 1 GW/cm2• 

Besides compensating for thermal lensing, the phase conjugating mirror 
shown in Fig. 10.43 has some additional interesting features. Misalignment of 
a conventional rear mirror caused by mechanical, thermal or vibration effects 
will lead to beam wander and can be critical in the operation of the system. On 
the other hand, the beam reflected from the phase conjugated mirror is self align
ing. Also, if an ordinary mirror is substituted for the phase-conjugated mirror, 
at least one optical isolator would be required since the arrangement is equiv
alent to four amplifier stages, and superradiance would prevent any substantial 
population inversion build-up. This problem is circumvented by employing a 
phase-conjugated mirror, which has zero reflectivity until threshold is reached. 

So far we have addressed compensation of thermal lensing in amplifier rods 
with a phase-conjugate mirror. However, in most cases, thermally-induced bire
fringence will degrade performance also and needs to be considered (for example, 
if the amplifier stages are followed by a harmonic generator). 

Even though the spatial wavefront is inverted in the stimulated Brillouin 
scattering process, the polarization of the backward going beam is not conjugated, 
i.e. the polarization state of the backward-wave behaves similarly to that of a 
conventional mirror. 

An approach investigated by Basov et al. [10.161] is to split the beam into two 
orthogonal polarizations after passing through the amplifier. One of the beams is 
then rotated 90° so it has the same polarization as the other. The two beams will 
cooperatively reflect from the SBS phase-conjugate mirror. The back-reflected 
phase-conjugated beams then pass back through their respective optical paths 
and are recombined at the beam splitter before propagating through the amplifier 
for a second time. The beam emerging from the amplifier has the same beam 
quality and polarization as the original incident beam. 

It has been demonstrated convincingly by a number of researchers that phase 
conjugation by stimulated Brillouin scattering (SBS) can significantly improve 
beam quality in highly aberrated laser amplifiers. The benefits of this improve
ment are not without cost in overall system efficiency and complexity, however. 

Correction of thermal lensing can be obtained by replacing the total reflector 
following a double-pass amplifier stage by an SBS cell containing methane or 
another medium and a focusing lens. The phase reversed beam from the conjuga
tor will retrace the path of the incident beam thereby removing the effect of the 
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thermal lens. Conjugate reflectivities in this type of configuration are typically 
50% to 80% [10.159], so that the efficiency of the amplifier stage is reduced 
by a fraction which depends on the ratio of energy extraction between the first 
and second pass in the amplifiers. No general technique for correction of stress 
birefringence has yet been introduced. Correction of stress induced birefringence 
by resolving the depolarized beam into components for separate conjugation is 
complicated and requires a large number of additional optical components. 

It greatly depends on the particular application and average-power require
ments of the system, when it is justified to remove the troublesome aberrations 
associated with the amplifier stages by means of a phase-conjugate mirror. 
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11. Damage of Optical Elements 

Optically induced damage to the laser material and to components of the system 
generally determine the limit of useful performance of high-power solid-state 
lasers. Therefore, an understanding of the mechanisms which cause radiation 
damage to optical components, and a knowledge of the damage threshold of the 
materials employed in a laser, are of great importance to the engineer who is 
designing a laser system. 

Damage may occur either internally or at the surface of an optical component 
due to a number of intrinsic and extrinsic factors. Intrinsic processes that limit 
the optical strength of materials include linear absorption, color-center formation 
and a variety of nonlinear processes such as self-focusing, multiphoton absorption 
and electron avalanche breakdown. Extrinsic factors such as impurities, material 
defects (voids, dislocations, etc.) surface scratches and digs and surface contam
ination determine the threshold for surface damage. Surface damage is generally 
the more serious problem because it occurs at irradiance levels well below those 
that cause bulk damage. The problem of surface damage is· compounded when 
the laser system contains many surfaces. 

There are different ways of defining damage threshold. One might define 
damage as the physical appearance of a defect in the material or by a degrada
tion in the output performance of the laser system. Such a parameter might be 
lower output energy or power, greater beam divergence, or increased feedback 
from scattering centers. From the standpoint of the user of the laser system, the 
performance deterioration is of more importance than the physical appearance of 
a defect in the material. Very often the occurrence of a small blemish or defect 
does not alter system performance. Also, one can frequently observe that a defect 
in the material which appeared at a certain energy level does increase in size 
after repeated firings at the same or even higher levels. 

Since it is very difficult to relate an observed damage center to the degra
dation in laser performance, it is generally agreed upon to define the damage 
threshold as the energy or power density at which a change in physical ap
pearance of the test component has been observed. It should be pointed out, 
however, that damage is highly probalistic in nature [11.1]. At any level, there is 
a nonzero probability of damage, and this probability increases with increasing 
optical intensity. The number usually quoted as damage threshold is the single
shot damage level. As the power level is decreased, the probability of damage 
decreases correspondingly, until a power level is reached at which the material 
will withstand a very large number of exposures. This power level represents the 
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highest level at which a system can be consistently operated without component 
damage. 

11.1 Surface Damage 

Undoubtedly the weakest link in a well-designed laser is the surfaces of the 
optical components. It has been found that surfaces of bulk materials, even those 
that are scrupulously cleaned, have a lower damage threshold than the bulk. 
For example, for laser glass and sapphire the best obtainable surface damage 
threshold is a factor 4 to 5 lower than in the bulk. 

One reason for the lower surface-damage threshold compared to bulk damage 
stems from the fact that even after the polishing process used in the finishing of 
optical elements, there are residual scratches, defects, and imperfections on the 
surface. At these points, the electric field in the light wave is greatly intensified 
so that the effective field value just inside the surface is much greater than the 
average field. When breakdown or failure of the surface occurs, it occurs near 
one of these imperfections [11.2]. Furthermore, as a consequence of the polishing 
process, minute inclusions of polishing material or other impurities occur at the 
surface. These impurities may be strongly absorbing (like jeweler's rouge, a 
commonly used polishing material) and, if so, can provide a nucleus around 
which damage may occur. Other factors tending to lower the damage threshold 
at the surface are the tendencies for contamination of the surface due to airborne 
particles, fingerprints, or absorption of impurities. 

From the foregoing it follows that surface damage is caused either by absorp
tion of submicrometer inclusions or by the formation of a plasma at the surface 
because of electron avalanche breakdown in the dielectric. In the former case, 
microexplosions of isolated inclusions occur just under the surface [11.3]. In the 
latter case, the electric field produced by an intense laser beam is sufficiently 
high that the dielectric material will break down in the optical field [11.4]. 

This avalanche ionization represents the ultimate failure mode of dielectric 
materials. In this process, a few electrons, either in shallow traps in the mate
rial, or due to easily ionized impurities, gain sufficient energy from the oscillat
ing electric field of the light wave to cause secondary ionization. The ensuing 
avalanche is usually associated with a luminous plasma formed in the material. 
The avalanche process is the high frequency analogue of de breakdown. 

Avalanche ionization is the primary cause of surface damage, once absorbing 
impurities are removed Due to field intensification effects, avalanche ionization 
is more likely to occur in the vicinity of pits and scratches at the surface. Super
polishing techniques, such as bowl-feed polishing, ion polishing, and chemical 
etching, lead to higher damage thresholds than those for conventionally polished 
optical surfaces. 

Surface damage typically takes the form of a pit. The formation of pits in glass 
have been explained as the result of a standing wave which is formed inside the 
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glass near the surface [11.5]. The standing wave is caused by reflections from the 
plasma-glass boundary. After plasma initiations there is a layer of plasma several 
wavelengths thick contiguous to the surface of interest. This plasma is densest 
at its source, that is, next to the surface. The electric field at the antinodes of 
this standing wave can become twice as large as the electric field in the incident 
beam. The first antinode is within one-quarter wavelength of the surface. It is 
this large electric field at the antinode that initiates pitting at or just inside the 
surface. 

A sample of transparent dielectric material exposed to a collimated beam of 
light will damage at the exit surface at a lower power level than at the entrance 
surface due to the effect of Fresnel reflection [11.6]. When a light pulse enters 
an isotropic optical material at near-normal incidence, there is a reflection at 
the air-to-sample boundary. Since the index of refraction n of the material is 
greater than that of air, the reflected light wave suffers a phase shift of 180° 
with respect to the incident light wave. This phase shift results in a partially 
destructive interference of the two light waves within a distance of >../4 of the 
entrance surface. As a result the light intensity len at the entrance surface is 
related to the incident intensity 10 by 

(11.1) 

At the exit surface, the reflected wave suffers no phase shift, so that the intensity 
at the exit surface lex is related to the intensity incident on the sample by 

( 4n ) 2 

lex = (n + 1)2 lo · (11.2) 

Thus the ratio of the intensity inside the medium at the exit surface to the intensity 
inside the medium at the entrance surface is 

lex= (~)2 • 
len n + 1 

(11.3) 

For n = 1.55, this ratio is 1.48. 

11.2 Inclusion Damage 

Solid-state laser materials tend to exhibit minute inhomogeneities, which gen
erally form in the process of fabricating the material. The inhomogeneities can 
consist of small bubbles, dielectric inclusions, or platinum particles in the case of 
the laser glass. In crystalline materials, although some microinhomogeneities do 
occur during the growth process, there is less evidence that particulate damage 
is the limiting factor. In glass, however, during the course of melting, crucible 
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material, or material from other portions of the apparatus, finds its way into the 
melt and upon cooling condenses out in the form of particulate inclusions. This 
has been a particularly difficult problem in the fabrication of laser glass, which 
is manufactured in platinum containers. The problem of platinum inclusions has 
been solved by glass manufacturers either by using crucibles of ceramic and clay 
materials or by carefully controlling the oxygen content in the melt. If the ma
terial contains minute inhomogeneities such as particulate inclusions, especially 
metallic inclusions, they can absorb the laser radiation, giving rise to local heat
ing and melting of the surrounding laser host material. This in turn causes stress 
concentrations sufficient to rupture the material. Elaborate theoretical treatments 
of the problem of stress formation in the vicinity of an absorbing particle have 
been published [ 11. 7]. 

To summarize the considerations that apply, let us consider an absorbing 
particle embedded in laser material, illuminated by a brief and intense pulse of 
light. If the particle is a sphere of diameter d, it presents an absorbing area to the 
incident light of 1rd?- j4. The total energy absorbed in the particle is approximately 

L1E =It ( 7r:) [I- exp(-ad)], (11.4) 

where I is the power density, t is the pulse duration, and a is the material 
absorption coefficient. The maximum temperature rise experienced by the particle 
will be given by 

L1E 
L1T = Cp(7rJ3 /6) ' (11.5) 

neglecting heat conduction during the pulse. In the above equation Cp is the 
specific heat of the inclusion. 

Equation (11.5) indicates that the temperature of metal particles subject to a 
20-J/cm2 , 30-ns laser pulse can exceed 10,000 K for a range of particle sizes. 
These high temperatures produce stress in the glass adjacent to the particles 
which can exceed the theoretical strength of glass and result in failure. 

11.3 Self-focusing 

Self-focusing is a consequence of the dependence of the refractive index of the 
material on the light intensity. 

As we discussed in Sect. 4.3.1, an intense l~ser beam propagating in a trans
parent medium induces an increase in the indd of refraction by an amount pro
portional to the beam intensity. If we express the nonlinear part of the refractive 
index given in (4.50) by the beam intensity I we can write 

(11.6) 
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The relationship between 'Y expressed in [cm2/W] and n2 expressed in electro
static units [ esu] is as follows 

'Y = 4rrn2/ cno or 

For optical glass typical values are 

n2 = 1.5 X 10-13 esu, 

no= 1.55 or 'Y ~ 4 x 10-7 cm2 jGW. 

(11.7) 

Thus at a power density of 2.5 GW/cm2 the fractional index change is 1 ppm. 

For numerical calculations the following conversion factors between esu and mks 
units are helpful: 

n2[m2 jV2] = 0.9 x 109n2[esu] 

E[esu] = 3 x 104 E[V/m] ; 

P[esu] = 10-7 P[W] . 

Since laser beams tend to be more intense at the center than at the edge, the 
beam is slowed at the center with respect to the edge and consequently converges. 
If the path through the medium is sufficiently long, the beam will be focused to 
a small filament attempting to transport a high power density, and the medium 
will usually break down via avalanche ionization. 

This convergence is limited only by the dielectric break-down of the medium. 
Due to this intensity-induced index change, small beams (5 mm or so) tend to 
collapse as a whole (whole-beam self-focusing), forming a damage track in the 
material when the intensity exceeds the damage level. Larger beams tend to break 
up into a large number of filaments, each of which causes damage (small-scale 
self-focusing) [11.8-10]. 

A variety of physical mechanisms result in intensity-dependent contributions 
to the refractive index, such as electrostriction, the Kerr effect, and electronic 

polarizability [11.11-13]. For short-pulse operation in solids, the electronic con
tribution, which is caused by the nonlinear distortion of the electron orbits around 

the average position of the nuclei, usually dominates. In most glasses this polar

ization comprises 75 to 90% of the total nonlinear index [11.14]. 

Whole-Beam Self-focusing 
Self-focusing of laser radiation occurs when the focusing effect due to the 
intensity-dependent refractive index exceeds the spreading of the beam by diffrac
tion. For a given value of n2 , two parameters characterize the tendency of a 
medium to exhibit self-focusing. The first, the so-called critical power of self

focusing, is the power level that will lead to self-focusing that just compensates 
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for diffraction spreading. The second is the focusing length which represents the 
distance at which an initially collimated beam will be brought to a catastrophic 
self-focus within the medium for power levels in excess of the critical power. 

A crude description of the phenomenon can be obtained by considering a cir
cular beam of constant intensity entering a medium having an index nonlinearity 
Lln proportional to power density. We define the critical power Pc to be that for 
which the angle for total internal reflection at the boundary equals the far-field 
diffraction angle. The critical angle for total internal reflection is 

1 
cos ec = 1 + (Lln/no) . (11.8) 

If we expand the cosine for small angles and the right-hand side of (11.8) for 
small Lln/n, we obtain 

e~ = 2Lln/no . (11.9) 

The beam expands due to diffraction with an angular divergence according to 

.Ao eD ~ 122-
. noD' 

(11.10) 

where D is the beam diameter and .Ao is the wavelength in vacuum. For 8c = 8n, 
and noting that the power density I of a beam propagating in a dielectric medium 
is related to the rms value lEI of the electric field by 

the critical power can be expressed as [11.15] 

P.' = (1.22.Ao)2c 
cr 64n2 ' 

where P~r and n2 are in esu units. 

(11.11) 

(11.12) 

Theoretical analysis of self-focusing based either upon numerical solutions 
of the nonlinear wave equation, ray tracing, or quasi-optic approximation [11.8-
10, 16] lead to formulas describing the behavior of the self-focusing Gaussian 
beam. The results differ somewhat depending upon which aspect of the phe
nomenon is under study. 

For Gaussian beams the equation for P cr has the same functional form as 
(11.12) and differs by just a numerical factor. It has been shown [11.17-20] that 
for a Gaussian beam self-focusing in the center of the beam occurs for power 
levels above 

_A2c 
P. - 0 
cr-322. 

7r n2 
(11.13) 
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With the assumption that the shape of the amplitude profile is unchanged 
under self-focusing, one finds the following relation between power and self
focusing length: For a Gaussian profile whose spot size w(z) changes by a scale 
factor f(z) = w(z)fw0 , the width of the beam, assuming no initial divergence 
f'(O) = 0, varies with z according to [11.8] 

(11.14) 

where k is the wave number and w is the beam radius at the entrance of the 
· nonlinear material. For P ~Per (11.14) describes the ordinary diffractional di

vergence of the beam. In a beam with P = Per there is a balance of forces and 
f(z) = 1 for all z; this is referred to as self-trapping of the beam. For larger 
powers P > Per the beam is focused at a distance 

( 
p )-1/2 

zc = kw2 Per - 1 (11.15) 

As can be seen, the self-focusing length is inversely dependent on the square root 
of the total laser power. Equation (11.15) may be used even when the constant 
phase surface passing through z = 0 is curved, corresponding to a converging or 
diverging incident beam. One need only replace zc by 

(11.16) 

where R is the radius of curvature of the incident phase surface (R < 0 for 
converging beams) and zc(R) is the new position of the self-focus. 

Since the power in a laser pulse changes in time, a related change occurs 
with the instantaneous self-focusing length zc in (11.15). The temporal amplitude 
change of the incident pulse, causing moving foci, will lead to a string of heavily 
damaged spots along the track. For example, when a laser beam is weakly focused 
into a sample of dielectric material, the self-focus first appears at, or near, the 
geometrical focal point, then splits into two foci, one of which travels down 
stream and one up stream. The up-stream focus reaches its minimum zc value 
at the peak power of the pulse. It will dwell at this position for a while and 
this presumably allows massive damage to occur at the head of the track. As 
the beam intensity decreases, the focus will tend to move back down stream. 
Therefore, the damage track of microscopic bubbles observed in a broad range 
of materials is the fossil record of the moving focus generated by dynamic self
focusing of the incident light. This picture of bulk damage has been given by 
several authors [11.8-10, 12]; it is in agreement with the observation of very 
small diameter damage tracks in transparent dielectrics when irradiated with 
short duration, intense laser pulses [11.12,21,22]. 
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Small-Scale Self-focusing 
Actual laser beams do not have perfectly smooth envelopes as was assumed in 
treating whole-beam self-focusing. Experimentally it is found that beams con
taining amplitude irregularities on propagating in a nonlinear medium eventu
ally break up into separate filaments [11.21,23-27]. The physical description of 
the process is that interference between a strong beam and weak beams pro
duces index variations due to the intensity-dependent refractive index and that 
the diffraction of the strong beam. by the resulting phase grating spills energy 
into the weak beams. 

A theory first suggested by Bespalov [11.28] treats self-focusing as an in
stability phenomenon wherein an initial perturbation (e.g., dust, refractive index 
inhomogeneities), no matter how small, grows to what are ultimately catastrophic 
proportions. Linear stability theory predicts that a small, one-dimensional inten
sity modulation of spatial wave number K, superimposed upon a uniform in
tensity background, will undergo approximately exponential growth with gain 
coefficient g given by [11.29] 

( 'YI K2 ,\2 )1/2 
g = K no - 167r2 ' 

(11.17) 

where ,\ is the wavelength in the medium, and no is the linear refractive index. 
For a range of K from 0 to ( 47r I ,\)('Y I I no)1 12, g is real and the ripples grow 
exponentially. The maximum growth rate occurs at 

(11.18) 

and has the value 

Ym = (
2;) (~~) (11.19) 

An initial perturbation 8 = I8Eoll Eo of the fastest growing instability mode leads 
to self-focusing at a distance given by [11.23] 

Zc = (gm)-1 ln (~) . (11.20) 

Since the self-focal length of small-scale fluctuations is generally much shorter 
than that of large-scale intensity variations, the self-focusing of fluctuations de
termines the effective damage threshold of beams propagating in nonlinear di
electrics. 

The validity of the linearized theory of small-scale self-focusing was verified 
by Bliss et al. [11.24] who used a shear plate interferometer to generate a per
turbation of known amplitude and spatial frequency on an intense beam. It was 
found that the theory provided an accurate description of the modulation growth 
(Fig. 11.1). 
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Fig. ll.l. Growth of interference fringes in a 24-cm-long unpumped ED-2 glass. Fringes are spaced 
2rum apart on a pulse with a peak intensity of 5GW/cm2 [11.24] 

Table 11.1. Linear and nonlinear refractive index for various optical materials 

Refractive Nonlinear refractive 
Material index n index n2 oo-13 esu) 

FK-6 1.446 1.13 
Fused silica 1.456 0.99 
BK-7 1.517 1.46 
LSO 1.519 1.43 
ED-2 1.555 1.52 
ED-4 1.567 1.73 
EY-1 1.635 2.03 
SF-7 1.640 5.83 
LAK-3 1.694 2.57 
YAG 1.829 4.09 
LASF-7 1.914 6.20 
CCI-4 1.460 2.50 
Ruby 1.75-1.76 1.40 
LHG-5 1.531 1.13 
LHG-6 1.522 1.04 

The laser designer is primarily interested in the threshold for self-focusing, 
since it is an effect he seeks to avoid rather than to study. Therefore, particular 
interest is attached to the values of n2 for subnanosecond pulses in laser media. 
Several workers have measured the effective value of n2 in various materials for 
pulses from 20 ps to 250 ps duration. It was reported that the results obtained 
were not very sensitive to pulse duration. Table 11.1 contains a summary of 
published values of nz for several important optical materials [11.30-32]. 

Self-focusing is of primary concern only in Nd: glass lasers. Compared to 
other solid-state lasers, in glass systems beams of extremely high peak powers 
pass through long sections of dielectric materal. For a typical laser glass with 
nz = 1.5 x I0-13 esu and >.o = 1.06 pm one obtains from (11.12) a value 
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of Per = 711 kW. Typical Q-switched Nd: glass oscillator-amplifier systems are 
capable of generating peak output powers around 1 GW at beam diameters of 
20 mm. Assuming a Gaussian beam radius of wo = 5 mm and ). = 1.06 Jlm, 
we obtain zc = 420cm from (11.15) for the self-focusing length in the final 
amplifier rod. For a mode-locked system producing 1 J in a 20ps pulse and 
w0 = 5 mm, one obtains zc = 60cm. Large-aperture mode-locked Nd: glass laser 
systems employed for fusion experiments operate at up to 105 -Hf times the 
critical power in the beam. Clearly, in these lasers break-up of the laser beam 
into filamentary regions with consequent damage to laser components represents 
the major limitation in achieving higher powers. 

For a 1.06 Jlm laser beam at an intensity of 10GW/cm2 and with no = 1.5 
and n2 = 1.5 x IQ-13 esu, we obtain from (11.18, 19) a gain coefficient of 9m = 
0.16cm-1 for a disturbance which has a spatial wavelength of Arms= 0.43mm. 
Assuming that the disturbance has a depth of modulation of 1% (c5 = 0.01), then 
according to (11.20) the perturbation will focus at a distance of Zr = 35 em. 

From these considerations, it follows that spatial beam quality is of paramount 
importance in high-power systems. Small perturbations are always present in the 
beam profile, arising from diffraction around dirt and defects on surfaces, or 
from bubbles or inclusions in the media, surface irregularities, or the random 
fluctuations of refractive index within the optical media. 

In large Nd: glass lasers built for fusion research several approaches are taken 
to reduce the growth of small-scale instabilities. First, by maintaining a high de
gree of cleanliness and uniformity on optical surfaces and within the bulk media, 
the basic level of the perturbation is kept to a minimum. Secondly, by inserting 
spatial filters at suitable intervals in the amplifier chain, an exponential increase 
of the perturbation amplitude is prevented. Finally, by choice of suitable mate
rials for both active and passive components in the laser system, the coefficient 
n2 is kept to a minimum value. Even with these precautions, system design must 
be carried out carefully to reduce the effect of the index nonlinearity and the 
ensuing phase distortion. 

11.4 Damage Threshold of Optical Materials 

The data presented here on bulk, surface and dielectric thin-film damage levels 
should only be used as a guide, since damage thresholds depend on a great 
number of laser and materials parameters, as well as sample cleanliness and prior 
history. Laser parameters, such as wavelength, energy, pulse duration, transverse 
and longitudinal mode structure, beam size, location of beam waist all play an 
important part in the definition of damage threshold. For example, multimode 
beams usually contain "hot spots" at which the peak power is many times the 
average value estimated from the pulse energy, pulse duration, and beam cross 
section. 

Experience also shows that the damage threshold can vary greatly even within 
one particular sample due to compositional variations, localized imperfections, 
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absorption centers, etc. It has also been shown that the prior history of a sample 
can have a large influence on the damage level. For example, it has been observed 
that in some cases baking a sample at elevated temperature, or irradiating a 
sample with laser pulses of increasing fluence will raise the damage threshold. 

The results of experimental and theoretical investigations on laser-induced 
damage in laser materials, optical components and devices are discussed annually 
at the Boulder Damage Conference held every year since 1969. The proceedings 
of these symposia [11.33], as well as a summary published annually in Applied 
Optics comprise the main body of literature on laser-damage phenomena. Re
cently selected papers on laser damage in optical materials from these symposia 
have been published in a book [11.34]. 

11.4.1 Scaling Laws 
Although the specific threshold at which laser damage is observed depends on a 
great many factors, empirical scaling laws have been determined which offer a 
guide to the parametric variation of the thresholds for a given material. For most 
laser materials, damage seems to vary according to 

(11.21) 

where E [J/cm2] is the damage threshold, t is the pulse duration, and E1 and 
t 1 are the reference damage threshold and pulse duration, respectively. For ex
ample, Fig. 11.2 shows bulk and surface damage thresholds of optical materials 
as a function of pulse duration [11.35]. The solid lines correspond to threshold 
fluences which increase as the square root of pulse duration. 

Frequently, the reference damage threshold is given for a pulse duration of 
one nanosecond. In this case (11.21) can be written 

Etb[J/cm2] = Et JtJriS] or 

Jth[GW/cm2] = Et / ~ . 

(11.22) 

(11.23) 

Typical values for E1 are listed in Table 11.2 for carefully prepared and high 
quality materials. Equations (11.22, 23) together with the numerical values from 
Table 11.2 provide order-of-magnitude estimates for a large number of materials, 
wavelengths and pulse width ranging from the picosecond to the millisecond 
regime. It should be emphasized that this scaling law is only expected to apply 
if other parameters are held constant. 

It has been further shown that the surface damage on both glasses and half
wave films shows a simple dependence on surface roughness. A scaling law has 
been proposed, in the form: 

(11.24) 

where Jth is the power density at which damage occurs, 8 is the rms surface 
roughness, and m varies from 1.0 to 1.5. This scaling law is seen to hold for 
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Table 11.2. Typical damage thresholds for optical materials such as glasses, crystals and coatings for 
1 ns pulses in the visible or near-infrared regime 

Damage Threshold Fluence E 1 [J/cm2] Material 

5 Antireflection 
Coatings 

10 Multilayer 
Dielectric Coatings 

10 Surface Damage 
50 Bulk Damage 

10 A < 8 < 300 A, a remarkable range for such a simple relation. Again, its 
application implies that other factors (laser pulse duration, spot size, etc.) are 
held constant 

A scaling rule has also been developed for the dependence of laser damage 
threshold on spot size. If A is the size of the focal spot of the incident laser 
beam, the intensity at which damage occurs scales according to the rule: 

(11.25) 

where Ith is the intensity threshold, Jth the energy density threshold, and t the 
pulse duration. 

By probing with laser spots smaller than the separation of isolated surface 
defects, several investigators were able to separate uniform damage, which is 
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characteristic of the coating itself, from defect-driven localized failures. Defect 
damage is measured at much lower fluences than required for uniform failure. 
A larger spot size will increase the probability that surface defects such as pits, 
inclusions, or scratches will be within the beam area. 

11.4.2 Laser Materials 
The scaling law of fluence vs. pulsewidth for surface damage given in the pre
vious subsection holds very well for laser glasses. At a pulse length of 1 ns 
disk amplifiers routinely operate at fluence levels of 10 J/cm2 without damage 
[11.36], and damage-free operation at 5 J/cm2 for a few hundred picosecond long 
pulses, and 2 J/cm2 for pulses tens of picoseconds long have been achieved with 
spatially clean beams [11.36]. For Q-switched Nd: glass lasers, damage thresh
olds of 30 to 40 J/cm2 with 30 ns long pulses have been reported [11.37]. The 
failure mode of laser crystals is usually associated with surface damage at the 
ends. In laser rods such as Nd: YAG, Nd: YLF, Nd : Cr: GSGG, ruby, alexan
drite, etc. internal damage occurs relatively seldom unless an internal focus is 
created by a back-reflection from an optical element. Mode-locked Nd: YAG 
master oscillator-amplifier systems have generated 100mJ in a 100-ps pulse at 
power densities of 3 GW/cm2 without damage. 

In cw operation, Nd: YAG oscillators can produce up to 25 W TEM00 mode. 
With a typical beam diameter of 1 mm and 90% reflective output mirror, the 
circulating power density in the resonator becomes 30kW/cm2• In none of these 
lasers is surface damage or internal damage of the Nd: YAG crystal a problem. 
Recently, surface and bulk damage for crystals of Nd: Cr : GSGG have been 
measured [11.38]. The surface damage threshold was 14J/cm2 for a 17ns long 
pulse and bulk damage was higher than that of BK-7. 

11.4.3 Damage in Optical Glass 
Damage studies on a larger number of optical glasses and colored filter glasses 
are reported in [ 11.37, 39]. It was found that surface damage, which occurs at 
lower energy levels than internal damage, is a strong function of glass type and 
surface finish. For barium crown glass, a damage threshold of 28 J/cm2 for a 
25-ns pulse was measured. For SF-4 glass, damage threshold is approximately 
20J/cm2 for Q-switched pulses and 100J/cm2 for a 100-JlS long pulse. 

In general, glass materials with lower refractive indices are more resistant to 
surface damage than high index materials. This effect may be due, in part, to the 
difficulty in polishing high index glasses, which are generally softer, to the same 
degree of perfection. The material is also less likely to fail due to multiphoton 
absorption, electron avalanche breakdown and self-focusing when n is low. The 
importance of defects at surfaces and within the material is greatly influenced 
by the material index because the local field enhancement is proportional to n 
or higher powers of n depending on the defect geometry. 

Figure 11.3 shows results of surface damage thresholds for fused silica and 
a fluorophosphate glass. Damage thresholds similar to that of BK-7, i.e. 20-
25 J/cm2 at 1 ns [11.40]. 
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Bulk damage in highly transparent materials is a very nonlinear process. Fig
ure 11.4 is an example of the results of damage threshold measurement in Si02 

using tightly focused, lOOps, 532nm pulses [11.41]. In such measurements, a 
small increase in input irradiance causes the sample to change from highly trans
mitting to highly absorbing with subsequent catastrophic failure. The current 
consensus is that such failure is due to avalanche breakdown initiated by multi
photon absorption associated with defects within the bandgap. 

In measuring damage threshold of filter glasses, an empirical formula was 
found which relates the absorption of the filter to the damage threshold. It was 
found that the higher the absorption the lower the damage threshold. For a laser 
wavelength of 1.06 J.tm and a 700-J.ts-long pulse, the best fit was found to be 
given by [11.37] 

185 
En. = k0.14 ' 

(11.26) 

where En. is the damage threshold energy and k is the absorption constant [em - 1]. 

The parameter k is related to the sample thickness d and the internal transmission 
Tby 

1 1 
k=-ln-d T. (11.27) 
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The empirical formula is valid fork values between w-2 to 50 [cm-1]. 

11.4.4 Damage Levels for Nonlinear Materials 

From all the optical components and materials employed in solid state laser 
systems the largest spread in damage thresholds occurs with nonlinear crystals. 
Materials such as KDP, BBO and KTP have damage thresholds which are rela
tively high and are on the order of GW/cm2, whereas BazNasNb03, AgGaSe2, 

and AgGaSz have very low thresholds on the order of KW/cm2. 

In addition to exhibiting damage mechanisms operative in other dielectric 
materials, nonlinear materials are subjected to damage by virtue of their nonlinear 
properties. It is frequently observed that the damage levels observed in harmonic 
generation are far lower in the presence of the harmonic than those observed 
with just the fundamental present. This effect is often caused by multiphoton 
absorption. Damage thresholds for important nonlinear crystals are summarized 
[11.42-45]. 

For KDP crystals, the average threshold for bulk damage is 7 J/cm2 for 1 ns 
pulses at 1.06p,m with current state of the art technology [11.46]. The bulk 
damage consists of isolated microfractures, suggesting the presence of absorbing 
inclusions. 

It has also been shown that the prior history of a sample can have a significant 
influence on the damage level. For example, the bulk damage threshold of KDP 
was increased fivefold by baking the crystals at elevated temperature and then 
irradiating them with laser pulses of increasing ftuence [ 11.46]. Figure 11.5 shows 
the bulk laser damage threshold of KDP as a function of pulse duration. 

For lithium niobate a surface damage threshold of 180 MW/cm2 for a IO
ns pulse with a Gaussian intensity profile has been reported. For multimode 
operation, surface damage was observed at 30 MW/cm2 for a 10-ns-long pulse 
and 10 MW/cm2 for a 200-ns-long pulse [11.42, 43]. 
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In lithium iodate, surface damage levels of 400 MW/cm2 for a 10-ns pulse 
were reported. During frequency doubling, bulk fractures occurred at 30MW/ 
cm2 at 1.06/lm and 15 MW/cm2 at 0.56/lm for a Gaussian beam. For multimode 
operation, damage threshold was 2 MW/cm2 at 0.53/lm [11.42, 43]. 

11.4.5 Laser Induced Damage in Dielectric Thin Films 

Multilayer dielectric films are generally the weakest elements of any laser system. 
Because of the relative complexity and variety of deposition factors, thin films 
vary greatly in purity, morphology, uniformity and composition, depending, to 
a great extent, on the specifics of the fabrication process. In addition, residual 
stress, substrate cleanliness, and other extrinsic factors tend to reduce the thin
film damage level well below that expected for the same material bulk form. 

Damage in dielectric coatings is very sensitive to coating design. Generally, 
multilayer coatings fail in the high-index component. High-reflectance coatings 
exhibit damage thresholds which are typically a factor two higher compared to 
antireflection coatings. The reason for the difference is generally attributed to 
the fact that in AR coatings, the field intensity is near maximum at the sub
strate surface, where the coating is most vulnerable, due to surface imperfection, 
imbedded polishing materials and poor film structure. 

A hierarchy of dielectric coatings arranged in order of decreasing damage 
resistance includes the following thin films [11.47]: ThF4, Si02, MgF2, Ah03, 
CaF2, Zr02, Ti02, SiO, LiP, MgO, Ce02, ZnS. More recent measurements in
dicated that antireflection coatings of either ThF4, Si02 or Al203 applied to 
LiNb03 as substrate had damage thresholds ranging from 2 to 12GW/cm2 for 
a 9 ns Q-switched pulse from aNd: YAG laser [11.48]. Tests also revealed that 
pre-irradiation of thin films with subthreshold laser intensities increases the dam
age threshold [11.49]. Since the probability of the laser beam striking a defect 
site will be greater for larger spot sizes, it has been observed that laser-induced 
damage thresholds of thin film coatings decreased with increasing laser beam 
spot size and were invariant for spot sizes greater than 150 llm [11.50]. 

In Fig. 11.6 the damage threshold is plotted for a ThF4 film as a function of 
film thickness. The measurements were performed with 5 and 15 ns long pulses 
at a wavelength of 532nm [11.51]. 

Figure 11.7 shows on the left the distribution of damage thresholds for com
mercial multilayer titania/silica AR coatings produced by electron-gun evapora
tion. The thresholds were measured at 1.06/lm with a 1 ns pulse from aNd: glass 
laser [11.52]. The histogram shows that most coatings failed at around 5 J/cm2. 
A single-layer gradient index AR coating deposited by the Sol-Gel process had a 
damage threshold three to four times greater than the dielectric AR coatings pro
duced by vapor deposition. Drawbacks of Sol-Gel coatings include their fragile 
nature and difficulty in cleaning the optical components. 

An excellent summary of the issues related to coatings damage has been 
provided by Lowdermilk et al. [11.53]. 
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11.5 System Design Considerations 

Fig.l1.7. Distribution of damage thresh
olds for sol-gel coatings and commercial 
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ings produced by electron-gun evaporation 
[11.52] 

The designer of a laser system, although he cannot change the damage thresholds 
of the materials employed in a laser, can reduce the damage susceptibility and 
improve reliability of his system by the right choice of materials and by proper 
design and operation of the laser. We will enumerate a few design and oper
ating procedures that can be used to reduce the limitations imposed on system 
performance by damage. 

Choice of Materials 
In powerful lasers it is important that only high-damage-resistance AR and mul
tilayer coatings are employed. These coatings usually include ThF4, Si02, Ti02, 

and MgFz compositions which are applied with an electron beam gun. Beam 
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splitters, lenses, and prisms located in the beam might have to be fabricated 
from quartz, sapphire, or highly damage-resistant glass, such as ED4 or BK-7 
instead of standard optical glass. The surfaces of these components should be 
pitch-polished to a 5/10 or 0/0 surface quality. Surface conditioning or "super
polishing", such as chemical etching, ion-beam polishing, laser conditioning, or 
bowl-feed polishing, are very effective in raising the damage threshold. 

All components of the laser system should be inspected for surface defects, 
such as scratches, fingerprints, "orange peel", and bulk defects, such as inclusions, 
bubbles, striation, schlieren, and internal stress. Standard specifications of the 
internal quality of optical glass are reviewed in [11.54]. 

Inclusions in a laser rod can be best checked by illuminating the rod from 
the side and observing the presence of scatter centers. The fringe pattern ob
tained from the Twyman-Green interferometer will reveal any density gradients 
and optical inhomogeneities in the laser rod. Inspection of the laser rod Q-switch 
crystal, frequency doubling crystal, etc., between cross-polarizers will reveal in
ternal stresses, striation, and schlieren. Optical surfaces are best inspected under 
a binocular microscope (magnification of 50 x) with a strong collimated light 
beam reflected off the surface. 

Design of System 

One of the most important considerations in the design of a laser system is the 
choice of beam size. The basic criterion is to make the beam size and, therefore, 
the aperture of all optical elements large enough so that the power and energy 
densities are well below the damage threshold levels for the particular mode of 
operation. Even if the average power density is below the damage level, if the 
beam contains hot spots the damage threshold can be easily exceeded in local
ized areas. Therefore beam uniformity is of great concern in high power systems. 
The gross difference between single-shot damage thresholds obtained using mul
timode lasers and those operating in the TEMoo mode has been demonstrated 
through many investigations. 

The damage levels listed in this chapter have usually been measured in a care
fully controlled laboratory environment, with smooth Gaussian beams, meticu
lously clean optics and materials of excellent optical quality. The numbers clearly 
present upper limits. For a typical industrial or military laser employing produc
tion type components and coatings the operating fluence and fluxes should be at 
least an order of magnitude below the numbers given for damage threshold. 

A very important design consideration is the avoidance of damage caused by 
reflections from optical surfaces in the laser system. For example, very often a 
telescope is employed between amplifier stages to increase the beam diameter. 
The design and location of the negative lens employed in such a telescope is very 
critical, because if its reflections from the concave surface are focused into the 
preceding laser rod, damage will most certainly occur. Therefore, a plano/concave 
rather than a concave/concave lens should be used and the curved surface should 
be faced away from the preceding laser rod. In this case the reflected light from 

this surface is diverging rather than converging. 
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Reflections from the rear surface of an amplifier rod are very dangerous be
cause the reflected radiation is amplified in passing through the amplifier stage, 
and optical elements at the input side of the amplifier, which are normally op
erated at much lower energy densities, can be damaged. This is especially the 
case if a telescope is employed between the oscillator and amplifier stage. H the 
beam travels backwards through the amplifier chain, beam diameter decreases 
for increasing intensities and damage thresholds are easily exceeded. One way to 
minimize this kind of damage is to tilt the various amplifier stages and separate 
them as far as possible from each other. A beam traveling backwards through an 
amplifier will then miss the aperture of the preceding stage. In order to suppress 
prelasing, which can cause the same type of damage, the amplifier rod should 
have wedged ends. Damage to optical surfaces can be minimized by employ
ing highly damage-resistant coatings or by arranging the surfaces at Brewster's 
angle. 

Operation of System 

From an operational point of view, the most important factors to consider, if dam
age is to be avoided, are proper alignment of components and absolute cleanliness 
of all surfaces. Misalignment of the oscillator components can cause a change of 
the transverse mode structure, hot spots and beam uniformities can occur. Mis
aligned components outside the resonator cavity can cause undesirable secondary 
reflection leading to damage. 

Surfaces which are contaminated by dust, dirt, or fingerprints will rapidly 
degrade and cause nonuniform beam intensities, which in tum can cause damage 
in more expensive optical components. Surfaces should be inspected frequently 
and cleaned with an airblast or with alcohol. A dental mirror and a flashlight 
are very convenient for the inspection of optical surfaces in a laser system. Very 
often components are mounted close together and surfaces are hard to see. For 
the cleaning of surfaces which are relatively inaccessible, a stream of pressurized 
clean air or gas should be used. A useful device for cleaning optical surfaces 
is an ionizing airgun sold by 3M Company. The unit, which contains an a
particle source of polonium isotope 210 in the valve and nozzle sections, can be 
connected to a gas cylinder. The gas stream containing a-radiation can remove 
very efficiently statically charged particles from a surface. 

The degradation and subsequent damage of optical surfaces by atmospheric 
dust particles and by cleaning residue has been studied by Barber [11.55]. It 
was found that dust particles consisting of minerals are melted onto the surface, 
leaving a circular indentation after the particle is dislodged by subsequent pulses. 

In another type of degradation, craters are caused by liquids being absorbed 
a few microns into the glass surface during the cleaning operation, then produc
ing miniature explosions when a strong laser pulse strikes the absorbed liquid 
Experiments showed that laser rod ends were badly pitted after liquid cleaning 
without drying, and no damage occurred on rods which were vacuum-dried. 
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From the foregoing follows that the working area around a laser should be 
kept as clean as possible, free from dust and contaminants, such as cigarette 
smoke, approaching clean room conditions as closely as possible. 
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Appendix A 

Laser Safety 

Hazards associated with solid-state lasers can be separated into two broad cate
gories - those hazards related to the laser beam itself and those hazards related 
to the electronic equipment. 

Radiation Hazards 
Although high-power solid-state lasers have the capability of inflicting bums 
on the skin, the possibility of eye injury is of vastly greater importance. The 
property of lasers that is of primary concern with regard to eye hazards is their 
high radiance, i.e. the combination of high power density and directionality. The 
latter property causes the eye lens to focus the parallel beam emitted from a laser 
to a tiny spot on the retina. It also makes the laser hazardous over long distances. 

Figure A.l shows a cross section of the human eye. The figure shows a 
collimated beam of visible light impinging onto a cornea, being focused by the 
lens, passing through the vitreous humor, and impinging onto the retina. At the 
retina the light is absorbed. Under normal conditions the light energy is converted 
by the retina into chemical energy, stimulating optical sensations. 

Sclcrn 
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Figure A.1 illustrates the principal reason for possibe eye injury from a laser. 
The parallel rays of a laser can be focused through the eye lens to a point image 
of about 10 to 20 p,m in diameter. If the pupil is dilated sufficiently to admit the 
entire beam of a laser, even lasers having power outputs of only a few milliwatts 
will produce power densities of kilowatts per square centimeter on the retina. 
Obviously, power densities of this magnitude may cause severe damage to the 
retina. For worst-case conditions - the eye focused at infinity and the pupil fully 
dilated (about 0.7 em diameter) - the ratio of power density at the eye lens to 
that at the retina will be about 5 x 105• 

By comparison, conventional sources of illumination are extended, they are 
considerably less bright, and they emit light in all directions. These light sources 
produce a sizable image on the retina with a corresponding lower power density. 
For example, the image of the sun on the retina has a power density of about 
30W/cm2• 

The eye hazards for lasers operating outside the visible spectrum are depen
dent on the spectral transmission of the eye. Ultraviolet light with a wavelength 
shorter than 0.31 p,m and infrared radiation beyond 1.9 p,m are completely ab
sorbed by the cornea, while near-infrared radiation with a wavelength longer 
than 1 p,m is absorbed mainly by the crystalline lens. Figure A.2 illustrates the 
spectral transmission characteristics of the human eye [A.1]. 

Electrical Hazards 
Although the hazards of laser radiation are receiving deserved attention from 
government agencies, users, and manufacturers, the chief hazard around solid
state lasers is electrical rather than optical. Most solid-state lasers require high
voltage power supplies and the use of energy-storage capacitors charged to lethal 
voltages. Furthermore, associated equipment such as Q-switches, optical gates, 
modulators, etc., are operated at high voltages. The power supply and associated 
electrical equipment of a laser can produce serious shock and burns and, in 
extreme cases, can lead to electrocution. 

Safety Precautions Applicable to Solid-State Lasers 
Enclosure of the beam and target in an opaque housing is the safest way of 
operating a laser. This level of safety precaution is almost mandatory for laser 
materials-processing systems operated in an industrial environment. In these sys
tems interlocked doors, warning signs and lights, key-locked power switches, 
and emergency circuit breaker, and like precautions are taken to protect opera
tors and passers-by from electrical and radiation hazards of the laser equipment. 
Also, viewing microscopes and parts are filtered or blocked or prevent the is
suance of laser radiation, and laser impact points are surrounded by shields. At 
points of access for routine maintenance and set-up, warning signs are displayed 
prominently, and interlocks prevent firing of the laser while doors or ports are 
open. 
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In the laboratory it is often not possible to enclose fully a high-power laser. 
In these situations the following safety precautions should be observed: 

- Do not look into the beam or at specular reflections of the beam. 
- Wear adequate eye protection when laser is operating. Laser safety goggles 

should be shatter-resistant and designed to filter out the specific wavelength 
generated by the laser. 

- Employ a countdown or other audible warning before laser is fired. 
- Control access to the laser area and have a flashing red light on the door when 

laser is in operation. Operation of very large laser systems, such as those 
used in thermonuclear fusion experiments, usually require the installation 
of safety interlocks at the entrance of the laser facility to prevent entry 
of unauthorized personnel into the facility while the laser power supply is 
charged and capable of firing the laser. 

- Provide protection against accidentally contacting charged-up capacitors in 
energy-storage banks, high-voltage power supplies, etc. These components 
should be installed in cabinets having interlocked doors. Furthermore, ca
pacitor banks should be equipped with gravity-operated dump solenoids. 
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The key to a successful safety program is the training and familiarization of 
the personnel involved with laser hazards and subsequent control measures. 

Laser Safety Standards 
The potential of lasers for inflicting injury, praticularly to the eyes, was recog
nised early, and as a consequence extensive studies have been undertaken into 
the biological mechanisms of laser damage, in an attempt to define safe working 
levels of optical radiation. 

A number of organizations and government agencies have developed laser 
safety standards for users and manufacturers of laser equipment. In most coun
tries, requirements are being developed based on the standard provided by the 
International Electrotechnical Commission. This IEC standard specifies require
ments for both manufacturers and users [A.2]. 

In the United States, regulations for manufacturers are published by the Center 
for Devices and Radiological Health (formerly Bureau of Radiological Health), 
under the Food and Drug Administration [A.3]. User requirements in the US are 
the responsibility of the individual states, but only a few states have such laws. 

Under the federal safety standard, four classes of lasers have been created 
to allow manufacturers to categorize a product based on its potential hazard to 
a user. These classes are labeled I through IV, from the most safe to the most 
hazardous. Class I and II are used for lasers of cw outputs of less than 0.39 f-lW 
and 1 mW, respectively. Class III and IV include lasers which represent a definite 
hazard to the eye from direct or scattered radiation. Solid-state lasers generally 
fall into class III or IV of that standard, which requires that warning signs, labels, 
and protective housings be installed to prevent human irradiation by levels in 
excess of a "safe" limit. Safety interlocks must be provided for each portion of 
the protective housing that can be removed by the user during normal operation 
or maintenance. In the event that the design of the safety interlock allows the 
user to defeat the system manually, the manufacturer must incorporate visible or 
audible warnings of this interlock override during laser operation. In addition, 
key-lock switches and warning lights are required along with other safety devices. 

A document which is very useful as a guide for the safe use of lasers and 
systems is the standard published by ANSI [A.4]. A comprehensive reference 
work covering every aspect of safety with lasers and other optical sources is the 
handbook written by D. Sliney et al. [A.5]. For manufacturers of laser equipment, 
a laser safety newsletter [A.6], and a listing of the laser safety requirements in 
different countries might be of interest [A.7]. 

The Author found the information presented in Figs. A.3 and 4 quite useful 
in calculating the safe distance at which accidental direct viewing of the laser 
beam does not present a hazard [A.5]. These situations occur quite frequently in 
field tests involving rangefinders and similar equipment. Figure A.3 provides the 
occupational health and safety limits for laser radiation in the visible and near 
infrared spectrum. The graphs show the safe flux and fluence limits vs. pulsewidth 
for the visible and NIR. Compared to the visible regime, the threshold for eye 
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damage is higher in the NIR because the focussed spot on the retina is larger, 
furthermore higher transmission and reflection losses are encountered for the 
longer wavelength. The increase in fluence level with longer pulses reflects the 
fact that heat produced at the retina can be more effectively dissipated to the 
surrounding tissue as the exposure time increases. For exposure times shorter 
than about 50 fLS, heat dissipation is insignificant and the damage threshold does 
not depend on pulsewidth. The data presented in these figures should only be 
considered as guidelines. For exposure levels 10 times as high as indicated in 
Fig. A.3, there is a 50% probability of the occurrence of ophthalmologically 
visible retinal lesions [A.5]. 
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Appendix B 

Conversion Factors and Constants 

In this section we have listed some of the most frequently used conversion factors, 
constants and definitions. 

Physical Constants 

h = 6.626 X 10-34 Js 
e = 1.602 X w-19 As 
k = 1.381 x w-23 JK.-1 

c = 2.998 x 108 ms-1 

co = 8.854 X lQ-12 y-1m-1 

p.o = 1.257 x 10-6 VsA - 1 m - 1 

Zo = ~ = 376.7 Q 
g = 9.81 ms-2 

Conversion Factors 

1 J = 107 erg= 0.239cal 

Planck constant 
Charge of an electron 
Boltzmann constant 
Speed of light in vacuum 
Permittivity of free space 
Permeability of free space 
Impedance of free space 
Acceleration due to gravity 

1 e V = 1.602 X 10-12 erg = 1.602 X lQ-19 J 
ldyne = 1cmgs-2 

1 erg = 1 dyne em 
1 W = 107 ergs-1 

1 N = 1 mkgs-2 = 105 dyne= 1 Wsm-1 

1 bar = 106 dynecm-2 

1 Kp = 9.81 kgms-2 

Conversion of Angles 

1 o = 17.45 mrad; 1' = 0.29 mrad; 1" = 4.85 JLrad 
1 rad = 57° 17' 45", 1 mrad = 3' 26" 
1 rad = ..j4{i Vstrad 

Conversion of transmission, T, to optical density, D; 
T= w-v 
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Conversion of Linewidth Given in Wavelength (..d~) or Wavenumber (..dn) 
to Bandwidth (..dv) 

L1vlv = L1>.1>. = L1nln 
L1v = cL1n 
LJ.). = L1n>.2 = L1v>.21c 

Amplifier Gain 

g(dB) = 10 log (Fhl E1) 

Optical Units 

Wave number 
Frequency 
Photon energy 
Photon energy 

n(llcm) ~ 104I>.(J.tm) 
v(H z) ~ 3 x 1014 I >.(J.tm) 
E(J) ~ 1.987 X 10-19 I A(j.tm) 
E(eV) ~ 1.24/>.(J.tm) 

Conversion of English Units into the MKS System 

linch 
lgal 
1 atm 
1 Btu 
T(C) 

L1T(C) 
1 cal/cm Cs 
1 cal/g 
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= 2.540cm 
= 3.785ltr 
= 14.7psi 
= 1054.3Ws 
= ~ [T(F)-32] 
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195-199,217-225 
201-203 

- hardware design 
- with internal lens 
- modes 189-193 

254-258 
204,205,217,224 

- sensiUvlly 206-209 
- unstable 258-272 
Resonator modes, definition 189-193,227-229 
Ring laser 140-143,246 
Rotating prism Q-switch 445-447 
Ruby laser 
- amplifier 152-157, 172, 173,404 
- material properties 39-47 
- oscillator performance 109-118,239, 240, 

360,459 
- thermal effect 403,404,411 

Safety see Laser safety 
Samarium 38 
Sapphire 31, 39 
Saturable absorber 471-476 

see also Dye Q-switch 
Saturation fluence 147, 152, 159, 160 
Saturation flux 86, 95, 101 
Second-harmonic generation 510-539 
- index matching 513-518 
- intracavity 531-539 
- material properties 525-531 
- system parameters 518-524 
- theory 510-518 
Self-focusing 573-579 
Semiconductor, pump source 276,302-316, 

342-352 
Sensitivity factor, thermal lensing 391 
Sensitizer 30, 37, 38,57--60, 64, 65 
Series injection triggering 322-324, 333-335 
Servo loop see Electronic feedback loop 
Short-term amplitude stability 249-252 
Side-pumped active material 346-352, 

421-434 
Signal distortion in amplifiers 174-181 
Silicate, laser host 32 
Silver gallium selenide 550, 552 
Simmer triggering 336, 337 
Singly resonant oscillator 546-556 
Slab laser 264, 343, 350,351, 422-434 
Slope efficiency 96, 97, 100-102 
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Small-scale ripple growth 178, 179, 577 
Small-scale self-focusing 577-579 
SOAP, laser host 32 
Spatial filter 158, 179, 180 
Spatial hole burning 141,246 
Spectral characteristic, laser output 232-238 
Spherical pump cavity 342 
Spherical resonator 198 

see also Concentric resonator 
Spike suppression 107, 108 
Spiking see Relaxation oscillation 
Spinning prism Q-switch 445-447 
Spontaneous emission 5 
Spotsize, definition 190, 192, 193, 195,202 
Stability diagram for resonator 200, 201, 205, 

207,219 
Steady-state amplification 170--173 
Stefan-Boltzmann equation 3 
Stimulated emission 1, 6, 7, 13, 86 
- cross section 15, 23,43 
Stimulated Raman scattering 508, 556-565 
Stokes factor 91 
Stokes shift 508, 557-559, 562, 567 
Storage efficiency 94 
Sun, pump source 276,317 
Surface damage 571, 572 
System efficiency 169, 170 

Telescopic resonator 222-225 
TEMmnq. TEMplq modes, definition 

189-193,227-229 
Temporal distortion, amplifier 180, 181 
Thermal beam distortion 177,214,215,222, 

386-401,412-414 
Thermal broadening 10 
Thermal effect, laser rod 
- birefringence 393-399,412 
-lensing 177,214,215,222,381,388-393, 

397,413,414 
- photoelastic effect 386-388 
- stress 385, 386 
- temperature distribution 382-384,401-411 
Thermally compensated resonator 214,215, 

222 
Third-harmonic generation 539-541 
Three-levellaser 17-19 
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Threshold condition see Oscillator, threshold 
·condition 

Threshold input 
Thulium 38 

96, 97, 100--102 

Ti:sapphire laser 
Transition metal 

69,76-78 
39 

Transverse mode selection see Mode selection, 
transverse 

Transverse modes 189-192, 216, 217 
Travelling wave oscillator see Ring laser 
Trigger circuit, flashlamp 322-326, 334-337 
Tunable lasers 66-78 
Tungstate, laser host 33 
Tungsten filament lamp 276,278,300--302 
Type I, II phase matching 516, 517, 541 

Uniaxial crystal 515,516 
Unstable resonator 258-272 
- alignment sensitivity 270--272 
- negative branch 264-266 
- positive branch 261-264 
- variable reflectivity output coupler 

266-270 
Upper state efficiency 89,91 

Vanadate, laser host 33 
Variable reflectivity mirror 266-270 
Verdet constant 140 
Vortex stabilized arc lamp 276, 298 
Vibronic lasers 66-78 

192-195 
178,574-579 
272-274 

Waist, Gaussian beam 
Wavefront distortion 
Wavelength selection 
Whisper modes 187 
Wien's displacement law 3 

Xenon arc, spectral data 281-285 

YAG, laser host 29, 31,48-53,63,64 
see also Nd:YAG, Er:YAG lasers 

YAP, YAlO, laser host 31,32 
YLF, laser host 34, 60--62 
Ytterbium 38 

Zig-zag slab laser 351,424-430 
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