
Chapter 6 

Atoms, Molecules, 
and Energy Levels 

Chapters 6 through 10 are in many ways the most fundamental in the book, because 
they explain the basic mechanisms that make a laser work. Chapters 1 through 5 
dealt with light itself, and little has been said so far about lasers. But now that the 
behavior of light has been explained, it is time to look inside the laser and see what 
happens there. 

We will see that two things are needed to make a laser work: laser gain and a 
resonator. Chapters 6 and 7 explain how energy can be stored in atoms or mole-
cules to create laser gain, and Chapters 8 and 9 explain how mirrors can provide 
the feedback necessary to create a resonator. You will notice many similarities be-
tween a laser resonator and the Fabry-Perot interferometer that we discussed in 
Chapter 4. 

In Chapter 2, we saw that quantum mechanics is an explanation of nature that al-
lows light to behave both as a wave and as a particle. But there are further implica-
tions of quantum mechanics—specifically, how it predicts that energy is stored in 
atoms and molecules. The surprising and far-reaching conclusion is that energy can 
be added to or taken from an atom or molecule only in discrete amounts. That is, the 
energy stored in an atom or molecule is quantized. This means that whereas you 
might be able to add 1.27 or 1.31 eV of energy to a particular atom, you cannot add 
1.26 or 1.28 or 1.30 eV.* This is a perplexing situation, like having a bucket that 
will hold 1.27 or 1.31 cups of water but not 1.26 or 1.28 or 1.30 cups. That certainly 
makes no sense. 

In this chapter, we will see how the requirement that energy be quantized affects 
the behavior of atoms and molecules, and in Chapter 7 we will see that this behavior 
leads directly to laser action. 

6.1 ATOMIC ENERGY LEVELS 

Recall the basic structure of an atom. As shown in Figure 6.1, it is a positively 
charged nucleus surrounded by a cloud of negative electrons, and each of these elec-
trons moves in its own orbit around the nucleus. When energy is absorbed by the 

* An electron-volt (eV) is a unit of energy. 
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Figure 6,1 The positively charged nucleus of an atom is surrounded by an orbiting cloud of 
negative electrons. 

atom, the energy goes to the electrons. They move faster, or in different orbits. The 
crucial point is that only certain orbits are possible for a given electron, so the atom 
can absorb only certain amounts of energy. And once the atom has absorbed some 
energy, it can lose energy only in specified amounts because the electron can return 
only to allowed lower-energy orbits. 

The behavior of an atom can be shown schematically with an energy-level dia-
gram like the one in Figure 6.2. Here, the allowed energies for the atom are repre-
sented by different levels in the diagram. An atom in the ground state has energy E0, 
whereas an atom in the first excited state has energy Eu and so on. The atom loses 
energy, E = Ex- E0, when it moves from level 1 to level 0. But an atom in level 1 
cannot lose any other amount of energy; it must either keep all its energy or lose an 
amount equal to Ex - E0 all at once. 

On the other hand, an atom in the ground state (level 0) can absorb only certain 
allowed amounts of energy. For example, the ground-state atom of Figure 6.2 could 
absorb £, - E0 and move to the first excited state (level 1), or it could absorb E2 - E0 
and move to the second excited state, and so on. But the atom cannot absorb an 
amount of energy less than Ex - E0, nor can it absorb an amount of energy between 
E2 - E0 and Ex - E0. 

Energy 
A 

E3 — Level 3 

E2 — Level 2 
E, — Level 1 

Eo — Level 0 

Figure 6.2 The allowed energy levels for an atom correspond to different orbital configura-
tions of its electrons. 
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This seemingly bizarre behavior on an atomic scale, the quantization of energy, 
is one of the fundamental results of quantum mechanics. As we discovered in Chap-
ter 2, quantum mechanics explains that nature behaves differently on an atomic 
scale than it does on a people-sized scale. The theory seems bizarre to us because 
our intuition is based on our experience with nature on a people-sized scale. But the 
validity of quantum mechanics has been proved in many experiments that make the 
atomic-scale behavior of nature show up in the real, people-sized world. 

One of the ways an atom can gain energy is to absorb a photon. But the atom 
must absorb a whole photon because partial absorption is not allowed. That means 
that the energy of the photon must correspond exactly to the energy difference be-
tween two levels of the atom. For example, the ground-state atom in Figure 6.2 
could absorb a photon of energy £, - E0 and move to the first excited state. 

Because the energy of a photon is E = he/A, there is a restriction on the wave-
length of light that can be absorbed by a given molecule. For the atom in Figure 6.2, 
light of wavelength A = hc/(E0 - £,) will be absorbed and boost the atom to its first 
excited state. But light whose wavelength does not correspond to an energy-level 
difference in the atom will not be absorbed. Red glass is red because it contains 
atoms (or molecules) that absorb photons of blue light but cannot absorb red light. 
Ordinary glass has no atoms (or molecules) in energy levels that are separated from 
other levels by the amount of energy in visible photons. 

6.2 SPONTANEOUS EMISSION AND STIMULATED 
EMISSION 

There are several ways an atom in an excited state can lose its energy. The energy 
can be transferred to other atoms, it can come off in the form of heat, or it can be 
emitted as light. If it is emitted as light, the wavelength of the emitted light will cor-
respond to the energy lost by the atom. There are two mechanisms by which the 
light can be emitted: spontaneous emission and stimulated emission. 

The absorption and subsequent spontaneous emission of a photon is shown in 
Figure 6.3. First, a photon whose energy is exactly right to boost the atom from its 
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Figure 6.3 An atom absorbs a photon (a), which excites it for a period of time (b). Later, the 
photon is spontaneously emitted (c). 
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ground state to its first excited state is absorbed. The average atom will stay in this 
excited state for a period of time known as the spontaneous lifetime, which is char-
acteristic of the particular transition. Many atomic transitions have spontaneous life-
times of nanoseconds or microseconds, although much longer and shorter lifetimes 
are known. Eventually, the atom will spontaneously emit the photon and return to its 
ground state. As indicated in Figure 6.3, the photon is emitted in a random direction. 

The process of stimulated emission is shown in Figure 6.4. A second photon— 
one with exactly the same energy as the absorbed photon—interacts with the excited 
atom and stimulates it to emit a photon. Interestingly, this emission can take place 
long before the spontaneous lifetime has elapsed. The second photon is not absorbed 
by the atom, but its mere presence causes the atom to emit a photon. As indicated in 
Figure 6.4, the light is emitted in the direction defined by the stimulating photon, so 
both photons leave traveling in the same direction. Of course, since the stimulating 
photon has the same energy as the emitted photon, the emitted light has the same 
wavelength as the stimulating light. The polarization of the emitted light is also the 
same as that of the stimulating light. Moreover, the emitted light has the same phase 
as the stimulating light: the peaks and valleys of the electromagnetic waves are all 
lined up with each other. 

As we will discover later, stimulated emission is crucial to laser action. Indeed, 
the word laser is an acronym whose third and fourth letters stand for "stimulated 
emission." And, as we will learn in Chapter 7, the light emitted by a laser is coherent 
because its waves are all traveling in the same direction, all have the same wave-
length, and are all in phase with each other. 

6.3 MOLECULAR ENERGY LEVELS 

As you know, a molecule is composed of two or more atoms. Figure 6.5 shows a sim-
ple molecule of only two atoms in which some electrons stay with their original nu-
clei and one electron is shared by both nuclei. Because a molecule is more complex 
than an atom, it has more types of energy levels than an atom does. In fact, three types 
of energy levels are possible in a molecule: electronic, vibrational, and rotational. 
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Figure 6.4 A second photon can stimulate the atom to emit in a time shorter than the sponta-
neous lifetime. 
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Figure 6.5 In a molecule, some electrons stay with their original nucleus, whereas shared or 
completely transferred to the other nucleus. (Not all the molecule's electrons are shown here). 

A molecule can have electronic energy levels that are exactly analogous to the 
electronic energy levels of an atom. That is, the molecule's electrons move to more-
energetic orbits when the molecule absorbs energy. Of course, these levels are quan-
tized, and each transition has its own spontaneous lifetime. 

But a molecule can also vibrate, which is something an atom cannot do. If you 
think of the force holding the molecule together as a spring, you can visualize how 
the nuclei can vibrate back and forth, as shown in Figure 6.6. Thus, a molecule can 
absorb energy by absorbing a photon, for example—and the absorbed energy can 
turn into vibrational energy in the molecule. 

The vibrational energy of a molecule is quantized, just as its electron energy is. 
That means that a molecule cannot absorb just any amount of energy; it can only ab-
sorb enough energy to move it from one allowed energy level to another. So you can 
draw an energy-level diagram for a molecule's vibrational levels just as you can 
draw a diagram for its electronic levels. 

Finally, a molecule can absorb energy and start rotating about its axis, as shown 
in Figure 6.7. An atom cannot store energy this way because, unlike a molecule, an 

oo 
Figure 6.6 A molecule can store energy by vibrating. 

0-0 
Figure 6.7 A molecule can store energy by rotating. 
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Table 6.1 Types of energy levels and their transition wavelengths 
Level 

Electronic 
Vibrational 
Rotational 

Atoms 

Yes 
No 
No 

Molecules 

Yes 
Yes 
Yes 

Approximate A of most transitions 

Visible or ultraviolet 
Near infrared 
Far infrared 

atom's mass is completely symmetric. The rotational energy a molecule can possess 
is quantized so that a molecule can absorb or emit only the exact amounts of energy 
corresponding to a transition between allowed levels. 

How do these three types of energy levels compare with each other? In general, 
transitions between electronic levels are the most energetic, and transitions between 
rotational levels are the least energetic. This conclusion is implicit in Table 6.1, 
which summarizes the three types of energy levels and the wavelengths of transi-
tions for each. Recall that the energy in a photon is inversely proportional to its 
wavelength and you will see that electronic transitions in general absorb or emit a 
greater amount of energy than vibrational or rotational transitions, and vibrational 
transitions in general involve more energy than rotational transitions. (There are, of 
course, exceptions to these rules.) 

An energy-level diagram for a hypothetical molecule shows all three types of 
levels, as depicted in Figure 6.8. The closest-spaced levels in this simplified dia-
gram are the rotational ones, whereas the electronic levels are furthest apart.* 

Because a molecule has so many different energy levels, its spectrum can be 
much more detailed than an atom's. For example, Figure 6.8 shows only two elec-
tronic levels, and an atom with only two electronic levels would have only one 
emission or absorption line. But the hypothetical molecule in Figure 6.8 could emit 
and absorb light at dozens of different wavelengths, corresponding to transitions 
involving each of many of the pairs of levels shown. In discussing the carbon 
dioxide laser in Chapter 17, we will learn that not every transition you could imag-
ine is possible; selection rules arising from the conservation laws prohibit many 
transitions. 

6.4 SOME SUBTLE REFINEMENTS 

The foregoing explanation of how energy is stored in atoms and molecules has de-
liberately trod roughly on some of the niceties of quantum theory in order to create a 
simple and somewhat intuitive model. And although this simple model is adequate 
to understand most of the principles of laser technology, you should know that it is 
an approximation that is not quite correct from a theorist's point of view. In this sec-
tion, we discuss several of these subtleties of quantum mechanics. 

*The energy-level diagram for most real molecules would be more complex than shown in Figure 6.8, 
with many overlapping levels. For example, the higher rotational levels of the ground vibrational state 
might be more energetic than the ground rotational level of the first excited vibrational state. 
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Figure 6.8 Electronic, vibrational, and rotational levels for a hypothetical molecule. 

The picture of an atom composed of marble-like electrons orbiting around a nu-
cleus is not consistent with modern quantum theory. The uncertainty principle states 
that the electrons are more like a negatively charged cloud surrounding the nucleus, 
not distinct particles. When the atom absorbs energy, the shape of this cloud 
changes to accommodate the extra energy. 

In introducing the concept of spontaneous decay, we explained that an excited 
atom will stay excited for a period of time known as its spontaneous lifetime. The 
concept of spontaneous lifetime is valid for a collection of atoms, in the sense that 
they will decay from the excited state with an average time constant equal to the 
spontaneous lifetime. But one particular atom can stay in an excited state for a 
longer or shorter time than the spontaneous lifetime. You can think of an average 
atom staying excited for its spontaneous lifetime in the same sense that you think of 
the average American family having 1.8 children. 

On an even more subtle level, the concept of an atom's being in one energy level 
and then moving abruptly to another energy level as it absorbs or emits a photon is 
incorrect. According to quantum theory, a single atom exists in a number of differ-
ent energy levels simultaneously. When you perform a measurement of the atom's 
energy, you force the atom to have the amount of energy you measure at the instant 
you perform the measurement. But, in general, the only correct description of an 
atom's energy is one of the probability of making different measurements: "If I 
measure the energy in this atom, there is a 7% chance I'll find 2 eV, a 20% chance I 
will find 1.4 eV, and a 73% chance I will find 1 eV." (Remember, quantum mechan-
ics is not supposed to make perfect sense on an intuitive level until you have spent 
several years watching how it behaves, by studying for a graduate degree in quan-
tum physics, for example.) 

How does the atom just described interact with light? That is, how does rigorous 
quantum mechanics explain optical absorption and stimulated emission? Quantum 

Four different rotational level; 

1 = ^ ^ ^ } A vibrational level 
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mechanics says that if the photon energy of the light (given by E = he/A) is equal to 
the difference between the possible measured energies of the atom, the light will 
cause the atom's energy-measurement probabilities to change. Specifically, the 
probabilities of finding the atom in either of the two energy levels separated by the 
light's photon energy tend to become equal. 

Suppose the atom we have described is irradiated with light whose photon energy 
is 1 eV (i.e., light whose wavelength is about 1.2 am). Initially, the atom has 7% 
probability of having 2 eV and 73% probability of having 1 eV. But if you made the 
measurement after the atom had been exposed to the 1.2 am light for a while, you 
would find that the probabilities were becoming equal. If you repeated the experi-
ment 100 times (exposing the atom to the light for the same amount of time each in-
stance), you might find that the atom had 2 eV 30 times, 1 eV 50 times, and 1.4 eV 
in the remaining 20 measurements. In other words, you would find that the probabil-
ity of the atom's having 2 eV had increased from 7% to 30% , and that its probabili-
ty of having 1 eV had decreased from 73% to 50%, as shown in Figure 6.9.* 

If you left the atom of Figure 6.9 exposed to the light long enough, its probabilities 
would reach new equilibrium values. If the light were intense enough, the new equi-
librium values would be equal (i.e., a 40% probability of finding 2 eV and a 40% 
probability of finding 1 eV). In this case, the transition is saturated because the prob-
abilities do not change, no matter how much more light you pump into the atom. 

In the situation depicted in Figure 6.9, the atom ends up with more energy than it 
started with. Energy has been transferred from the light to the atom, so Figure 6.9 
represents the quantum mechanical version of optical absorption. 

Figure 6.10 shows the quantum mechanical explanation of stimulated emission. 
If the atom from Figure 6.9b is immediately exposed to light whose photon energy 
is 0.6 eV, the probabilities for the first and second excited states will change, and 
that change will tend to make the probabilities equal. Thus, the probability of find-
ing the atom in the second excited state might decrease from 30% to 28%, and the 
probability of finding it in the first excited state might increase from 20% to 22%. In 
this case, energy has been transferred from the atom to the light, so the light has 
been amplified by stimulated emission. 

If the probabilities of Figure 6.9a are the equilibrium values for the atom under a 
particular set of conditions, then the situation depicted in Figure 6.10a is a nonequi-
librium condition, and the probabilities will automatically drift back to those of Fig-
ure 6.9a. The amount of time it takes them to drift back is determined by the sponta-
neous lifetime of the level. The energy given off by the atom as it drifts back may be 
in the form of spontaneous (optical) emission, it may be heat, or it may be collision-
ally transferred to the other atoms. 

The picture of an atom absorbing or emitting a photon and instantaneously 
changing energy levels as it does so is not wrong. In fact, it is a very useful model. 
But be aware that the model is a simplification, and that the true quantum mechani-
cal explanation is far more complex. 

•If you had irradiated the atom with light whose photon energy did not correspond to any transitions in 
the atom—say, light whose photon energy was 0.7 eV—nothing would happen. The light wouldn't inter-
act with the atom, and the probabilities would remain unchanged. 
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Figure 6.9 An atom might initially have 73% probability of being in the ground state, 20% 
probability of being in the first excited state, and 7% probability of being in the second exited 
state (a). When the atom is exposed to light whose photon energy {E - hclK) corresponds to 
the energy difference between the ground state and second excited state, the probabilities of 
finding the atom in those states start to change (b). 
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Figure 6.10 If the atom in Figure 6.9b is exposed to light whose photon energy corresponds 
to the energy difference between the first and second excited states, the probabilities of find-
ing the atom in either of these two states tend to become equal. In (b), the atom is shown 
shortly after the exposure has begun—before the probabilities have become equal. 
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QUESTIONS 

1. The 1.2 |xm light in Figure 6.9b has a photon energy of about 1 eV. Calculate the 
photon energy in joules, and from your result calculate the approximate conver-
sion for converting electron-volts to joules. What is the wavelength of the light in 
Figure 6.10b? 

2. Suppose that the ground state of the hypothetical molecule in Figure 6.8 lies 3.1 
x 10"19 J below the lowest vibrational-rotational level of the first excited elec-
tronic state. Calculate the wavelength of light associated with the following tran-
sitions if each change in vibrational level requires 4 x 10~20 J and each change in 
rotational level requires 5 x 10~21 J. 
(a) From the first excited rotational level of the ground vibrational level of the 

first excited electronic state to the ground state. 
(b) From the ground rotational level of the first excited vibrational level of the 

second excited electronic state to the ground state. 
(c) From the second excited rotational level of the ground vibrational level of 

the first excited electronic level to the first excited rotational level of the first 
excited vibrational level of the ground electronic level. 



Chapter 7 

Energy Distributions 
and Laser Action 

In Chapter 6, we learned how energy is stored in atoms and molecules. It is stored in 
discrete amounts, and an atom can be thought of as making a transition from one en-
ergy level to another as it absorbs or emits energy. 

However, in Chapter 6, we limited our attention to one atom or molecule at a 
time. In this chapter, we examine the behavior of a collection of atoms and look at 
how the energy in a collection of atoms is divided among the individual atoms. In 
other words, we find the answer to these questions: If a jar holds 100 atoms of the 
same element, how many of these atoms are in the ground state? How many are in 
the first excited state? And so on. 

And we discover that for an unusual type of energy distribution among a collec-
tion of atoms (or molecules), it is possible for light to be amplified as it passes 
through the collection. This amplification is the basis of laser action, and under-
standing it is absolutely crucial to understanding the operation of a laser. 

This chapter concludes with an examination of the two energy-level schemes of 
common lasers. Some of the mechanisms for pumping energy into common lasers 
are also explained. 

7.1 BOLTZMANN DISTRIBUTION 

Suppose you have a sealed jar that contains 100 atoms of some element, as shown in 
Figure 7.1. (Of course, a realistic-sized jar normally holds more like 1016 or 1020 

atoms, but it is easier to work with 102.) In addition to the 100 atoms, the jar contains 
some energy. The first question you might ask yourself is, "How does the energy 
manifest itself?" That is, "What form does the energy take? How does it show up?" 

Figure 7.1 A jar containing exactly 100 atoms of an element. 
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Let us limit our discussion to the thermal energy in your jar. The more thermal 
energy in the jar, the higher the temperature will be. There are two ways that thermal 
energy in a collection of atoms manifests itself. Some of the thermal energy in your 
jar will show up in the motion of the atoms themselves: they carom around inside 
the jar, bouncing off the walls and each other. And some of the energy shows up in 
the electronic energy levels of the atoms. Thermal energy will boost some atoms to 
the first excited state, some to the second excited state, and so forth. But how many 
get to each excited state? 

Boltzmann's law is one of the fundamental laws of thermodynamics, and it dic-
tates the population of each energy level if the atoms in the jar are in thermal equi-
librium. Figure 7.2 shows schematically the prediction of Boltzmann's law.* Here, 
the length of the bar representing each level is proportional to the population of that 
level. You can draw an important conclusion immediately: no energy level will ever 
have a greater population than that of any level beneath it. Level E3 is populated by 
more atoms than levels £4, E5, or E6, but, on the other hand, it has fewer atoms than 
levels E2 or E{. 

Remember that the distribution shown in Figure 7.2 is an equilibrium distribu-
tion. That means that it is the normal way the atoms in the jar behave. It is possible 
to create an abnormal distribution for a short time (more about that later). But as 
long as the temperature of the jar does not change, the atoms will eventually return 
to the distribution in Figure 7.2. 

Now you know that the picture of a jar containing so many atoms in a certain en-
ergy level is not quite accurate because an atom in general does not really exist in 
only one energy level. The truly correct way to describe the jar in Figure 7.2 is to 
say that each atom has a 25% probability of being in the ground state if you mea-
sured it, a 23% probability of being in the first excited state, and so on through the 
higher excited states. But that means that if you take the trouble to measure all 100 
atoms, you will probably find 25 in the ground state and so on. Thus, in that sense it 
is acceptable to say that the jar contains 25 atoms in the ground state, 23 in the first 
excited state, and so forth. 

What happens to the distribution in the jar if you add energy to it? Suppose you 
put the jar in a furnace. Its temperature rises and the distribution changes from that 
of Figure 7.2 to that of Figure 7.3. There are fewer atoms in the low-lying energy 
levels, and some of the previously empty upper levels are now populated. But the 
important conclusion you drew earlier is still valid: no energy level will ever have a 
population greater than that of any level beneath it. Even in the limit of the highest 
imaginable positive temperature, that conclusion will be valid for any collection of 
atoms (or molecules) in thermal equilibrium. 

♦Mathematically, Boltzmann's law predicts that the population of any energy level is related to the popu-
lation of the ground level by the following equation: 

ty = Ar0exp-(£A,7) 
in which N: is the population of the jth level whose energy above ground level is Et; A^ is the population 
of the ground level; kB is Boltzmann's constant, 1.38 x 10"23 J/K; and Tis the temperature. The results of 
this complicated-looking equation turn out to be fairly simple, as shown in Figures 7.2-7.4. 
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Figure 7.2 If the atoms in the jar are in thermal equilibrium. Boltzmann's law predicts that 
they will be distributed as shown here, with increasing populations in the lower energy levels. 

Next, let us ask, What happens if you put your jar in a freezer? Thermal energy is 
removed from the jar, and you will wind up with a distribution that looks like the 
one in Figure 7.4. There are no atoms in the higher levels, and the lower levels are 
very highly populated. What would happen if the jar were chilled all the way to ab-
solute zero? In that case, all 100 atoms would be in the very bottom energy level, E0. 
Of course, you will have noticed that the previous conclusion about populations still 
holds in Figure 7.4. 

The same Boltzmann's law logic holds if your jar contains 100 molecules instead 
of 100 atoms, but the situation is a little more complicated. Recall that, in addition to 
electronic energy levels, molecules have vibrational levels and rotational levels. Al-
together, there are four forms that thermal energy can take in a jar of molecules: as 
translational energy when the molecules bounce around inside the jar, as rotational 
energy in the molecules, as vibrational energy in the molecules, and as electronic 
energy in the molecules. Raw energy flows back and forth among these four modes, 
keeping them in equilibrium with each other, Moreover, Boltzmann's law governs 
the distribution of energy among the molecules. That is, the diagrams in Figures 
7.2-7.4 could equally well represent the populations of rotational energy levels of a 
collection of molecules at three different temperatures. 
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Figure 7.3 If the jar is heated, the atoms will redistribute themselves among energy levels as 
shown, but there will still always be increasing populations in the lower energy level. 
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Figure 7.4 When the jar is chilled, a new equilibrium distribution results, with less total energy. 
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7.2 POPULATION INVERSION 

As long as a collection of atoms is in thermal equilibrium, energy will be partitioned 
among them according to Boltzmann's law. But it is possible to create a collection 
of atoms that is not in thermal equilibrium. The collection will not stay in that non-
equilibrium condition long, but for a short period you will have a collection of 
atoms that violates the conclusion you drew in the previous section. For example, 
suppose you somehow plucked seven of the E0 atoms out of the jar whose distribu-
tion is diagramed in Figure 7.2. Then, for an instant at least, you would have a dis-
tribution like that of Figure 7.5. This distribution shows a population inversion be-
tween the Ex and E0 levels because the equilibrium populations are inverted: there 
are more atoms in level Ex than in level E0. 

And there is more than one way to create a population inversion. Suppose you 
added energy to the jar, but instead of adding random thermal energy, you added en-
ergy in very precise amounts. For example, you might think of setting your jar down 
in front of a gun shooting out a beam of electrons, each electron having the same ve-
locity (and therefore the same energy) as all the other electrons. When one of the elec-
trons collides with one of the 100 atoms in the jar, it could transfer its energy to the 
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Figure 7.5 A population inversion could be created by plucking some E0 atoms from the jar 
described in Figure 7.2. 
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atom. Now, suppose the energy of the electrons coming from the gun were exactly 
equal to the energy difference between the E2 and E3 levels. If one 
of these electrons collided with an atom in the E2 level, it could excite that atom to the 
E3 level. If the gun shot out electrons fast enough, it could pump atoms 
up to £3 faster than they could decay spontaneously from that level. Hence, you could 
create a population inversion between the E3 and E2 levels, as shown in Figure 7.6. 

The population inversions in Figures 7.5 and 7.6 are nonequilibrium distribu-
tions, ones that will not last very long. If the electron gun in the previous example 
were turned off, the atoms in the jar would quickly revert to the distribution of Fig-
ure 7.2. But there is nothing terribly unnatural about a nonequilibrium situation. 
You do not need to understand the intricacies of atomic energy levels to understand 
a nonequilibrium situation. Figure 7.7a is another example of a nonequilibrium situ-
ation. The system in Figure 7.7 is shown in its equilibrium condition in Figure 7.7b. 
To create the nonequilibrium situation again, energy is input into the system from an 
external source, as shown in Figure 7.7c. Do you understand how the waterwheel 
and sun of this example are analogous to the jar of atoms and the electron gun of the 
previous example? 

1 atom 

. 2 atoms 

7 atoms 
— 8 atoms 

18 atoms 

16 atoms 

23 atoms 

25 atoms 

Figure 7.6 A population inversion could also be created by bombarding the jar with a 
monoenergetic electron beam. 
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Figure 1.1 A system in a nonequilibrium condition (a) and an equilibrium condition (b). En-
ergy from an external source can create a nonequilibrium condition (c). 

7.3 L.A.S.E.R. 

In Chapter 6 we discussed stimulated emission, and in this chapter we've discussed 
population inversions. These are the two concepts necessary to understand the fun-
damental principle of the laser. As you know, the letters in the word laser stand for 
light amplification by stimulated emission of radiation, or L.A.S.E.R. 

Let's return to the hypothetical jarful of atoms we have been discussing. For a 
moment let us take all but one of the atoms out of the jar. Suppose that the remain-
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ing atom is in the ground energy level, E0. Also, suppose that a photon comes along 
whose energy exactly corresponds to the energy difference between the ground lev-
el and, say, the second excited state, that is, 

hclk = E2-E0 

in which A is the wavelength of the photon. What happens when the photon interacts 
with the atom? Because its energy is exactly correct, the photon can be absorbed by 
the atom and the atom will be boosted to the E2 level. Figure 7.8a shows before-and-
after drawings of the situation. 

Now go back and start with the atom already in the E2 level. What happens this 
time when the photon interacts with the atom? Because its energy is exactly correct, 
the photon can stimulate the excited atom to emit a photon. The atom ends up in the 
E0 level, and the two photons depart in the same direction and in phase with each 
other, as explained in the previous chapter. This sequence of events is shown in Fig-
ure 7.8b. 

The next thing to do is to put all 100 atoms back into the jar. Let's say the jar is 
chilled to absolute zero and all 100 atoms are in the ground state. Suppose three 
photons come along, each having the correct wavelength, as shown in Figure 7.9a. 
The odds are that all three will be absorbed, leaving 97 atoms in the E0 ground state 
and three atoms in the E2 excited state. 

Next, let us start with 50 of the atoms in the E2 excited state and 50 in the ground 
state. (This is not an equilibrium distribution, so assume that everything happens 
quickly compared to the time it takes the atoms to revert to their equilibrium distribu-
tion.) When the three photons come along, each photon has a 50-50 chance of inter-
acting with an excited atom and a 50-50 chance of interacting with a ground-state 

Photon 

(a) Before After 

Photon 

(b) 

2 photons 

Before After 

Figure 7.8 (a) An atom in the ground state (unshaded) is boosted to an excited state (shad-
ed) when it absorbs a photon; (b) when the atom starts in an excited state, the incident photon 
can stimulate it to emit. 



7.3 L.A.S.E.R. 81 

3 photons 

A/V\A^ 
A/V\A* 
(a) 

3 photons 

A/V\A^ 
(b) 

3 photons 

AAAA 
AAAA** 
AAA/^ 
(c) 

» o o o o " 
0 0 : 0 0 . 0 
» , • • , • °fl 

0 0 o 0 ° ° < * ° a ° °o° 
Lo 0 0 0 0 

; • • • : • 
• »S°° °o 0 0 0 - 0 0 ; 

• • ; • • ; . 
.0 ° ° 0 ° ° « 

Before After 

ltf_ 
Before 

^v/S^ 
After 

Before After 

3 photons 

vAAA/^ 
6 photons 

\AAA/^ 
\AAA/^ 
\AAA/^ 

yw\A-
Figure 7.9 (a) Three photons are absorbed, exciting three atoms from their ground states; 
(b) if half of the atoms are excited initially, each photon will have a 50-50 chance of being 
absorbed or of stimulating emission; (c) if all the atoms are excited initially, each incident 
photon probably will stimulate emission from one of the atoms. 

atom. If the photon interacts with an excited atom, it will stimulate the atom to emit; if 
it interacts with a ground-state atom, the photon will be absorbed. Thus, for every 
photon that is created by stimulated emission, another photon disappears by absorp-
tion. The number of photons departing the jar in the "after" picture in Figure 7.9b is 
equal to the number of incident photons in the "before" picture. There is no way of 
telling one photon from another of the same frequency and polarization, but if there 
were you would find that the three photons leaving the jar were not necessarily the 
same three that entered. 

Finally, let us start with all the atoms in the E2 excited state. When the three pho-
tons come along, the odds are that every one of them will stimulate an atom to emit, 
and the number of photons leaving the jar (maybe six) will be greater than the num-
ber that entered. 

That is all there is to it. That is Light Amplification by Stimulated Emission of 
Radiation (L.A.S.E.R.). The light is amplified—three in, six out—when stimulated 
emission adds photons (radiation) to what is already there. It does not work without 
a population inversion, as you can see in Figure 7.9b. Of course, the 100% popula-
tion inversion in Figure 7.9c is not required. Any population inversion—even 51 ex-
cited atoms in the jar—will provide some amplification. But the bigger the popula-
tion inversion, the bigger the amplification. 



82 Chapter 7 Energy Distributions and Laser Action 

Figure 7.9c is based on the somewhat simplistic assumption that each photon in-
teracts with only a single atom. But if the atoms are big enough in cross section, the 
photons will interact with atoms soon after they enter the jar, and the stimulated 
photons produced by those interactions could stimulate other atoms to emit. (On the 
other hand, if the atoms are small enough in cross section, one or more of the pho-
tons might pass through the jar without interacting with any of the atoms.) Thus, 
there may or may not be exactly six photons emerging from the jar. The point is that 
more emerge than enter. 

7.4 THREE-LEVEL AND FOUR-LEVEL LASERS 

In the example in the previous section, we investigated a population inversion be-
tween the ground level and the second excited state. In real lasers, usually three or 
four energy levels are involved in the process of creating a population inversion and 
then lasing. 

In a three-level system, shown in Figure 7.10a, essentially all the atoms start in 
the ground state. An external energy source excites them to a pump level from 
which they spontaneously decay quickly to the upper laser level. The energy re-
leased by this decay is usually heat rather than light. In most lasers, the upper laser 
level has a long spontaneous lifetime, so the atoms tend to accumulate there, creat-
ing a population inversion between that level and the ground state. When lasing 
takes place, the atoms return to the ground state, each emitting a photon. 

A four-level laser is different from a three-level laser in that it has a distinct low-
er laser level, as shown in Figure 7.10b. Often, essentially all the atoms start in the 
ground state, and some are pumped into the pump level. They decay quickly to the 
upper level, which usually has a long lifetime. (Because it has a long lifetime, it is 
called a metastable level.) But now when lasing takes place, the atoms fall to the 

■ Pump level 

■Upper laser level 

-Ground state 

■ Pump level 

- Upper laser level 

■ Lower laser level 

■Ground state 

(a) (b) 

Figure 7.10 An energy-level diagram for a three-level (a) and a four-level laser system 
(b). 
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lower laser level rather than to the ground state. Once the atoms have undergone the 
stimulated transition to the lower laser level, they decay spontaneously to the 
ground state. The energy released in this decay is usually heat. 

In which type of system do you think it would be easier to create a population in-
version? That is, in which system do you have to pump up more atoms to create the 
inversion? If you answer that question correctly, you will be surprised to learn that 
the first laser was chromium-doped ruby—a three-level laser. 

With the exception of ruby, most common lasers are four-level systems. In some 
lasers the pump level is not a single level; it is a collection of several levels that 
would be more correctly designated as a pump band. Nonetheless, all these lasers 
function essentially like the simplified model in Figure 7.10b. 

There is a variation of the four-level scheme that entails pumping directly to the 
upper laser level rather than to a pump level. In this case, there are only three levels 
(the ground state, the upper laser level, and the lower laser level). Because there is a 
distinct lower laser level, such a laser has more in common with a normal four-level 
system than a three-level system. Some metal-vapor lasers operate on this scheme. 
The advantage of this system is that it is more efficient. A normal four-level (or 
three-level) laser loses energy when it spontaneously decays from the pump level to 
the upper laser level; this energy loss is absent if the laser can be pumped directly to 
the upper laser level. 

There is another variation of the four-level system that should be mentioned here. 
In a sense, these lasers are midway between the three- and four-level systems and 
are sometimes referred to as "quasi-three-level" lasers. They are actually four-level 
systems, but the lower laser level is so close to the ground level that it is significant-
ly populated at normal operating temperatures. (Recall Boltzmann's law from the 
beginning of this chapter.) In a normal four-level system like the one illustrated in 
Figure 7.1 Ob, the lower laser level is sufficiently distant from the ground level that it 
has no significant thermal population at room temperature. But in quasi-three-level 
systems, the lower laser level is so low that it has a significant thermal population. 
Nonetheless, as we will see in Chapter 15, these lasers can be chilled to depopulate 
the lower laser level, and then they can be quite useful. 

7.5 PUMPING MECHANISMS 

How can the energy be input to a collection of atoms or molecules to create a popula-
tion inversion? You know the energy cannot be put in thermally; that would just heat 
the collection, not create a population inversion. Earlier in this chapter, we explored 
two approaches. The population inversion in Figure 7.5 was created by plucking 
some atoms out of the bottom energy level so that it had less population than the lev-
el above it. The very first laser-like device ever built, the ammonia maser (mi-
crowave amplification by stimulated emission of radiation), created a population in-
version that way. Ammonia molecules were forced through a filter that selectively 
blocked molecules in the lower of two energy levels so that the molecules that 
emerged exhibited a population inversion. That technique has not proven successful 
with modern lasers. 
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However, the second technique, electrical pumping, is practical for lasers. If the 
laser medium is placed in an electron beam, the electrons can create a population in-
version by transferring their energy to the atoms when they collide. Several types of 
high-power gas lasers are pumped this way. More common is another technique of 
electrical pumping, the direct discharge. As shown in Figure 7.11, an electric dis-
charge is created in a tube containing the gaseous laser medium, similar to the dis-
charge in a fluorescent lamp. A population inversion is created in the ions or atoms 
of the discharge when they absorb energy from the current. Helium-neon lasers and 
most other common gas lasers are pumped by an electrical discharge. 

Some gas lasers, particularly carbon dioxide lasers, are sometimes pumped with 
a radio-frequency (rf) energy. A sealed, electrodeless tube of the gas is excited by an 
intense rf field, creating a population inversion. 

Another variation of electrical pumping creates a population inversion in semi-
conductor diode lasers. When a current passes through the interface between two 
different types of semiconductors, it creates mobile charge carriers. If enough of 
these carriers are created, they can produce a population inversion. We will explain 
the pumping mechanism of diode lasers more fully in Chapter 14. 

In other common lasers, such as chromium-doped ruby and neodymium-doped 
YAG, the atoms that lase are embedded in a solid material instead of being in 
gaseous form. These lasers cannot easily be pumped by an electrical current or an 
electron beam. Instead, they are optically pumped, as shown in Figure 7.12. The 
laser material is bombarded with photons whose energy corresponds to the energy 
difference between the ground level and the pump levels. The atoms absorb energy 
from the pump photons and are excited to their pump bands. 

Chemical energy sometimes can create a population inversion. In a chemical 
laser, two or more materials react, liberating energy and forming a new material. 
But the new material—it can bean element or a compound—is created with a built-
in population inversion because many of its atoms or molecules have been excited 
by the chemical energy. Chemical lasers are not very common but because they are 
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Figure 7.11 Electrical discharge pumping can create a population inversion. 
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Figure 7.12 In optical pumping, a lamp alongside the laser rod creates the population inver-
sion. The elliptical pump cavity focuses rays from the lamp into the rod. 

capable of extremely high powers, they have been developed in the past by the mili-
tary for weapons applications. 

An exotic pumping mechanism should be mentioned here also, for the sake of 
completeness. Lasers have been pumped by nuclear particles, usually from nuclear 
bombs. The energy in the particles creates a population inversion in the laser medi-
um, and a pulse of laser output is obtained before the shock wave and other energy 
from the bomb destroys the laser. Such lasers may someday have military applica-
tions. 

Finally, free-electron lasers are pumped by high-energy electrons. The output of 
a free-electron laser is produced from electrons that are free rather than bound to an 
atom or molecule. Thus, the physics of a free-electron laser is much different from 
that of other lasers. Free electrons have no fixed energy levels like bound electrons, 
so the laser's wavelength can be tuned. Although free-electron lasers are promising 
for future applications, they are highly experimental and have been operated in only 
a few laboratories worldwide. 
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QUESTIONS 

1. Why is it impossible to have a continuous-wave, optically pumped two-level 
laser? 

2. Name several other examples of systems not in thermal equilibrium. For each of 
your examples, what is the approximate "spontaneous lifetime," that is, the time 
it takes the system to relax into thermal equilibrium? 


