
ɺɥɸɩɤɮɡ ɭɩɮɸɥɦ ɬɧɰɡ ɭɩɮɤ �ɭɩɣɮɥɲ ɭɩɮɡ 10NP�K ɺɥɸɩɤɮɡ ɲɥɰɬ ɤɬɥɫɩ ɤɸɩɱ ��
ɤɫɩɸɶ ɯɥɥɩɫ ɤɦɩɠɡ �ɤɣɢɬ ɱɧɩɡ ɤɰɥɴɶ ɷɥɩɣɡ ɲɥɰɬ ɺɡɩɩɧ ɤɸɩɱɤ �ɤɡɸɲɮ 5NP�K

" ɭɩɮɬ ɱɧɩɡ ɤɸɩɱɤ ɲɥɰɬ

$ % & ' (
20!� �ɯɥɴɶ
ɤɧɸɦɮ

30!� �ɯɥɴɶ
ɤɧɸɦɮ

45!� �ɯɥɴɶ
ɤɧɸɦɮ

60!� �ɯɥɴɶ
ɤɧɸɦɮ

ɩɥɬɺ ɡɧɥɸɡ
ɬɧɰɤ

ɸɡɥɧɮɹ ɨɥɧɡ ɩɥɬɺ ɸɥɣɫ �3P�V2 ɤɶɥɠɺɡ ɸɹɩ ɥɥɷ ɪɸɥɠɬ ɺɩɷɴɥɠ ɲɰ ɡɫɸ ��
" ɪɰɠɬ ɨɥɧɤ ɯɩɡ ɺɩɥɥɦ ɤɮ �ɡɫɸɬ ɱɧɩɡ ɤɧɥɰɮɡ ɠɶɮɰ ɸɥɣɫɤ �ɡɫɸɤ ɺɸɷɺɬ

$ % & ' (
17! 45! 57! 68! ɺɲɣɬ ɭɩɫɩɸɶ

ɪɸɥɠ ɺɠ
ɨɥɧɤ

ɹɸɷɤ ɬɹ ɣɧɠ ɤɶɷ �10P ɥɫɸɥɠɹ ɩɷɴɥɠ ɱɴɱɥɧɮ ɹɸɷ ɬɲ ɧɰɥɮ ɯɨɷ ɳɥɢ ��
ɬɩɧɺɮ ɳɥɢɤ �ɩɰɹɤ ɤɶɷɤ ɬɲɮ 6P ɬɹ ɤɡɥɢɡ ɠɥɤ ɸɹɠɫ �ɺɥɩɨɠɡ ɭɩɸɤɬ ɭɩɬɩɧɺɮ

ɥɰɤ ɩɨɨɱ ɪɥɫɩɧ ɭɣɷɮ �ɷɩɬɧɤɬ
$ % & ' (
��� ���� ��� ��� ����

ɩɹɴɥɧɤ ɤɶɷɬ ɺɸɡɥɧɮ 2NJ ɤɱɮ ɸɹɠɫ �ɤɸɷɺɮ ɺɩɫɰɠ ɩɥɬɺ ɭɬɹɥɮ ɵɩɴɷ ��
ɪɸɠɺɮ ɵɩɴɷɤ �ɳɱɥɰ ɧɥɫ ɭɩɬɩɲɴɮɹ ɸɧɠɬ �6 FP ɤɰɤ ɵɩɴɷɤ ɺɥɫɸɠɺɤ �ɵɩɴɷɤ ɬɹ
ɧɥɫɤ ɩ�ɲ ɪɸɠɥɮ ɠɥɤɹ ɯɮɦɤ ɪɹɮɡ ɵɩɴɷɤ ɤɹɥɲɹ ɤɣɥɡɲɤ ɩɤɮ �ɭɩɴɱɥɰ 10 FP ɡ

" ɳɱɥɰɤ
$ % & ' (
!3.6 - !2.7 - !3.4 · 10"5 - 3.3 - 3.6 -

ɤɬɧɺɤɡ �ɭɩɸɧɠ ɭɩɴɥɢɮ ɤɲɴɹɤ ɯɩɠɥ ɤɦ ɬɲ ɤɦ ɺɥɧɥɫ ɭɩɬɩɲɴɮ ɭɩɴɥɢ ɩɰɹ ��
ɭɩɴɥɢɤ ɯɩɬɮɥɢ ɺɬɥɲɴ ɬɹ ɳɥɱɡ �10P�V ɺɥɸɩɤɮɡ ɲɰ B ɳɥɢɥ 5P�V ɺɥɸɩɤɮɡ ɲɰ A ɳɥɢ
ɥ 4P�V ɺɥɸɩɤɮɡ ɲɰ A �ɺɥɰɺɹɮ ɭɤɬɹ ɺɥɩɥɸɩɤɮ ɬɡɠ ɭɩɩɺɬɧɺɤ ɭɮɥɷɮɬ ɭɩɸɦɥɧ

�ɩɫ ɷɩɱɤɬ ɸɹɴɠ �7P�V ɺɥɸɩɤɮɡ ɲɰ B
$ % & ' (
ɤɩɢɸɰɠ
ɺɩɬɠɩɶɰɨɥɴ
ɤɺɰɹɺɤ

ɤɩɢɸɰɠ
ɤɬɣɢ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ ɠɬ

ɤɩɢɸɰɠ
ɤɰɨɷ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ ɠɬ

ɤɩɢɸɰɠ
ɤɬɣɢ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ

ɤɩɢɸɰɠ
ɤɰɨɷ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ

�801�P ɵɩɴɷ ɲɥɡɷ ɬɲɡ ɭɬɹɥɮ ɵɩɴɷ ɬɹ ɣɧɠ ɤɶɷɬ ɸɡɥɧɮ 0.5NJ ɥɺɱɮɹ ɪɥɢ ��
�ɪɥɫɩɧ ɠɬɬ ɩɷɴɥɠ ɧɨɹɮ ɬɲ ɣɰɣɰɺɮ ɳɥɢɤɥ ɸɩɷɬ ɸɡɥɧɮ ɵɩɴɷɤ ɬɹ ɸɧɠɤ ɥɤɶɷ
ɺɥɸɩɤɮɤ �0.5P�V ɤɰɤ ɳɥɢɤ ɺɥɸɩɤɮ �ɩɥɴɸɤ ɥɫɸɥɠɮ 4 FP ɡ ɬɥɣɢ ɵɩɴɷɤ ɪɸɥɠ ɸɹɠɫ

�ɪɸɲɡ� ɤɰɤ ɳɥɢɤ ɬɹ ɺɩɬɮɩɱɷɮɤ

k



ɺɥɸɩɤɮɡ ɭɩɮɸɥɦ ɬɧɰɡ ɭɩɮɤ �ɭɩɣɮɥɲ ɭɩɮɡ 10NP�K ɺɥɸɩɤɮɡ ɲɥɰɬ ɤɬɥɫɩ ɤɸɩɱ ��
ɤɫɩɸɶ ɯɥɥɩɫ ɤɦɩɠɡ �ɤɣɢɬ ɱɧɩɡ ɤɰɥɴɶ ɷɥɩɣɡ ɲɥɰɬ ɺɡɩɩɧ ɤɸɩɱɤ �ɤɡɸɲɮ 5NP�K

" ɭɩɮɬ ɱɧɩɡ ɤɸɩɱɤ ɲɥɰɬ

$ % & ' (
20!� �ɯɥɴɶ
ɤɧɸɦɮ

30!� �ɯɥɴɶ
ɤɧɸɦɮ

45!� �ɯɥɴɶ
ɤɧɸɦɮ

60!� �ɯɥɴɶ
ɤɧɸɦɮ

ɩɥɬɺ ɡɧɥɸɡ
ɬɧɰɤ

ɸɡɥɧɮɹ ɨɥɧɡ ɩɥɬɺ ɸɥɣɫ �3P�V2 ɤɶɥɠɺɡ ɸɹɩ ɥɥɷ ɪɸɥɠɬ ɺɩɷɴɥɠ ɲɰ ɡɫɸ ��
" ɪɰɠɬ ɨɥɧɤ ɯɩɡ ɺɩɥɥɦ ɤɮ �ɡɫɸɬ ɱɧɩɡ ɤɧɥɰɮɡ ɠɶɮɰ ɸɥɣɫɤ �ɡɫɸɤ ɺɸɷɺɬ

$ % & ' (
17! 45! 57! 68! ɺɲɣɬ ɭɩɫɩɸɶ

ɪɸɥɠ ɺɠ
ɨɥɧɤ

ɹɸɷɤ ɬɹ ɣɧɠ ɤɶɷ �10P ɥɫɸɥɠɹ ɩɷɴɥɠ ɱɴɱɥɧɮ ɹɸɷ ɬɲ ɧɰɥɮ ɯɨɷ ɳɥɢ ��
ɬɩɧɺɮ ɳɥɢɤ �ɩɰɹɤ ɤɶɷɤ ɬɲɮ 6P ɬɹ ɤɡɥɢɡ ɠɥɤ ɸɹɠɫ �ɺɥɩɨɠɡ ɭɩɸɤɬ ɭɩɬɩɧɺɮ

ɥɰɤ ɩɨɨɱ ɪɥɫɩɧ ɭɣɷɮ �ɷɩɬɧɤɬ
$ % & ' (
��� ���� ��� ��� ����

ɩɹɴɥɧɤ ɤɶɷɬ ɺɸɡɥɧɮ 2NJ ɤɱɮ ɸɹɠɫ �ɤɸɷɺɮ ɺɩɫɰɠ ɩɥɬɺ ɭɬɹɥɮ ɵɩɴɷ ��
ɪɸɠɺɮ ɵɩɴɷɤ �ɳɱɥɰ ɧɥɫ ɭɩɬɩɲɴɮɹ ɸɧɠɬ �6 FP ɤɰɤ ɵɩɴɷɤ ɺɥɫɸɠɺɤ �ɵɩɴɷɤ ɬɹ
ɧɥɫɤ ɩ�ɲ ɪɸɠɥɮ ɠɥɤɹ ɯɮɦɤ ɪɹɮɡ ɵɩɴɷɤ ɤɹɥɲɹ ɤɣɥɡɲɤ ɩɤɮ �ɭɩɴɱɥɰ 10 FP ɡ

" ɳɱɥɰɤ
$ % & ' (
!3.6 - !2.7 - !3.4 · 10"5 - 3.3 - 3.6 -

ɤɬɧɺɤɡ �ɭɩɸɧɠ ɭɩɴɥɢɮ ɤɲɴɹɤ ɯɩɠɥ ɤɦ ɬɲ ɤɦ ɺɥɧɥɫ ɭɩɬɩɲɴɮ ɭɩɴɥɢ ɩɰɹ ��
ɭɩɴɥɢɤ ɯɩɬɮɥɢ ɺɬɥɲɴ ɬɹ ɳɥɱɡ �10P�V ɺɥɸɩɤɮɡ ɲɰ B ɳɥɢɥ 5P�V ɺɥɸɩɤɮɡ ɲɰ A ɳɥɢ
ɥ 4P�V ɺɥɸɩɤɮɡ ɲɰ A �ɺɥɰɺɹɮ ɭɤɬɹ ɺɥɩɥɸɩɤɮ ɬɡɠ ɭɩɩɺɬɧɺɤ ɭɮɥɷɮɬ ɭɩɸɦɥɧ

�ɩɫ ɷɩɱɤɬ ɸɹɴɠ �7P�V ɺɥɸɩɤɮɡ ɲɰ B
$ % & ' (
ɤɩɢɸɰɠ
ɺɩɬɠɩɶɰɨɥɴ
ɤɺɰɹɺɤ

ɤɩɢɸɰɠ
ɤɬɣɢ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ ɠɬ

ɤɩɢɸɰɠ
ɤɰɨɷ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ ɠɬ

ɤɩɢɸɰɠ
ɤɬɣɢ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ

ɤɩɢɸɰɠ
ɤɰɨɷ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ

�801�P ɵɩɴɷ ɲɥɡɷ ɬɲɡ ɭɬɹɥɮ ɵɩɴɷ ɬɹ ɣɧɠ ɤɶɷɬ ɸɡɥɧɮ 0.5NJ ɥɺɱɮɹ ɪɥɢ ��
�ɪɥɫɩɧ ɠɬɬ ɩɷɴɥɠ ɧɨɹɮ ɬɲ ɣɰɣɰɺɮ ɳɥɢɤɥ ɸɩɷɬ ɸɡɥɧɮ ɵɩɴɷɤ ɬɹ ɸɧɠɤ ɥɤɶɷ
ɺɥɸɩɤɮɤ �0.5P�V ɤɰɤ ɳɥɢɤ ɺɥɸɩɤɮ �ɩɥɴɸɤ ɥɫɸɥɠɮ 4 FP ɡ ɬɥɣɢ ɵɩɴɷɤ ɪɸɥɠ ɸɹɠɫ

�ɪɸɲɡ� ɤɰɤ ɳɥɢɤ ɬɹ ɺɩɬɮɩɱɷɮɤ

k



ɺɥɸɩɤɮɡ ɭɩɮɸɥɦ ɬɧɰɡ ɭɩɮɤ �ɭɩɣɮɥɲ ɭɩɮɡ 10NP�K ɺɥɸɩɤɮɡ ɲɥɰɬ ɤɬɥɫɩ ɤɸɩɱ ��
ɤɫɩɸɶ ɯɥɥɩɫ ɤɦɩɠɡ �ɤɣɢɬ ɱɧɩɡ ɤɰɥɴɶ ɷɥɩɣɡ ɲɥɰɬ ɺɡɩɩɧ ɤɸɩɱɤ �ɤɡɸɲɮ 5NP�K

" ɭɩɮɬ ɱɧɩɡ ɤɸɩɱɤ ɲɥɰɬ

$ % & ' (
20!� �ɯɥɴɶ
ɤɧɸɦɮ

30!� �ɯɥɴɶ
ɤɧɸɦɮ

45!� �ɯɥɴɶ
ɤɧɸɦɮ

60!� �ɯɥɴɶ
ɤɧɸɦɮ

ɩɥɬɺ ɡɧɥɸɡ
ɬɧɰɤ

ɸɡɥɧɮɹ ɨɥɧɡ ɩɥɬɺ ɸɥɣɫ �3P�V2 ɤɶɥɠɺɡ ɸɹɩ ɥɥɷ ɪɸɥɠɬ ɺɩɷɴɥɠ ɲɰ ɡɫɸ ��
" ɪɰɠɬ ɨɥɧɤ ɯɩɡ ɺɩɥɥɦ ɤɮ �ɡɫɸɬ ɱɧɩɡ ɤɧɥɰɮɡ ɠɶɮɰ ɸɥɣɫɤ �ɡɫɸɤ ɺɸɷɺɬ

$ % & ' (
17! 45! 57! 68! ɺɲɣɬ ɭɩɫɩɸɶ

ɪɸɥɠ ɺɠ
ɨɥɧɤ

ɹɸɷɤ ɬɹ ɣɧɠ ɤɶɷ �10P ɥɫɸɥɠɹ ɩɷɴɥɠ ɱɴɱɥɧɮ ɹɸɷ ɬɲ ɧɰɥɮ ɯɨɷ ɳɥɢ ��
ɬɩɧɺɮ ɳɥɢɤ �ɩɰɹɤ ɤɶɷɤ ɬɲɮ 6P ɬɹ ɤɡɥɢɡ ɠɥɤ ɸɹɠɫ �ɺɥɩɨɠɡ ɭɩɸɤɬ ɭɩɬɩɧɺɮ

ɥɰɤ ɩɨɨɱ ɪɥɫɩɧ ɭɣɷɮ �ɷɩɬɧɤɬ
$ % & ' (
��� ���� ��� ��� ����

ɩɹɴɥɧɤ ɤɶɷɬ ɺɸɡɥɧɮ 2NJ ɤɱɮ ɸɹɠɫ �ɤɸɷɺɮ ɺɩɫɰɠ ɩɥɬɺ ɭɬɹɥɮ ɵɩɴɷ ��
ɪɸɠɺɮ ɵɩɴɷɤ �ɳɱɥɰ ɧɥɫ ɭɩɬɩɲɴɮɹ ɸɧɠɬ �6 FP ɤɰɤ ɵɩɴɷɤ ɺɥɫɸɠɺɤ �ɵɩɴɷɤ ɬɹ
ɧɥɫɤ ɩ�ɲ ɪɸɠɥɮ ɠɥɤɹ ɯɮɦɤ ɪɹɮɡ ɵɩɴɷɤ ɤɹɥɲɹ ɤɣɥɡɲɤ ɩɤɮ �ɭɩɴɱɥɰ 10 FP ɡ

" ɳɱɥɰɤ
$ % & ' (
!3.6 - !2.7 - !3.4 · 10"5 - 3.3 - 3.6 -

ɤɬɧɺɤɡ �ɭɩɸɧɠ ɭɩɴɥɢɮ ɤɲɴɹɤ ɯɩɠɥ ɤɦ ɬɲ ɤɦ ɺɥɧɥɫ ɭɩɬɩɲɴɮ ɭɩɴɥɢ ɩɰɹ ��
ɭɩɴɥɢɤ ɯɩɬɮɥɢ ɺɬɥɲɴ ɬɹ ɳɥɱɡ �10P�V ɺɥɸɩɤɮɡ ɲɰ B ɳɥɢɥ 5P�V ɺɥɸɩɤɮɡ ɲɰ A ɳɥɢ
ɥ 4P�V ɺɥɸɩɤɮɡ ɲɰ A �ɺɥɰɺɹɮ ɭɤɬɹ ɺɥɩɥɸɩɤɮ ɬɡɠ ɭɩɩɺɬɧɺɤ ɭɮɥɷɮɬ ɭɩɸɦɥɧ

�ɩɫ ɷɩɱɤɬ ɸɹɴɠ �7P�V ɺɥɸɩɤɮɡ ɲɰ B
$ % & ' (
ɤɩɢɸɰɠ
ɺɩɬɠɩɶɰɨɥɴ
ɤɺɰɹɺɤ

ɤɩɢɸɰɠ
ɤɬɣɢ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ ɠɬ

ɤɩɢɸɰɠ
ɤɰɨɷ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ ɠɬ

ɤɩɢɸɰɠ
ɤɬɣɢ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ

ɤɩɢɸɰɠ
ɤɰɨɷ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ

�801�P ɵɩɴɷ ɲɥɡɷ ɬɲɡ ɭɬɹɥɮ ɵɩɴɷ ɬɹ ɣɧɠ ɤɶɷɬ ɸɡɥɧɮ 0.5NJ ɥɺɱɮɹ ɪɥɢ ��
�ɪɥɫɩɧ ɠɬɬ ɩɷɴɥɠ ɧɨɹɮ ɬɲ ɣɰɣɰɺɮ ɳɥɢɤɥ ɸɩɷɬ ɸɡɥɧɮ ɵɩɴɷɤ ɬɹ ɸɧɠɤ ɥɤɶɷ
ɺɥɸɩɤɮɤ �0.5P�V ɤɰɤ ɳɥɢɤ ɺɥɸɩɤɮ �ɩɥɴɸɤ ɥɫɸɥɠɮ 4 FP ɡ ɬɥɣɢ ɵɩɴɷɤ ɪɸɥɠ ɸɹɠɫ

�ɪɸɲɡ� ɤɰɤ ɳɥɢɤ ɬɹ ɺɩɬɮɩɱɷɮɤ

k



ɺɥɸɩɤɮɡ ɭɩɮɸɥɦ ɬɧɰɡ ɭɩɮɤ �ɭɩɣɮɥɲ ɭɩɮɡ 10NP�K ɺɥɸɩɤɮɡ ɲɥɰɬ ɤɬɥɫɩ ɤɸɩɱ ��
ɤɫɩɸɶ ɯɥɥɩɫ ɤɦɩɠɡ �ɤɣɢɬ ɱɧɩɡ ɤɰɥɴɶ ɷɥɩɣɡ ɲɥɰɬ ɺɡɩɩɧ ɤɸɩɱɤ �ɤɡɸɲɮ 5NP�K

" ɭɩɮɬ ɱɧɩɡ ɤɸɩɱɤ ɲɥɰɬ

$ % & ' (
20!� �ɯɥɴɶ
ɤɧɸɦɮ

30!� �ɯɥɴɶ
ɤɧɸɦɮ

45!� �ɯɥɴɶ
ɤɧɸɦɮ

60!� �ɯɥɴɶ
ɤɧɸɦɮ

ɩɥɬɺ ɡɧɥɸɡ
ɬɧɰɤ

ɸɡɥɧɮɹ ɨɥɧɡ ɩɥɬɺ ɸɥɣɫ �3P�V2 ɤɶɥɠɺɡ ɸɹɩ ɥɥɷ ɪɸɥɠɬ ɺɩɷɴɥɠ ɲɰ ɡɫɸ ��
" ɪɰɠɬ ɨɥɧɤ ɯɩɡ ɺɩɥɥɦ ɤɮ �ɡɫɸɬ ɱɧɩɡ ɤɧɥɰɮɡ ɠɶɮɰ ɸɥɣɫɤ �ɡɫɸɤ ɺɸɷɺɬ

$ % & ' (
17! 45! 57! 68! ɺɲɣɬ ɭɩɫɩɸɶ

ɪɸɥɠ ɺɠ
ɨɥɧɤ

ɹɸɷɤ ɬɹ ɣɧɠ ɤɶɷ �10P ɥɫɸɥɠɹ ɩɷɴɥɠ ɱɴɱɥɧɮ ɹɸɷ ɬɲ ɧɰɥɮ ɯɨɷ ɳɥɢ ��
ɬɩɧɺɮ ɳɥɢɤ �ɩɰɹɤ ɤɶɷɤ ɬɲɮ 6P ɬɹ ɤɡɥɢɡ ɠɥɤ ɸɹɠɫ �ɺɥɩɨɠɡ ɭɩɸɤɬ ɭɩɬɩɧɺɮ

ɥɰɤ ɩɨɨɱ ɪɥɫɩɧ ɭɣɷɮ �ɷɩɬɧɤɬ
$ % & ' (
��� ���� ��� ��� ����

ɩɹɴɥɧɤ ɤɶɷɬ ɺɸɡɥɧɮ 2NJ ɤɱɮ ɸɹɠɫ �ɤɸɷɺɮ ɺɩɫɰɠ ɩɥɬɺ ɭɬɹɥɮ ɵɩɴɷ ��
ɪɸɠɺɮ ɵɩɴɷɤ �ɳɱɥɰ ɧɥɫ ɭɩɬɩɲɴɮɹ ɸɧɠɬ �6 FP ɤɰɤ ɵɩɴɷɤ ɺɥɫɸɠɺɤ �ɵɩɴɷɤ ɬɹ
ɧɥɫɤ ɩ�ɲ ɪɸɠɥɮ ɠɥɤɹ ɯɮɦɤ ɪɹɮɡ ɵɩɴɷɤ ɤɹɥɲɹ ɤɣɥɡɲɤ ɩɤɮ �ɭɩɴɱɥɰ 10 FP ɡ

" ɳɱɥɰɤ
$ % & ' (
!3.6 - !2.7 - !3.4 · 10"5 - 3.3 - 3.6 -

ɤɬɧɺɤɡ �ɭɩɸɧɠ ɭɩɴɥɢɮ ɤɲɴɹɤ ɯɩɠɥ ɤɦ ɬɲ ɤɦ ɺɥɧɥɫ ɭɩɬɩɲɴɮ ɭɩɴɥɢ ɩɰɹ ��
ɭɩɴɥɢɤ ɯɩɬɮɥɢ ɺɬɥɲɴ ɬɹ ɳɥɱɡ �10P�V ɺɥɸɩɤɮɡ ɲɰ B ɳɥɢɥ 5P�V ɺɥɸɩɤɮɡ ɲɰ A ɳɥɢ
ɥ 4P�V ɺɥɸɩɤɮɡ ɲɰ A �ɺɥɰɺɹɮ ɭɤɬɹ ɺɥɩɥɸɩɤɮ ɬɡɠ ɭɩɩɺɬɧɺɤ ɭɮɥɷɮɬ ɭɩɸɦɥɧ

�ɩɫ ɷɩɱɤɬ ɸɹɴɠ �7P�V ɺɥɸɩɤɮɡ ɲɰ B
$ % & ' (
ɤɩɢɸɰɠ
ɺɩɬɠɩɶɰɨɥɴ
ɤɺɰɹɺɤ

ɤɩɢɸɰɠ
ɤɬɣɢ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ ɠɬ

ɤɩɢɸɰɠ
ɤɰɨɷ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ ɠɬ

ɤɩɢɸɰɠ
ɤɬɣɢ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ

ɤɩɢɸɰɠ
ɤɰɨɷ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ

�801�P ɵɩɴɷ ɲɥɡɷ ɬɲɡ ɭɬɹɥɮ ɵɩɴɷ ɬɹ ɣɧɠ ɤɶɷɬ ɸɡɥɧɮ 0.5NJ ɥɺɱɮɹ ɪɥɢ ��
�ɪɥɫɩɧ ɠɬɬ ɩɷɴɥɠ ɧɨɹɮ ɬɲ ɣɰɣɰɺɮ ɳɥɢɤɥ ɸɩɷɬ ɸɡɥɧɮ ɵɩɴɷɤ ɬɹ ɸɧɠɤ ɥɤɶɷ
ɺɥɸɩɤɮɤ �0.5P�V ɤɰɤ ɳɥɢɤ ɺɥɸɩɤɮ �ɩɥɴɸɤ ɥɫɸɥɠɮ 4 FP ɡ ɬɥɣɢ ɵɩɴɷɤ ɪɸɥɠ ɸɹɠɫ

�ɪɸɲɡ� ɤɰɤ ɳɥɢɤ ɬɹ ɺɩɬɮɩɱɷɮɤ

k



ɺɥɸɩɤɮɡ ɭɩɮɸɥɦ ɬɧɰɡ ɭɩɮɤ �ɭɩɣɮɥɲ ɭɩɮɡ 10NP�K ɺɥɸɩɤɮɡ ɲɥɰɬ ɤɬɥɫɩ ɤɸɩɱ ��
ɤɫɩɸɶ ɯɥɥɩɫ ɤɦɩɠɡ �ɤɣɢɬ ɱɧɩɡ ɤɰɥɴɶ ɷɥɩɣɡ ɲɥɰɬ ɺɡɩɩɧ ɤɸɩɱɤ �ɤɡɸɲɮ 5NP�K

" ɭɩɮɬ ɱɧɩɡ ɤɸɩɱɤ ɲɥɰɬ

$ % & ' (
20!� �ɯɥɴɶ
ɤɧɸɦɮ

30!� �ɯɥɴɶ
ɤɧɸɦɮ

45!� �ɯɥɴɶ
ɤɧɸɦɮ

60!� �ɯɥɴɶ
ɤɧɸɦɮ

ɩɥɬɺ ɡɧɥɸɡ
ɬɧɰɤ

ɸɡɥɧɮɹ ɨɥɧɡ ɩɥɬɺ ɸɥɣɫ �3P�V2 ɤɶɥɠɺɡ ɸɹɩ ɥɥɷ ɪɸɥɠɬ ɺɩɷɴɥɠ ɲɰ ɡɫɸ ��
" ɪɰɠɬ ɨɥɧɤ ɯɩɡ ɺɩɥɥɦ ɤɮ �ɡɫɸɬ ɱɧɩɡ ɤɧɥɰɮɡ ɠɶɮɰ ɸɥɣɫɤ �ɡɫɸɤ ɺɸɷɺɬ

$ % & ' (
17! 45! 57! 68! ɺɲɣɬ ɭɩɫɩɸɶ

ɪɸɥɠ ɺɠ
ɨɥɧɤ

ɹɸɷɤ ɬɹ ɣɧɠ ɤɶɷ �10P ɥɫɸɥɠɹ ɩɷɴɥɠ ɱɴɱɥɧɮ ɹɸɷ ɬɲ ɧɰɥɮ ɯɨɷ ɳɥɢ ��
ɬɩɧɺɮ ɳɥɢɤ �ɩɰɹɤ ɤɶɷɤ ɬɲɮ 6P ɬɹ ɤɡɥɢɡ ɠɥɤ ɸɹɠɫ �ɺɥɩɨɠɡ ɭɩɸɤɬ ɭɩɬɩɧɺɮ

ɥɰɤ ɩɨɨɱ ɪɥɫɩɧ ɭɣɷɮ �ɷɩɬɧɤɬ
$ % & ' (
��� ���� ��� ��� ����

ɩɹɴɥɧɤ ɤɶɷɬ ɺɸɡɥɧɮ 2NJ ɤɱɮ ɸɹɠɫ �ɤɸɷɺɮ ɺɩɫɰɠ ɩɥɬɺ ɭɬɹɥɮ ɵɩɴɷ ��
ɪɸɠɺɮ ɵɩɴɷɤ �ɳɱɥɰ ɧɥɫ ɭɩɬɩɲɴɮɹ ɸɧɠɬ �6 FP ɤɰɤ ɵɩɴɷɤ ɺɥɫɸɠɺɤ �ɵɩɴɷɤ ɬɹ
ɧɥɫɤ ɩ�ɲ ɪɸɠɥɮ ɠɥɤɹ ɯɮɦɤ ɪɹɮɡ ɵɩɴɷɤ ɤɹɥɲɹ ɤɣɥɡɲɤ ɩɤɮ �ɭɩɴɱɥɰ 10 FP ɡ

" ɳɱɥɰɤ
$ % & ' (
!3.6 - !2.7 - !3.4 · 10"5 - 3.3 - 3.6 -

ɤɬɧɺɤɡ �ɭɩɸɧɠ ɭɩɴɥɢɮ ɤɲɴɹɤ ɯɩɠɥ ɤɦ ɬɲ ɤɦ ɺɥɧɥɫ ɭɩɬɩɲɴɮ ɭɩɴɥɢ ɩɰɹ ��
ɭɩɴɥɢɤ ɯɩɬɮɥɢ ɺɬɥɲɴ ɬɹ ɳɥɱɡ �10P�V ɺɥɸɩɤɮɡ ɲɰ B ɳɥɢɥ 5P�V ɺɥɸɩɤɮɡ ɲɰ A ɳɥɢ
ɥ 4P�V ɺɥɸɩɤɮɡ ɲɰ A �ɺɥɰɺɹɮ ɭɤɬɹ ɺɥɩɥɸɩɤɮ ɬɡɠ ɭɩɩɺɬɧɺɤ ɭɮɥɷɮɬ ɭɩɸɦɥɧ

�ɩɫ ɷɩɱɤɬ ɸɹɴɠ �7P�V ɺɥɸɩɤɮɡ ɲɰ B
$ % & ' (
ɤɩɢɸɰɠ
ɺɩɬɠɩɶɰɨɥɴ
ɤɺɰɹɺɤ

ɤɩɢɸɰɠ
ɤɬɣɢ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ ɠɬ

ɤɩɢɸɰɠ
ɤɰɨɷ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ ɠɬ

ɤɩɢɸɰɠ
ɤɬɣɢ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ

ɤɩɢɸɰɠ
ɤɰɨɷ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ

�801�P ɵɩɴɷ ɲɥɡɷ ɬɲɡ ɭɬɹɥɮ ɵɩɴɷ ɬɹ ɣɧɠ ɤɶɷɬ ɸɡɥɧɮ 0.5NJ ɥɺɱɮɹ ɪɥɢ ��
�ɪɥɫɩɧ ɠɬɬ ɩɷɴɥɠ ɧɨɹɮ ɬɲ ɣɰɣɰɺɮ ɳɥɢɤɥ ɸɩɷɬ ɸɡɥɧɮ ɵɩɴɷɤ ɬɹ ɸɧɠɤ ɥɤɶɷ
ɺɥɸɩɤɮɤ �0.5P�V ɤɰɤ ɳɥɢɤ ɺɥɸɩɤɮ �ɩɥɴɸɤ ɥɫɸɥɠɮ 4 FP ɡ ɬɥɣɢ ɵɩɴɷɤ ɪɸɥɠ ɸɹɠɫ

�ɪɸɲɡ� ɤɰɤ ɳɥɢɤ ɬɹ ɺɩɬɮɩɱɷɮɤ

k



ɺɥɸɩɤɮɡ ɭɩɮɸɥɦ ɬɧɰɡ ɭɩɮɤ �ɭɩɣɮɥɲ ɭɩɮɡ 10NP�K ɺɥɸɩɤɮɡ ɲɥɰɬ ɤɬɥɫɩ ɤɸɩɱ ��
ɤɫɩɸɶ ɯɥɥɩɫ ɤɦɩɠɡ �ɤɣɢɬ ɱɧɩɡ ɤɰɥɴɶ ɷɥɩɣɡ ɲɥɰɬ ɺɡɩɩɧ ɤɸɩɱɤ �ɤɡɸɲɮ 5NP�K

" ɭɩɮɬ ɱɧɩɡ ɤɸɩɱɤ ɲɥɰɬ

$ % & ' (
20!� �ɯɥɴɶ
ɤɧɸɦɮ

30!� �ɯɥɴɶ
ɤɧɸɦɮ

45!� �ɯɥɴɶ
ɤɧɸɦɮ

60!� �ɯɥɴɶ
ɤɧɸɦɮ

ɩɥɬɺ ɡɧɥɸɡ
ɬɧɰɤ

ɸɡɥɧɮɹ ɨɥɧɡ ɩɥɬɺ ɸɥɣɫ �3P�V2 ɤɶɥɠɺɡ ɸɹɩ ɥɥɷ ɪɸɥɠɬ ɺɩɷɴɥɠ ɲɰ ɡɫɸ ��
" ɪɰɠɬ ɨɥɧɤ ɯɩɡ ɺɩɥɥɦ ɤɮ �ɡɫɸɬ ɱɧɩɡ ɤɧɥɰɮɡ ɠɶɮɰ ɸɥɣɫɤ �ɡɫɸɤ ɺɸɷɺɬ

$ % & ' (
17! 45! 57! 68! ɺɲɣɬ ɭɩɫɩɸɶ

ɪɸɥɠ ɺɠ
ɨɥɧɤ

ɹɸɷɤ ɬɹ ɣɧɠ ɤɶɷ �10P ɥɫɸɥɠɹ ɩɷɴɥɠ ɱɴɱɥɧɮ ɹɸɷ ɬɲ ɧɰɥɮ ɯɨɷ ɳɥɢ ��
ɬɩɧɺɮ ɳɥɢɤ �ɩɰɹɤ ɤɶɷɤ ɬɲɮ 6P ɬɹ ɤɡɥɢɡ ɠɥɤ ɸɹɠɫ �ɺɥɩɨɠɡ ɭɩɸɤɬ ɭɩɬɩɧɺɮ

ɥɰɤ ɩɨɨɱ ɪɥɫɩɧ ɭɣɷɮ �ɷɩɬɧɤɬ
$ % & ' (
��� ���� ��� ��� ����

ɩɹɴɥɧɤ ɤɶɷɬ ɺɸɡɥɧɮ 2NJ ɤɱɮ ɸɹɠɫ �ɤɸɷɺɮ ɺɩɫɰɠ ɩɥɬɺ ɭɬɹɥɮ ɵɩɴɷ ��
ɪɸɠɺɮ ɵɩɴɷɤ �ɳɱɥɰ ɧɥɫ ɭɩɬɩɲɴɮɹ ɸɧɠɬ �6 FP ɤɰɤ ɵɩɴɷɤ ɺɥɫɸɠɺɤ �ɵɩɴɷɤ ɬɹ
ɧɥɫɤ ɩ�ɲ ɪɸɠɥɮ ɠɥɤɹ ɯɮɦɤ ɪɹɮɡ ɵɩɴɷɤ ɤɹɥɲɹ ɤɣɥɡɲɤ ɩɤɮ �ɭɩɴɱɥɰ 10 FP ɡ

" ɳɱɥɰɤ
$ % & ' (
!3.6 - !2.7 - !3.4 · 10"5 - 3.3 - 3.6 -

ɤɬɧɺɤɡ �ɭɩɸɧɠ ɭɩɴɥɢɮ ɤɲɴɹɤ ɯɩɠɥ ɤɦ ɬɲ ɤɦ ɺɥɧɥɫ ɭɩɬɩɲɴɮ ɭɩɴɥɢ ɩɰɹ ��
ɭɩɴɥɢɤ ɯɩɬɮɥɢ ɺɬɥɲɴ ɬɹ ɳɥɱɡ �10P�V ɺɥɸɩɤɮɡ ɲɰ B ɳɥɢɥ 5P�V ɺɥɸɩɤɮɡ ɲɰ A ɳɥɢ
ɥ 4P�V ɺɥɸɩɤɮɡ ɲɰ A �ɺɥɰɺɹɮ ɭɤɬɹ ɺɥɩɥɸɩɤɮ ɬɡɠ ɭɩɩɺɬɧɺɤ ɭɮɥɷɮɬ ɭɩɸɦɥɧ

�ɩɫ ɷɩɱɤɬ ɸɹɴɠ �7P�V ɺɥɸɩɤɮɡ ɲɰ B
$ % & ' (
ɤɩɢɸɰɠ
ɺɩɬɠɩɶɰɨɥɴ
ɤɺɰɹɺɤ

ɤɩɢɸɰɠ
ɤɬɣɢ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ ɠɬ

ɤɩɢɸɰɠ
ɤɰɨɷ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ ɠɬ

ɤɩɢɸɰɠ
ɤɬɣɢ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ

ɤɩɢɸɰɠ
ɤɰɨɷ ɺɩɰɫɮ
ɺɥɧɥɫ ɬɬɢɡ
ɭɩɸɮɹɮ

�801�P ɵɩɴɷ ɲɥɡɷ ɬɲɡ ɭɬɹɥɮ ɵɩɴɷ ɬɹ ɣɧɠ ɤɶɷɬ ɸɡɥɧɮ 0.5NJ ɥɺɱɮɹ ɪɥɢ ��
�ɪɥɫɩɧ ɠɬɬ ɩɷɴɥɠ ɧɨɹɮ ɬɲ ɣɰɣɰɺɮ ɳɥɢɤɥ ɸɩɷɬ ɸɡɥɧɮ ɵɩɴɷɤ ɬɹ ɸɧɠɤ ɥɤɶɷ
ɺɥɸɩɤɮɤ �0.5P�V ɤɰɤ ɳɥɢɤ ɺɥɸɩɤɮ �ɩɥɴɸɤ ɥɫɸɥɠɮ 4 FP ɡ ɬɥɣɢ ɵɩɴɷɤ ɪɸɥɠ ɸɹɠɫ

�ɪɸɲɡ� ɤɰɤ ɳɥɢɤ ɬɹ ɺɩɬɮɩɱɷɮɤ

k

$ % & ' (
0.2P�V 0.3P�V 0.5P�V 0.7P�V 0.9P�V

ɭɠ ɭɥɷɮ ɥɺɥɠɡ ɸɠɹɰ ɭɩɷɩɷɬɧɤ ɺɫɸɲɮ ɬɹ ɤɱɮɤ ɦɫɸɮ ��
$ % & ' (
ɦɦ ɠɬ ɠɥɤ
ɤɬɧɺɤɡ
ɬɫ ɭɥɫɱɥ
ɺɥɧɥɫɤ
ɭɩɩɰɥɶɩɧɤ
ɱɴɠɬ ɤɥɥɹ

ɦɦ ɠɬ ɠɥɤ
ɤɬɧɺɤɡ
ɬɫ ɭɥɫɱɥ
ɺɥɧɥɫɤ
ɭɩɩɮɩɰɴɤ
ɱɴɠɬ ɤɥɥɹ

ɬɫ ɭɥɫɱ
ɺɥɧɥɫɤ
ɭɩɩɰɥɶɩɧɤ
ɧɥɫɮ ɯɨɷ
ɩɨɨɱ ɪɥɫɩɧ
ɩɬɮɩɱɷɮ

ɺɥɧɥɫ ɯɩɠ
ɪɥɫɩɧ
ɭɩɩɮɩɰɴ

ɤɡɥɹɺ ɳɠ
ɤɰɰɩɠ ɬ�ɰɤɮ
ɤɰɥɫɰ

ɩ�ɲ ɤɰɥɺɰɤ ɤɰɺɹɮ ɺɩɺɩɥɥɦ ɤɶɥɠɺɡ ɤɧɥɰɮ ɡɶɮɮ ɡɡɥɺɱɤɬ ɬɩɧɺɮ ɬɢɬɢ ��
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132 CHAPTE R 6 FORCE AN D MOTION—I I

••16 A loaded penguin sled weighing 80 N rests on a plane in-
clined at angle u ! 20° to the horizontal (Fig. 6-23). Between the
sled and the plane, the coefficient of static friction is 0.25, and the
coefficient of kinetic friction is 0.15. (a) What is the least magni-
tude of the force parallel to the plane, that will prevent the sled
from slipping down the plane? (b) What is the minimum magni-
tude F that will start the sled moving up the plane? (c) What
value of F is required to move the sled up the plane at constant
velocity?

F
:
,

moving initially. (a) Will the block move? (b) In unit-vector nota-
tion, what is the force on the block from the wall?

••20 In Fig. 6-27, a box of Cheerios (mass mC ! 1.0 kg) and a
box of Wheaties (mass mW 3.0 kg) are accelerated across a hori-
zontal surface by a horizontal force applied to the Cheerios box.
The magnitude of the frictional force on the Cheerios box is 2.0 N,
and the magnitude of the frictional force on the Wheaties box is 4.0
N. If the magnitude of is 12 N, what is the magnitude of the force
on the Wheaties box from the Cheerios box?

F
:

F
:

!

!

B

A

d

v0

!

P
x

mC

F mW

Fig. 6-25 Problem 18.

••19 A 12 N horizontal force 
pushes a block weighing 5.0 N
against a vertical wall (Fig. 6-26).The
coefficient of static friction between
the wall and the block is 0.60, and
the coefficient of kinetic friction is
0.40. Assume that the block is not

F
:

Fig. 6-24 Problem 17.

Fig. 6-27 Problem 20.

F

F2

F1

0 µ2
µs

Fig. 6-28 Problem 22.

x

y

F

Fig. 6-26 Problem 19.

••21 An initially stationary box of sand is to be pulled across a
floor by means of a cable in which the tension should not
exceed 1100 N. The coefficient of static friction between the box
and the floor is 0.35. (a) What should be the angle between the
cable and the horizontal in order to pull the greatest possible
amount of sand, and (b) what is the weight of the sand and box
in that situation?

••22 In Fig. 6-23, a sled is held on an inclined plane by a cord
pulling directly up the plane. The sled is to be on the verge of mov-
ing up the plane. In Fig. 6-28, the magnitude F required of the
cord’s force on the sled is plotted versus a range of values for the
coefficient of static friction ms between sled and plane: F1 ! 2.0 N,
F2 ! 5.0 N, and m2 ! 0.50.At what angle u is the plane inclined?

••23 When the three blocks in Fig.
6-29 are released from rest, they ac-
celerate with a magnitude of 0.500
m/s2. Block 1 has mass M, block 2
has 2M, and block 3 has 2M. What is
the coefficient of kinetic friction be-
tween block 2 and the table?

••24 A 4.10 kg block is pushed
along a floor by a constant applied
force that is horizontal and has a
magnitude of 40.0 N. Figure 6-30
gives the block’s speed v versus
time t as the block moves along an x
axis on the floor.The scale of the fig-
ure’s vertical axis is set by vs ! 5.0
m/s. What is the coefficient of
kinetic friction between the block
and the floor?

3

2

1

Fig. 6-29 Problem 23.

F

!

Fig. 6-23 Problems 16 and 22.

••17 In Fig. 6-24, a force acts on a block weighing 45 N. The
block is initially at rest on a plane inclined at angle u ! 15° to the
horizontal. The positive direction of the x axis is up the plane. The
coefficients of friction between block and plane are ms ! 0.50 and
mk ! 0.34. In unit-vector notation, what is the frictional force on
the block from the plane when is (a) ("5.0 N) , (b) ("8.0 N) ,
and (c) ("15 N) ?î

îîP
:

P
:

••18 You testify as an expert witness in a case involving an acci-
dent in which car A slid into the rear of car B, which was stopped at
a red light along a road headed down a hill (Fig. 6-25). You find
that the slope of the hill is u ! 12.0°, that the cars were separated
by distance d ! 24.0 m when the driver of car A put the car into a
slide (it lacked any automatic anti-brake-lock system), and that the
speed of car A at the onset of braking was v0 ! 18.0 m/s.With what
speed did car A hit car B if the coefficient of kinetic friction was (a)
0.60 (dry road surface) and (b) 0.10 (road surface covered with wet
leaves)?

v 
(m

/s
)

0 0.5
t (s)

1.0

vs

Fig. 6-30 Problem 24.
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bullet, find the speed of the bullet as it (a) leaves and (b) enters
block 1.

tances dA ! 8.2 m and dB ! 6.1 m.What are the speeds of (a) car A
and (b) car B at the start of the sliding, just after the collision? (c)
Assuming that linear momentum is conserved during the collision,
find the speed of car B just before the collision. (d) Explain why
this assumption may be invalid.

•••59 In Fig. 9-63, block 1 (mass 2.0 kg) is moving rightward
at 10 m/s and block 2 (mass 5.0 kg) is moving rightward at 3.0 m/s.
The surface is frictionless, and a spring with a spring constant of
1120 N/m is fixed to block 2. When the blocks collide, the compres-
sion of the spring is maximum at the instant the blocks have the
same velocity. Find the maximum compression.

ILW

••53 In Anchorage, collisions of a vehicle with a moose are so
common that they are referred to with the abbreviation MVC.
Suppose a 1000 kg car slides into a stationary 500 kg moose on a
very slippery road, with the moose being thrown through the wind-
shield (a common MVC result). (a) What percent of the original
kinetic energy is lost in the collision to other forms of energy? A
similar danger occurs in Saudi Arabia because of camel–vehicle
collisions (CVC). (b) What percent of the original kinetic energy is
lost if the car hits a 300 kg camel? (c) Generally, does the percent
loss increase or decrease if the animal mass decreases?

••54 A completely inelastic collision occurs between two balls of
wet putty that move directly toward each other along a vertical
axis. Just before the collision, one ball, of mass 3.0 kg, is moving up-
ward at 20 m/s and the other ball, of mass 2.0 kg, is moving down-
ward at 12 m/s. How high do the combined two balls of putty rise
above the collision point? (Neglect air drag.)

••55 A 5.0 kg block with a speed of 3.0 m/s collides with a 10
kg block that has a speed of 2.0 m/s in the same direction.After the
collision, the 10 kg block travels in the original direction with a
speed of 2.5 m/s. (a) What is the velocity of the 5.0 kg block imme-
diately after the collision? (b) By how much does the total kinetic
energy of the system of two blocks change because of the colli-
sion? (c) Suppose, instead, that the 10 kg block ends up with a
speed of 4.0 m/s. What then is the change in the total kinetic en-
ergy? (d) Account for the result you obtained in (c).

••56 In the “before” part of Fig. 9-60, car A (mass 1100 kg) is
stopped at a traffic light when it is rear-ended by car B (mass 1400
kg). Both cars then slide with locked wheels until the frictional
force from the slick road (with a low mk of 0.13) stops them, at dis-

ILW

••52 In Fig. 9-59, a 10 g bullet moving directly upward at 1000
m/s strikes and passes through the center of mass of a 5.0 kg block
initially at rest. The bullet emerges from the block moving directly
upward at 400 m/s. To what maximum height does the block then
rise above its initial position?

1 2
Frictionless

(a)

(b)

v1 v2

Fig. 9-58 Problem 51.

Bullet

Fig. 9-59 Problem 52.

Fig. 9-60 Problem 56.

A B

A B

dA

dB

Before

After

v0

vi
m

M

Fig. 9-61 Problem 57.

•••58 In Fig. 9-62, block 2 (mass 1.0 kg) is at rest on a frictionless
surface and touching the end of an unstretched spring of spring
constant 200 N/m. The other end of the spring is fixed to a wall.
Block 1 (mass 2.0 kg), traveling at speed v1 ! 4.0 m/s, collides with
block 2, and the two blocks stick together. When the blocks mo-
mentarily stop, by what distance is the spring compressed?

1 2
v1

Fig. 9-62 Problem 58.

1 2

Fig. 9-63 Problem 59.

sec. 9-10 Elastic Collisions in One Dimension
•60 In Fig. 9-64, block A (mass 1.6 kg) slides into block B (mass 2.4
kg), along a frictionless surface. The directions of three velocities be-
fore (i) and after ( f ) the collision are indicated; the corresponding

••57 In Fig. 9-61, a ball of mass m ! 60 g is shot with speed
vi 22 m/s into the barrel of a spring gun of mass M 240 g ini-
tially at rest on a frictionless surface. The ball sticks in the barrel at
the point of maximum compression of the spring. Assume that the
increase in thermal energy due to friction between the ball and the
barrel is negligible. (a) What is the speed of the spring gun after the
ball stops in the barrel? (b) What fraction of the initial kinetic en-
ergy of the ball is stored in the spring?

!!
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The scale on the t axis is set by ts ! 4.0 N "m. What is the angular
momentum of the disk about the rotation axis at times (a) t ! 7.0 s
and (b) t ! 20 s?

sec. 11-11 Conservation of Angular Momentum
•43 In Fig. 11-47, two skaters, each
of mass 50 kg, approach each other
along parallel paths separated by 3.0
m. They have opposite velocities of
1.4 m/s each. One skater carries one
end of a long pole of negligible mass,
and the other skater grabs the other
end as she passes. The skaters then
rotate around the center of the pole. Assume that the friction
between skates and ice is negligible. What are (a) the radius of the
circle, (b) the angular speed of the skaters, and (c) the kinetic energy
of the two-skater system? Next, the skaters pull along the pole until
they are separated by 1.0 m. What then are (d) their angular speed
and (e) the kinetic energy of the system? (f) What provided the en-
ergy for the increased kinetic energy?

•44 A Texas cockroach of mass 0.17 kg runs counterclockwise
around the rim of a lazy Susan (a circular disk mounted on a verti-
cal axle) that has radius 15 cm, rotational inertia 5.0 # 10$3 kg " m2,
and frictionless bearings. The cockroach’s speed (relative to the
ground) is 2.0 m/s, and the lazy Susan turns clockwise with angular
speed v0 ! 2.8 rad/s.The cockroach finds a bread crumb on the rim
and, of course, stops. (a) What is the angular speed of the lazy
Susan after the cockroach stops? (b) Is mechanical energy con-
served as it stops?

•45 A man stands on a platform that is rotating
(without friction) with an angular speed of 1.2 rev/s; his arms are
outstretched and he holds a brick in each hand.The rotational iner-
tia of the system consisting of the man, bricks, and platform about
the central vertical axis of the platform is 6.0 kg " m2. If by moving
the bricks the man decreases the rotational inertia of the system to
2.0 kg " m2, what are (a) the resulting angular speed of the platform
and (b) the ratio of the new kinetic energy of the system to the
original kinetic energy? (c) What source provided the added 
kinetic energy?

•46 The rotational inertia of a collapsing spinning star drops to 
its initial value. What is the ratio of the new rotational kinetic en-
ergy to the initial rotational kinetic energy?

•47 A track is mounted on a
large wheel that is free to turn with
negligible friction about a vertical
axis (Fig. 11-48). A toy train of mass
m is placed on the track and, with
the system initially at rest, the
train’s electrical power is turned on. The train reaches speed 0.15
m/s with respect to the track.What is the angular speed of the wheel
if its mass is 1.1m and its radius is
0.43 m? (Treat the wheel as a hoop,
and neglect the mass of the spokes
and hub.)

•48 A Texas cockroach first rides
at the center of a circular disk that
rotates freely like a merry-go-
round without external torques.
The cockroach then walks out to
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the edge of the disk, at radius R. Figure 11-49 gives the angular
speed v of the cockroach – disk system during the walk. The scale
on the v axis is set by va ! 5.0 rad/s and vb ! 6.0 rad/s. When the
cockroach is on the edge at radius R, what is the ratio of the bug’s
rotational inertia to that of the disk, both calculated about the ro-
tation axis?

•49 Two disks are mounted (like a merry-go-round) on low-fric-
tion bearings on the same axle and can be brought together so that
they couple and rotate as one unit.The first disk, with rotational in-
ertia 3.30 kg " m2 about its central axis, is set spinning counterclock-
wise at 450 rev/min. The second disk, with rotational inertia 6.60
kg " m2 about its central axis, is set spinning counterclockwise at 900
rev/min.They then couple together. (a) What is their angular speed
after coupling? If instead the second disk is set spinning clockwise
at 900 rev/min, what are their (b) angular speed and (c) direction
of rotation after they couple together?

•50 The rotor of an electric motor has rotational inertia Im !
2.0 # 10$3 kg " m2 about its central axis. The motor is used to
change the orientation of the space probe in which it is mounted.
The motor axis is mounted along the central axis of the probe; the
probe has rotational inertia Ip ! 12 kg " m2 about this axis.
Calculate the number of revolutions of the rotor required to turn
the probe through 30° about its central axis.

•51 A wheel is rotating freely at angular speed 800
rev/min on a shaft whose rotational inertia is negligible. A second
wheel, initially at rest and with twice the rotational inertia of the
first, is suddenly coupled to the same shaft. (a) What is the angular
speed of the resultant combination of the shaft and two wheels?
(b) What fraction of the original rotational kinetic energy is lost?

••52 A cockroach of mass m lies on the rim of a uniform disk
of mass 4.00m that can rotate freely about its center like a merry-
go-round. Initially the cockroach and disk rotate together with an
angular velocity of 0.260 rad/s. Then the cockroach walks halfway
to the center of the disk. (a) What then is the angular velocity of
the cockroach–disk system? (b) What is the ratio K /K0 of the new
kinetic energy of the system to its initial kinetic energy? (c) What
accounts for the change in the ki-
netic energy?

••53 A uniform thin rod of
length 0.500 m and mass 4.00 kg can
rotate in a horizontal plane about a
vertical axis through its center. The
rod is at rest when a 3.00 g bullet
traveling in the rotation plane is fired
into one end of the rod. As viewed
from above, the bullet’s path makes angle u ! 60.0° with the rod (Fig.
11-50). If the bullet lodges in the rod and the angular velocity of the
rod is 10 rad/s immediately after the collision, what is the bullet’s
speed just before impact?   

••54 Figure 11-51 shows an
overhead view of a ring that can ro-
tate about its center like a merry-
go-round. Its outer radius R2 is 0.800
m, its inner radius R1 is R2/2.00, its
mass M is 8.00 kg, and the mass of
the crossbars at its center is neg-
ligible. It initially rotates at an angu-
lar speed of 8.00 rad/s with a cat of

ILWSSM

Fig. 11-47 Problem 43.

Fig. 11-48 Problem 47.

Fig. 11-49 Problem 48.
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Fig. 11-50 Problem 53.
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Fig. 11-51 Problem 54.
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132 CHAPTE R 6 FORCE AN D MOTION—I I

••16 A loaded penguin sled weighing 80 N rests on a plane in-
clined at angle u ! 20° to the horizontal (Fig. 6-23). Between the
sled and the plane, the coefficient of static friction is 0.25, and the
coefficient of kinetic friction is 0.15. (a) What is the least magni-
tude of the force parallel to the plane, that will prevent the sled
from slipping down the plane? (b) What is the minimum magni-
tude F that will start the sled moving up the plane? (c) What
value of F is required to move the sled up the plane at constant
velocity?

F
:
,

moving initially. (a) Will the block move? (b) In unit-vector nota-
tion, what is the force on the block from the wall?

••20 In Fig. 6-27, a box of Cheerios (mass mC ! 1.0 kg) and a
box of Wheaties (mass mW 3.0 kg) are accelerated across a hori-
zontal surface by a horizontal force applied to the Cheerios box.
The magnitude of the frictional force on the Cheerios box is 2.0 N,
and the magnitude of the frictional force on the Wheaties box is 4.0
N. If the magnitude of is 12 N, what is the magnitude of the force
on the Wheaties box from the Cheerios box?

F
:

F
:

!

!

B

A

d

v0

!

P
x

mC

F mW

Fig. 6-25 Problem 18.

••19 A 12 N horizontal force 
pushes a block weighing 5.0 N
against a vertical wall (Fig. 6-26).The
coefficient of static friction between
the wall and the block is 0.60, and
the coefficient of kinetic friction is
0.40. Assume that the block is not

F
:

Fig. 6-24 Problem 17.

Fig. 6-27 Problem 20.

F

F2

F1

0 µ2
µs

Fig. 6-28 Problem 22.

x

y

F

Fig. 6-26 Problem 19.

••21 An initially stationary box of sand is to be pulled across a
floor by means of a cable in which the tension should not
exceed 1100 N. The coefficient of static friction between the box
and the floor is 0.35. (a) What should be the angle between the
cable and the horizontal in order to pull the greatest possible
amount of sand, and (b) what is the weight of the sand and box
in that situation?

••22 In Fig. 6-23, a sled is held on an inclined plane by a cord
pulling directly up the plane. The sled is to be on the verge of mov-
ing up the plane. In Fig. 6-28, the magnitude F required of the
cord’s force on the sled is plotted versus a range of values for the
coefficient of static friction ms between sled and plane: F1 ! 2.0 N,
F2 ! 5.0 N, and m2 ! 0.50.At what angle u is the plane inclined?

••23 When the three blocks in Fig.
6-29 are released from rest, they ac-
celerate with a magnitude of 0.500
m/s2. Block 1 has mass M, block 2
has 2M, and block 3 has 2M. What is
the coefficient of kinetic friction be-
tween block 2 and the table?

••24 A 4.10 kg block is pushed
along a floor by a constant applied
force that is horizontal and has a
magnitude of 40.0 N. Figure 6-30
gives the block’s speed v versus
time t as the block moves along an x
axis on the floor.The scale of the fig-
ure’s vertical axis is set by vs ! 5.0
m/s. What is the coefficient of
kinetic friction between the block
and the floor?

3

2

1

Fig. 6-29 Problem 23.

F

!

Fig. 6-23 Problems 16 and 22.

••17 In Fig. 6-24, a force acts on a block weighing 45 N. The
block is initially at rest on a plane inclined at angle u ! 15° to the
horizontal. The positive direction of the x axis is up the plane. The
coefficients of friction between block and plane are ms ! 0.50 and
mk ! 0.34. In unit-vector notation, what is the frictional force on
the block from the plane when is (a) ("5.0 N) , (b) ("8.0 N) ,
and (c) ("15 N) ?î

îîP
:

P
:

••18 You testify as an expert witness in a case involving an acci-
dent in which car A slid into the rear of car B, which was stopped at
a red light along a road headed down a hill (Fig. 6-25). You find
that the slope of the hill is u ! 12.0°, that the cars were separated
by distance d ! 24.0 m when the driver of car A put the car into a
slide (it lacked any automatic anti-brake-lock system), and that the
speed of car A at the onset of braking was v0 ! 18.0 m/s.With what
speed did car A hit car B if the coefficient of kinetic friction was (a)
0.60 (dry road surface) and (b) 0.10 (road surface covered with wet
leaves)?
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)

0 0.5
t (s)
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Fig. 6-30 Problem 24.
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bullet, find the speed of the bullet as it (a) leaves and (b) enters
block 1.

tances dA ! 8.2 m and dB ! 6.1 m.What are the speeds of (a) car A
and (b) car B at the start of the sliding, just after the collision? (c)
Assuming that linear momentum is conserved during the collision,
find the speed of car B just before the collision. (d) Explain why
this assumption may be invalid.

•••59 In Fig. 9-63, block 1 (mass 2.0 kg) is moving rightward
at 10 m/s and block 2 (mass 5.0 kg) is moving rightward at 3.0 m/s.
The surface is frictionless, and a spring with a spring constant of
1120 N/m is fixed to block 2. When the blocks collide, the compres-
sion of the spring is maximum at the instant the blocks have the
same velocity. Find the maximum compression.

ILW

••53 In Anchorage, collisions of a vehicle with a moose are so
common that they are referred to with the abbreviation MVC.
Suppose a 1000 kg car slides into a stationary 500 kg moose on a
very slippery road, with the moose being thrown through the wind-
shield (a common MVC result). (a) What percent of the original
kinetic energy is lost in the collision to other forms of energy? A
similar danger occurs in Saudi Arabia because of camel–vehicle
collisions (CVC). (b) What percent of the original kinetic energy is
lost if the car hits a 300 kg camel? (c) Generally, does the percent
loss increase or decrease if the animal mass decreases?

••54 A completely inelastic collision occurs between two balls of
wet putty that move directly toward each other along a vertical
axis. Just before the collision, one ball, of mass 3.0 kg, is moving up-
ward at 20 m/s and the other ball, of mass 2.0 kg, is moving down-
ward at 12 m/s. How high do the combined two balls of putty rise
above the collision point? (Neglect air drag.)

••55 A 5.0 kg block with a speed of 3.0 m/s collides with a 10
kg block that has a speed of 2.0 m/s in the same direction.After the
collision, the 10 kg block travels in the original direction with a
speed of 2.5 m/s. (a) What is the velocity of the 5.0 kg block imme-
diately after the collision? (b) By how much does the total kinetic
energy of the system of two blocks change because of the colli-
sion? (c) Suppose, instead, that the 10 kg block ends up with a
speed of 4.0 m/s. What then is the change in the total kinetic en-
ergy? (d) Account for the result you obtained in (c).

••56 In the “before” part of Fig. 9-60, car A (mass 1100 kg) is
stopped at a traffic light when it is rear-ended by car B (mass 1400
kg). Both cars then slide with locked wheels until the frictional
force from the slick road (with a low mk of 0.13) stops them, at dis-
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••52 In Fig. 9-59, a 10 g bullet moving directly upward at 1000
m/s strikes and passes through the center of mass of a 5.0 kg block
initially at rest. The bullet emerges from the block moving directly
upward at 400 m/s. To what maximum height does the block then
rise above its initial position?

1 2
Frictionless

(a)

(b)

v1 v2

Fig. 9-58 Problem 51.

Bullet

Fig. 9-59 Problem 52.

Fig. 9-60 Problem 56.

A B

A B
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v0
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m
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Fig. 9-61 Problem 57.

•••58 In Fig. 9-62, block 2 (mass 1.0 kg) is at rest on a frictionless
surface and touching the end of an unstretched spring of spring
constant 200 N/m. The other end of the spring is fixed to a wall.
Block 1 (mass 2.0 kg), traveling at speed v1 ! 4.0 m/s, collides with
block 2, and the two blocks stick together. When the blocks mo-
mentarily stop, by what distance is the spring compressed?

1 2
v1

Fig. 9-62 Problem 58.

1 2

Fig. 9-63 Problem 59.

sec. 9-10 Elastic Collisions in One Dimension
•60 In Fig. 9-64, block A (mass 1.6 kg) slides into block B (mass 2.4
kg), along a frictionless surface. The directions of three velocities be-
fore (i) and after ( f ) the collision are indicated; the corresponding

••57 In Fig. 9-61, a ball of mass m ! 60 g is shot with speed
vi 22 m/s into the barrel of a spring gun of mass M 240 g ini-
tially at rest on a frictionless surface. The ball sticks in the barrel at
the point of maximum compression of the spring. Assume that the
increase in thermal energy due to friction between the ball and the
barrel is negligible. (a) What is the speed of the spring gun after the
ball stops in the barrel? (b) What fraction of the initial kinetic en-
ergy of the ball is stored in the spring?

!!
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The scale on the t axis is set by ts ! 4.0 N "m. What is the angular
momentum of the disk about the rotation axis at times (a) t ! 7.0 s
and (b) t ! 20 s?

sec. 11-11 Conservation of Angular Momentum
•43 In Fig. 11-47, two skaters, each
of mass 50 kg, approach each other
along parallel paths separated by 3.0
m. They have opposite velocities of
1.4 m/s each. One skater carries one
end of a long pole of negligible mass,
and the other skater grabs the other
end as she passes. The skaters then
rotate around the center of the pole. Assume that the friction
between skates and ice is negligible. What are (a) the radius of the
circle, (b) the angular speed of the skaters, and (c) the kinetic energy
of the two-skater system? Next, the skaters pull along the pole until
they are separated by 1.0 m. What then are (d) their angular speed
and (e) the kinetic energy of the system? (f) What provided the en-
ergy for the increased kinetic energy?

•44 A Texas cockroach of mass 0.17 kg runs counterclockwise
around the rim of a lazy Susan (a circular disk mounted on a verti-
cal axle) that has radius 15 cm, rotational inertia 5.0 # 10$3 kg " m2,
and frictionless bearings. The cockroach’s speed (relative to the
ground) is 2.0 m/s, and the lazy Susan turns clockwise with angular
speed v0 ! 2.8 rad/s.The cockroach finds a bread crumb on the rim
and, of course, stops. (a) What is the angular speed of the lazy
Susan after the cockroach stops? (b) Is mechanical energy con-
served as it stops?

•45 A man stands on a platform that is rotating
(without friction) with an angular speed of 1.2 rev/s; his arms are
outstretched and he holds a brick in each hand.The rotational iner-
tia of the system consisting of the man, bricks, and platform about
the central vertical axis of the platform is 6.0 kg " m2. If by moving
the bricks the man decreases the rotational inertia of the system to
2.0 kg " m2, what are (a) the resulting angular speed of the platform
and (b) the ratio of the new kinetic energy of the system to the
original kinetic energy? (c) What source provided the added 
kinetic energy?

•46 The rotational inertia of a collapsing spinning star drops to 
its initial value. What is the ratio of the new rotational kinetic en-
ergy to the initial rotational kinetic energy?

•47 A track is mounted on a
large wheel that is free to turn with
negligible friction about a vertical
axis (Fig. 11-48). A toy train of mass
m is placed on the track and, with
the system initially at rest, the
train’s electrical power is turned on. The train reaches speed 0.15
m/s with respect to the track.What is the angular speed of the wheel
if its mass is 1.1m and its radius is
0.43 m? (Treat the wheel as a hoop,
and neglect the mass of the spokes
and hub.)

•48 A Texas cockroach first rides
at the center of a circular disk that
rotates freely like a merry-go-
round without external torques.
The cockroach then walks out to

SSM

1
3

WWWSSM

the edge of the disk, at radius R. Figure 11-49 gives the angular
speed v of the cockroach – disk system during the walk. The scale
on the v axis is set by va ! 5.0 rad/s and vb ! 6.0 rad/s. When the
cockroach is on the edge at radius R, what is the ratio of the bug’s
rotational inertia to that of the disk, both calculated about the ro-
tation axis?

•49 Two disks are mounted (like a merry-go-round) on low-fric-
tion bearings on the same axle and can be brought together so that
they couple and rotate as one unit.The first disk, with rotational in-
ertia 3.30 kg " m2 about its central axis, is set spinning counterclock-
wise at 450 rev/min. The second disk, with rotational inertia 6.60
kg " m2 about its central axis, is set spinning counterclockwise at 900
rev/min.They then couple together. (a) What is their angular speed
after coupling? If instead the second disk is set spinning clockwise
at 900 rev/min, what are their (b) angular speed and (c) direction
of rotation after they couple together?

•50 The rotor of an electric motor has rotational inertia Im !
2.0 # 10$3 kg " m2 about its central axis. The motor is used to
change the orientation of the space probe in which it is mounted.
The motor axis is mounted along the central axis of the probe; the
probe has rotational inertia Ip ! 12 kg " m2 about this axis.
Calculate the number of revolutions of the rotor required to turn
the probe through 30° about its central axis.

•51 A wheel is rotating freely at angular speed 800
rev/min on a shaft whose rotational inertia is negligible. A second
wheel, initially at rest and with twice the rotational inertia of the
first, is suddenly coupled to the same shaft. (a) What is the angular
speed of the resultant combination of the shaft and two wheels?
(b) What fraction of the original rotational kinetic energy is lost?

••52 A cockroach of mass m lies on the rim of a uniform disk
of mass 4.00m that can rotate freely about its center like a merry-
go-round. Initially the cockroach and disk rotate together with an
angular velocity of 0.260 rad/s. Then the cockroach walks halfway
to the center of the disk. (a) What then is the angular velocity of
the cockroach–disk system? (b) What is the ratio K /K0 of the new
kinetic energy of the system to its initial kinetic energy? (c) What
accounts for the change in the ki-
netic energy?

••53 A uniform thin rod of
length 0.500 m and mass 4.00 kg can
rotate in a horizontal plane about a
vertical axis through its center. The
rod is at rest when a 3.00 g bullet
traveling in the rotation plane is fired
into one end of the rod. As viewed
from above, the bullet’s path makes angle u ! 60.0° with the rod (Fig.
11-50). If the bullet lodges in the rod and the angular velocity of the
rod is 10 rad/s immediately after the collision, what is the bullet’s
speed just before impact?   

••54 Figure 11-51 shows an
overhead view of a ring that can ro-
tate about its center like a merry-
go-round. Its outer radius R2 is 0.800
m, its inner radius R1 is R2/2.00, its
mass M is 8.00 kg, and the mass of
the crossbars at its center is neg-
ligible. It initially rotates at an angu-
lar speed of 8.00 rad/s with a cat of

ILWSSM

Fig. 11-47 Problem 43.

Fig. 11-48 Problem 47.

Fig. 11-49 Problem 48.
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Fig. 11-50 Problem 53.

Axis

"

Fig. 11-51 Problem 54.

R1

R2
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••16 A loaded penguin sled weighing 80 N rests on a plane in-
clined at angle u ! 20° to the horizontal (Fig. 6-23). Between the
sled and the plane, the coefficient of static friction is 0.25, and the
coefficient of kinetic friction is 0.15. (a) What is the least magni-
tude of the force parallel to the plane, that will prevent the sled
from slipping down the plane? (b) What is the minimum magni-
tude F that will start the sled moving up the plane? (c) What
value of F is required to move the sled up the plane at constant
velocity?

F
:
,

moving initially. (a) Will the block move? (b) In unit-vector nota-
tion, what is the force on the block from the wall?

••20 In Fig. 6-27, a box of Cheerios (mass mC ! 1.0 kg) and a
box of Wheaties (mass mW 3.0 kg) are accelerated across a hori-
zontal surface by a horizontal force applied to the Cheerios box.
The magnitude of the frictional force on the Cheerios box is 2.0 N,
and the magnitude of the frictional force on the Wheaties box is 4.0
N. If the magnitude of is 12 N, what is the magnitude of the force
on the Wheaties box from the Cheerios box?

F
:

F
:

!

!

B

A

d

v0

!

P
x

mC

F mW

Fig. 6-25 Problem 18.

••19 A 12 N horizontal force 
pushes a block weighing 5.0 N
against a vertical wall (Fig. 6-26).The
coefficient of static friction between
the wall and the block is 0.60, and
the coefficient of kinetic friction is
0.40. Assume that the block is not

F
:

Fig. 6-24 Problem 17.

Fig. 6-27 Problem 20.

F

F2

F1

0 µ2
µs

Fig. 6-28 Problem 22.

x

y

F

Fig. 6-26 Problem 19.

••21 An initially stationary box of sand is to be pulled across a
floor by means of a cable in which the tension should not
exceed 1100 N. The coefficient of static friction between the box
and the floor is 0.35. (a) What should be the angle between the
cable and the horizontal in order to pull the greatest possible
amount of sand, and (b) what is the weight of the sand and box
in that situation?

••22 In Fig. 6-23, a sled is held on an inclined plane by a cord
pulling directly up the plane. The sled is to be on the verge of mov-
ing up the plane. In Fig. 6-28, the magnitude F required of the
cord’s force on the sled is plotted versus a range of values for the
coefficient of static friction ms between sled and plane: F1 ! 2.0 N,
F2 ! 5.0 N, and m2 ! 0.50.At what angle u is the plane inclined?

••23 When the three blocks in Fig.
6-29 are released from rest, they ac-
celerate with a magnitude of 0.500
m/s2. Block 1 has mass M, block 2
has 2M, and block 3 has 2M. What is
the coefficient of kinetic friction be-
tween block 2 and the table?

••24 A 4.10 kg block is pushed
along a floor by a constant applied
force that is horizontal and has a
magnitude of 40.0 N. Figure 6-30
gives the block’s speed v versus
time t as the block moves along an x
axis on the floor.The scale of the fig-
ure’s vertical axis is set by vs ! 5.0
m/s. What is the coefficient of
kinetic friction between the block
and the floor?

3

2

1

Fig. 6-29 Problem 23.

F

!

Fig. 6-23 Problems 16 and 22.

••17 In Fig. 6-24, a force acts on a block weighing 45 N. The
block is initially at rest on a plane inclined at angle u ! 15° to the
horizontal. The positive direction of the x axis is up the plane. The
coefficients of friction between block and plane are ms ! 0.50 and
mk ! 0.34. In unit-vector notation, what is the frictional force on
the block from the plane when is (a) ("5.0 N) , (b) ("8.0 N) ,
and (c) ("15 N) ?î

îîP
:

P
:

••18 You testify as an expert witness in a case involving an acci-
dent in which car A slid into the rear of car B, which was stopped at
a red light along a road headed down a hill (Fig. 6-25). You find
that the slope of the hill is u ! 12.0°, that the cars were separated
by distance d ! 24.0 m when the driver of car A put the car into a
slide (it lacked any automatic anti-brake-lock system), and that the
speed of car A at the onset of braking was v0 ! 18.0 m/s.With what
speed did car A hit car B if the coefficient of kinetic friction was (a)
0.60 (dry road surface) and (b) 0.10 (road surface covered with wet
leaves)?

v 
(m

/s
)

0 0.5
t (s)

1.0

vs

Fig. 6-30 Problem 24.
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bullet, find the speed of the bullet as it (a) leaves and (b) enters
block 1.

tances dA ! 8.2 m and dB ! 6.1 m.What are the speeds of (a) car A
and (b) car B at the start of the sliding, just after the collision? (c)
Assuming that linear momentum is conserved during the collision,
find the speed of car B just before the collision. (d) Explain why
this assumption may be invalid.

•••59 In Fig. 9-63, block 1 (mass 2.0 kg) is moving rightward
at 10 m/s and block 2 (mass 5.0 kg) is moving rightward at 3.0 m/s.
The surface is frictionless, and a spring with a spring constant of
1120 N/m is fixed to block 2. When the blocks collide, the compres-
sion of the spring is maximum at the instant the blocks have the
same velocity. Find the maximum compression.

ILW

••53 In Anchorage, collisions of a vehicle with a moose are so
common that they are referred to with the abbreviation MVC.
Suppose a 1000 kg car slides into a stationary 500 kg moose on a
very slippery road, with the moose being thrown through the wind-
shield (a common MVC result). (a) What percent of the original
kinetic energy is lost in the collision to other forms of energy? A
similar danger occurs in Saudi Arabia because of camel–vehicle
collisions (CVC). (b) What percent of the original kinetic energy is
lost if the car hits a 300 kg camel? (c) Generally, does the percent
loss increase or decrease if the animal mass decreases?

••54 A completely inelastic collision occurs between two balls of
wet putty that move directly toward each other along a vertical
axis. Just before the collision, one ball, of mass 3.0 kg, is moving up-
ward at 20 m/s and the other ball, of mass 2.0 kg, is moving down-
ward at 12 m/s. How high do the combined two balls of putty rise
above the collision point? (Neglect air drag.)

••55 A 5.0 kg block with a speed of 3.0 m/s collides with a 10
kg block that has a speed of 2.0 m/s in the same direction.After the
collision, the 10 kg block travels in the original direction with a
speed of 2.5 m/s. (a) What is the velocity of the 5.0 kg block imme-
diately after the collision? (b) By how much does the total kinetic
energy of the system of two blocks change because of the colli-
sion? (c) Suppose, instead, that the 10 kg block ends up with a
speed of 4.0 m/s. What then is the change in the total kinetic en-
ergy? (d) Account for the result you obtained in (c).

••56 In the “before” part of Fig. 9-60, car A (mass 1100 kg) is
stopped at a traffic light when it is rear-ended by car B (mass 1400
kg). Both cars then slide with locked wheels until the frictional
force from the slick road (with a low mk of 0.13) stops them, at dis-

ILW

••52 In Fig. 9-59, a 10 g bullet moving directly upward at 1000
m/s strikes and passes through the center of mass of a 5.0 kg block
initially at rest. The bullet emerges from the block moving directly
upward at 400 m/s. To what maximum height does the block then
rise above its initial position?

1 2
Frictionless

(a)

(b)

v1 v2

Fig. 9-58 Problem 51.

Bullet

Fig. 9-59 Problem 52.

Fig. 9-60 Problem 56.

A B

A B

dA

dB

Before

After

v0

vi
m

M

Fig. 9-61 Problem 57.

•••58 In Fig. 9-62, block 2 (mass 1.0 kg) is at rest on a frictionless
surface and touching the end of an unstretched spring of spring
constant 200 N/m. The other end of the spring is fixed to a wall.
Block 1 (mass 2.0 kg), traveling at speed v1 ! 4.0 m/s, collides with
block 2, and the two blocks stick together. When the blocks mo-
mentarily stop, by what distance is the spring compressed?

1 2
v1

Fig. 9-62 Problem 58.

1 2

Fig. 9-63 Problem 59.

sec. 9-10 Elastic Collisions in One Dimension
•60 In Fig. 9-64, block A (mass 1.6 kg) slides into block B (mass 2.4
kg), along a frictionless surface. The directions of three velocities be-
fore (i) and after ( f ) the collision are indicated; the corresponding

••57 In Fig. 9-61, a ball of mass m ! 60 g is shot with speed
vi 22 m/s into the barrel of a spring gun of mass M 240 g ini-
tially at rest on a frictionless surface. The ball sticks in the barrel at
the point of maximum compression of the spring. Assume that the
increase in thermal energy due to friction between the ball and the
barrel is negligible. (a) What is the speed of the spring gun after the
ball stops in the barrel? (b) What fraction of the initial kinetic en-
ergy of the ball is stored in the spring?

!!
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The scale on the t axis is set by ts ! 4.0 N "m. What is the angular
momentum of the disk about the rotation axis at times (a) t ! 7.0 s
and (b) t ! 20 s?

sec. 11-11 Conservation of Angular Momentum
•43 In Fig. 11-47, two skaters, each
of mass 50 kg, approach each other
along parallel paths separated by 3.0
m. They have opposite velocities of
1.4 m/s each. One skater carries one
end of a long pole of negligible mass,
and the other skater grabs the other
end as she passes. The skaters then
rotate around the center of the pole. Assume that the friction
between skates and ice is negligible. What are (a) the radius of the
circle, (b) the angular speed of the skaters, and (c) the kinetic energy
of the two-skater system? Next, the skaters pull along the pole until
they are separated by 1.0 m. What then are (d) their angular speed
and (e) the kinetic energy of the system? (f) What provided the en-
ergy for the increased kinetic energy?

•44 A Texas cockroach of mass 0.17 kg runs counterclockwise
around the rim of a lazy Susan (a circular disk mounted on a verti-
cal axle) that has radius 15 cm, rotational inertia 5.0 # 10$3 kg " m2,
and frictionless bearings. The cockroach’s speed (relative to the
ground) is 2.0 m/s, and the lazy Susan turns clockwise with angular
speed v0 ! 2.8 rad/s.The cockroach finds a bread crumb on the rim
and, of course, stops. (a) What is the angular speed of the lazy
Susan after the cockroach stops? (b) Is mechanical energy con-
served as it stops?

•45 A man stands on a platform that is rotating
(without friction) with an angular speed of 1.2 rev/s; his arms are
outstretched and he holds a brick in each hand.The rotational iner-
tia of the system consisting of the man, bricks, and platform about
the central vertical axis of the platform is 6.0 kg " m2. If by moving
the bricks the man decreases the rotational inertia of the system to
2.0 kg " m2, what are (a) the resulting angular speed of the platform
and (b) the ratio of the new kinetic energy of the system to the
original kinetic energy? (c) What source provided the added 
kinetic energy?

•46 The rotational inertia of a collapsing spinning star drops to 
its initial value. What is the ratio of the new rotational kinetic en-
ergy to the initial rotational kinetic energy?

•47 A track is mounted on a
large wheel that is free to turn with
negligible friction about a vertical
axis (Fig. 11-48). A toy train of mass
m is placed on the track and, with
the system initially at rest, the
train’s electrical power is turned on. The train reaches speed 0.15
m/s with respect to the track.What is the angular speed of the wheel
if its mass is 1.1m and its radius is
0.43 m? (Treat the wheel as a hoop,
and neglect the mass of the spokes
and hub.)

•48 A Texas cockroach first rides
at the center of a circular disk that
rotates freely like a merry-go-
round without external torques.
The cockroach then walks out to

SSM

1
3
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the edge of the disk, at radius R. Figure 11-49 gives the angular
speed v of the cockroach – disk system during the walk. The scale
on the v axis is set by va ! 5.0 rad/s and vb ! 6.0 rad/s. When the
cockroach is on the edge at radius R, what is the ratio of the bug’s
rotational inertia to that of the disk, both calculated about the ro-
tation axis?

•49 Two disks are mounted (like a merry-go-round) on low-fric-
tion bearings on the same axle and can be brought together so that
they couple and rotate as one unit.The first disk, with rotational in-
ertia 3.30 kg " m2 about its central axis, is set spinning counterclock-
wise at 450 rev/min. The second disk, with rotational inertia 6.60
kg " m2 about its central axis, is set spinning counterclockwise at 900
rev/min.They then couple together. (a) What is their angular speed
after coupling? If instead the second disk is set spinning clockwise
at 900 rev/min, what are their (b) angular speed and (c) direction
of rotation after they couple together?

•50 The rotor of an electric motor has rotational inertia Im !
2.0 # 10$3 kg " m2 about its central axis. The motor is used to
change the orientation of the space probe in which it is mounted.
The motor axis is mounted along the central axis of the probe; the
probe has rotational inertia Ip ! 12 kg " m2 about this axis.
Calculate the number of revolutions of the rotor required to turn
the probe through 30° about its central axis.

•51 A wheel is rotating freely at angular speed 800
rev/min on a shaft whose rotational inertia is negligible. A second
wheel, initially at rest and with twice the rotational inertia of the
first, is suddenly coupled to the same shaft. (a) What is the angular
speed of the resultant combination of the shaft and two wheels?
(b) What fraction of the original rotational kinetic energy is lost?

••52 A cockroach of mass m lies on the rim of a uniform disk
of mass 4.00m that can rotate freely about its center like a merry-
go-round. Initially the cockroach and disk rotate together with an
angular velocity of 0.260 rad/s. Then the cockroach walks halfway
to the center of the disk. (a) What then is the angular velocity of
the cockroach–disk system? (b) What is the ratio K /K0 of the new
kinetic energy of the system to its initial kinetic energy? (c) What
accounts for the change in the ki-
netic energy?

••53 A uniform thin rod of
length 0.500 m and mass 4.00 kg can
rotate in a horizontal plane about a
vertical axis through its center. The
rod is at rest when a 3.00 g bullet
traveling in the rotation plane is fired
into one end of the rod. As viewed
from above, the bullet’s path makes angle u ! 60.0° with the rod (Fig.
11-50). If the bullet lodges in the rod and the angular velocity of the
rod is 10 rad/s immediately after the collision, what is the bullet’s
speed just before impact?   

••54 Figure 11-51 shows an
overhead view of a ring that can ro-
tate about its center like a merry-
go-round. Its outer radius R2 is 0.800
m, its inner radius R1 is R2/2.00, its
mass M is 8.00 kg, and the mass of
the crossbars at its center is neg-
ligible. It initially rotates at an angu-
lar speed of 8.00 rad/s with a cat of

ILWSSM

Fig. 11-47 Problem 43.

Fig. 11-48 Problem 47.

Fig. 11-49 Problem 48.
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Fig. 11-51 Problem 54.
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••16 A loaded penguin sled weighing 80 N rests on a plane in-
clined at angle u ! 20° to the horizontal (Fig. 6-23). Between the
sled and the plane, the coefficient of static friction is 0.25, and the
coefficient of kinetic friction is 0.15. (a) What is the least magni-
tude of the force parallel to the plane, that will prevent the sled
from slipping down the plane? (b) What is the minimum magni-
tude F that will start the sled moving up the plane? (c) What
value of F is required to move the sled up the plane at constant
velocity?

F
:
,

moving initially. (a) Will the block move? (b) In unit-vector nota-
tion, what is the force on the block from the wall?

••20 In Fig. 6-27, a box of Cheerios (mass mC ! 1.0 kg) and a
box of Wheaties (mass mW 3.0 kg) are accelerated across a hori-
zontal surface by a horizontal force applied to the Cheerios box.
The magnitude of the frictional force on the Cheerios box is 2.0 N,
and the magnitude of the frictional force on the Wheaties box is 4.0
N. If the magnitude of is 12 N, what is the magnitude of the force
on the Wheaties box from the Cheerios box?

F
:

F
:

!

!

B

A

d

v0

!

P
x

mC

F mW

Fig. 6-25 Problem 18.

••19 A 12 N horizontal force 
pushes a block weighing 5.0 N
against a vertical wall (Fig. 6-26).The
coefficient of static friction between
the wall and the block is 0.60, and
the coefficient of kinetic friction is
0.40. Assume that the block is not

F
:

Fig. 6-24 Problem 17.

Fig. 6-27 Problem 20.

F

F2

F1

0 µ2
µs

Fig. 6-28 Problem 22.

x

y

F

Fig. 6-26 Problem 19.

••21 An initially stationary box of sand is to be pulled across a
floor by means of a cable in which the tension should not
exceed 1100 N. The coefficient of static friction between the box
and the floor is 0.35. (a) What should be the angle between the
cable and the horizontal in order to pull the greatest possible
amount of sand, and (b) what is the weight of the sand and box
in that situation?

••22 In Fig. 6-23, a sled is held on an inclined plane by a cord
pulling directly up the plane. The sled is to be on the verge of mov-
ing up the plane. In Fig. 6-28, the magnitude F required of the
cord’s force on the sled is plotted versus a range of values for the
coefficient of static friction ms between sled and plane: F1 ! 2.0 N,
F2 ! 5.0 N, and m2 ! 0.50.At what angle u is the plane inclined?

••23 When the three blocks in Fig.
6-29 are released from rest, they ac-
celerate with a magnitude of 0.500
m/s2. Block 1 has mass M, block 2
has 2M, and block 3 has 2M. What is
the coefficient of kinetic friction be-
tween block 2 and the table?

••24 A 4.10 kg block is pushed
along a floor by a constant applied
force that is horizontal and has a
magnitude of 40.0 N. Figure 6-30
gives the block’s speed v versus
time t as the block moves along an x
axis on the floor.The scale of the fig-
ure’s vertical axis is set by vs ! 5.0
m/s. What is the coefficient of
kinetic friction between the block
and the floor?

3

2

1

Fig. 6-29 Problem 23.

F

!

Fig. 6-23 Problems 16 and 22.

••17 In Fig. 6-24, a force acts on a block weighing 45 N. The
block is initially at rest on a plane inclined at angle u ! 15° to the
horizontal. The positive direction of the x axis is up the plane. The
coefficients of friction between block and plane are ms ! 0.50 and
mk ! 0.34. In unit-vector notation, what is the frictional force on
the block from the plane when is (a) ("5.0 N) , (b) ("8.0 N) ,
and (c) ("15 N) ?î

îîP
:

P
:

••18 You testify as an expert witness in a case involving an acci-
dent in which car A slid into the rear of car B, which was stopped at
a red light along a road headed down a hill (Fig. 6-25). You find
that the slope of the hill is u ! 12.0°, that the cars were separated
by distance d ! 24.0 m when the driver of car A put the car into a
slide (it lacked any automatic anti-brake-lock system), and that the
speed of car A at the onset of braking was v0 ! 18.0 m/s.With what
speed did car A hit car B if the coefficient of kinetic friction was (a)
0.60 (dry road surface) and (b) 0.10 (road surface covered with wet
leaves)?

v 
(m

/s
)

0 0.5
t (s)

1.0

vs

Fig. 6-30 Problem 24.
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bullet, find the speed of the bullet as it (a) leaves and (b) enters
block 1.

tances dA ! 8.2 m and dB ! 6.1 m.What are the speeds of (a) car A
and (b) car B at the start of the sliding, just after the collision? (c)
Assuming that linear momentum is conserved during the collision,
find the speed of car B just before the collision. (d) Explain why
this assumption may be invalid.

•••59 In Fig. 9-63, block 1 (mass 2.0 kg) is moving rightward
at 10 m/s and block 2 (mass 5.0 kg) is moving rightward at 3.0 m/s.
The surface is frictionless, and a spring with a spring constant of
1120 N/m is fixed to block 2. When the blocks collide, the compres-
sion of the spring is maximum at the instant the blocks have the
same velocity. Find the maximum compression.

ILW

••53 In Anchorage, collisions of a vehicle with a moose are so
common that they are referred to with the abbreviation MVC.
Suppose a 1000 kg car slides into a stationary 500 kg moose on a
very slippery road, with the moose being thrown through the wind-
shield (a common MVC result). (a) What percent of the original
kinetic energy is lost in the collision to other forms of energy? A
similar danger occurs in Saudi Arabia because of camel–vehicle
collisions (CVC). (b) What percent of the original kinetic energy is
lost if the car hits a 300 kg camel? (c) Generally, does the percent
loss increase or decrease if the animal mass decreases?

••54 A completely inelastic collision occurs between two balls of
wet putty that move directly toward each other along a vertical
axis. Just before the collision, one ball, of mass 3.0 kg, is moving up-
ward at 20 m/s and the other ball, of mass 2.0 kg, is moving down-
ward at 12 m/s. How high do the combined two balls of putty rise
above the collision point? (Neglect air drag.)

••55 A 5.0 kg block with a speed of 3.0 m/s collides with a 10
kg block that has a speed of 2.0 m/s in the same direction.After the
collision, the 10 kg block travels in the original direction with a
speed of 2.5 m/s. (a) What is the velocity of the 5.0 kg block imme-
diately after the collision? (b) By how much does the total kinetic
energy of the system of two blocks change because of the colli-
sion? (c) Suppose, instead, that the 10 kg block ends up with a
speed of 4.0 m/s. What then is the change in the total kinetic en-
ergy? (d) Account for the result you obtained in (c).

••56 In the “before” part of Fig. 9-60, car A (mass 1100 kg) is
stopped at a traffic light when it is rear-ended by car B (mass 1400
kg). Both cars then slide with locked wheels until the frictional
force from the slick road (with a low mk of 0.13) stops them, at dis-

ILW

••52 In Fig. 9-59, a 10 g bullet moving directly upward at 1000
m/s strikes and passes through the center of mass of a 5.0 kg block
initially at rest. The bullet emerges from the block moving directly
upward at 400 m/s. To what maximum height does the block then
rise above its initial position?

1 2
Frictionless

(a)

(b)

v1 v2

Fig. 9-58 Problem 51.

Bullet

Fig. 9-59 Problem 52.

Fig. 9-60 Problem 56.

A B

A B

dA

dB

Before

After

v0

vi
m

M

Fig. 9-61 Problem 57.

•••58 In Fig. 9-62, block 2 (mass 1.0 kg) is at rest on a frictionless
surface and touching the end of an unstretched spring of spring
constant 200 N/m. The other end of the spring is fixed to a wall.
Block 1 (mass 2.0 kg), traveling at speed v1 ! 4.0 m/s, collides with
block 2, and the two blocks stick together. When the blocks mo-
mentarily stop, by what distance is the spring compressed?

1 2
v1

Fig. 9-62 Problem 58.

1 2

Fig. 9-63 Problem 59.

sec. 9-10 Elastic Collisions in One Dimension
•60 In Fig. 9-64, block A (mass 1.6 kg) slides into block B (mass 2.4
kg), along a frictionless surface. The directions of three velocities be-
fore (i) and after ( f ) the collision are indicated; the corresponding

••57 In Fig. 9-61, a ball of mass m ! 60 g is shot with speed
vi 22 m/s into the barrel of a spring gun of mass M 240 g ini-
tially at rest on a frictionless surface. The ball sticks in the barrel at
the point of maximum compression of the spring. Assume that the
increase in thermal energy due to friction between the ball and the
barrel is negligible. (a) What is the speed of the spring gun after the
ball stops in the barrel? (b) What fraction of the initial kinetic en-
ergy of the ball is stored in the spring?

!!
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The scale on the t axis is set by ts ! 4.0 N "m. What is the angular
momentum of the disk about the rotation axis at times (a) t ! 7.0 s
and (b) t ! 20 s?

sec. 11-11 Conservation of Angular Momentum
•43 In Fig. 11-47, two skaters, each
of mass 50 kg, approach each other
along parallel paths separated by 3.0
m. They have opposite velocities of
1.4 m/s each. One skater carries one
end of a long pole of negligible mass,
and the other skater grabs the other
end as she passes. The skaters then
rotate around the center of the pole. Assume that the friction
between skates and ice is negligible. What are (a) the radius of the
circle, (b) the angular speed of the skaters, and (c) the kinetic energy
of the two-skater system? Next, the skaters pull along the pole until
they are separated by 1.0 m. What then are (d) their angular speed
and (e) the kinetic energy of the system? (f) What provided the en-
ergy for the increased kinetic energy?

•44 A Texas cockroach of mass 0.17 kg runs counterclockwise
around the rim of a lazy Susan (a circular disk mounted on a verti-
cal axle) that has radius 15 cm, rotational inertia 5.0 # 10$3 kg " m2,
and frictionless bearings. The cockroach’s speed (relative to the
ground) is 2.0 m/s, and the lazy Susan turns clockwise with angular
speed v0 ! 2.8 rad/s.The cockroach finds a bread crumb on the rim
and, of course, stops. (a) What is the angular speed of the lazy
Susan after the cockroach stops? (b) Is mechanical energy con-
served as it stops?

•45 A man stands on a platform that is rotating
(without friction) with an angular speed of 1.2 rev/s; his arms are
outstretched and he holds a brick in each hand.The rotational iner-
tia of the system consisting of the man, bricks, and platform about
the central vertical axis of the platform is 6.0 kg " m2. If by moving
the bricks the man decreases the rotational inertia of the system to
2.0 kg " m2, what are (a) the resulting angular speed of the platform
and (b) the ratio of the new kinetic energy of the system to the
original kinetic energy? (c) What source provided the added 
kinetic energy?

•46 The rotational inertia of a collapsing spinning star drops to 
its initial value. What is the ratio of the new rotational kinetic en-
ergy to the initial rotational kinetic energy?

•47 A track is mounted on a
large wheel that is free to turn with
negligible friction about a vertical
axis (Fig. 11-48). A toy train of mass
m is placed on the track and, with
the system initially at rest, the
train’s electrical power is turned on. The train reaches speed 0.15
m/s with respect to the track.What is the angular speed of the wheel
if its mass is 1.1m and its radius is
0.43 m? (Treat the wheel as a hoop,
and neglect the mass of the spokes
and hub.)

•48 A Texas cockroach first rides
at the center of a circular disk that
rotates freely like a merry-go-
round without external torques.
The cockroach then walks out to
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the edge of the disk, at radius R. Figure 11-49 gives the angular
speed v of the cockroach – disk system during the walk. The scale
on the v axis is set by va ! 5.0 rad/s and vb ! 6.0 rad/s. When the
cockroach is on the edge at radius R, what is the ratio of the bug’s
rotational inertia to that of the disk, both calculated about the ro-
tation axis?

•49 Two disks are mounted (like a merry-go-round) on low-fric-
tion bearings on the same axle and can be brought together so that
they couple and rotate as one unit.The first disk, with rotational in-
ertia 3.30 kg " m2 about its central axis, is set spinning counterclock-
wise at 450 rev/min. The second disk, with rotational inertia 6.60
kg " m2 about its central axis, is set spinning counterclockwise at 900
rev/min.They then couple together. (a) What is their angular speed
after coupling? If instead the second disk is set spinning clockwise
at 900 rev/min, what are their (b) angular speed and (c) direction
of rotation after they couple together?

•50 The rotor of an electric motor has rotational inertia Im !
2.0 # 10$3 kg " m2 about its central axis. The motor is used to
change the orientation of the space probe in which it is mounted.
The motor axis is mounted along the central axis of the probe; the
probe has rotational inertia Ip ! 12 kg " m2 about this axis.
Calculate the number of revolutions of the rotor required to turn
the probe through 30° about its central axis.

•51 A wheel is rotating freely at angular speed 800
rev/min on a shaft whose rotational inertia is negligible. A second
wheel, initially at rest and with twice the rotational inertia of the
first, is suddenly coupled to the same shaft. (a) What is the angular
speed of the resultant combination of the shaft and two wheels?
(b) What fraction of the original rotational kinetic energy is lost?

••52 A cockroach of mass m lies on the rim of a uniform disk
of mass 4.00m that can rotate freely about its center like a merry-
go-round. Initially the cockroach and disk rotate together with an
angular velocity of 0.260 rad/s. Then the cockroach walks halfway
to the center of the disk. (a) What then is the angular velocity of
the cockroach–disk system? (b) What is the ratio K /K0 of the new
kinetic energy of the system to its initial kinetic energy? (c) What
accounts for the change in the ki-
netic energy?

••53 A uniform thin rod of
length 0.500 m and mass 4.00 kg can
rotate in a horizontal plane about a
vertical axis through its center. The
rod is at rest when a 3.00 g bullet
traveling in the rotation plane is fired
into one end of the rod. As viewed
from above, the bullet’s path makes angle u ! 60.0° with the rod (Fig.
11-50). If the bullet lodges in the rod and the angular velocity of the
rod is 10 rad/s immediately after the collision, what is the bullet’s
speed just before impact?   

••54 Figure 11-51 shows an
overhead view of a ring that can ro-
tate about its center like a merry-
go-round. Its outer radius R2 is 0.800
m, its inner radius R1 is R2/2.00, its
mass M is 8.00 kg, and the mass of
the crossbars at its center is neg-
ligible. It initially rotates at an angu-
lar speed of 8.00 rad/s with a cat of
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Fig. 11-47 Problem 43.

Fig. 11-48 Problem 47.

Fig. 11-49 Problem 48.
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Fig. 11-50 Problem 53.

Axis

"

Fig. 11-51 Problem 54.
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••16 A loaded penguin sled weighing 80 N rests on a plane in-
clined at angle u ! 20° to the horizontal (Fig. 6-23). Between the
sled and the plane, the coefficient of static friction is 0.25, and the
coefficient of kinetic friction is 0.15. (a) What is the least magni-
tude of the force parallel to the plane, that will prevent the sled
from slipping down the plane? (b) What is the minimum magni-
tude F that will start the sled moving up the plane? (c) What
value of F is required to move the sled up the plane at constant
velocity?

F
:
,

moving initially. (a) Will the block move? (b) In unit-vector nota-
tion, what is the force on the block from the wall?

••20 In Fig. 6-27, a box of Cheerios (mass mC ! 1.0 kg) and a
box of Wheaties (mass mW 3.0 kg) are accelerated across a hori-
zontal surface by a horizontal force applied to the Cheerios box.
The magnitude of the frictional force on the Cheerios box is 2.0 N,
and the magnitude of the frictional force on the Wheaties box is 4.0
N. If the magnitude of is 12 N, what is the magnitude of the force
on the Wheaties box from the Cheerios box?

F
:

F
:

!

!

B

A

d

v0

!

P
x

mC

F mW

Fig. 6-25 Problem 18.

••19 A 12 N horizontal force 
pushes a block weighing 5.0 N
against a vertical wall (Fig. 6-26).The
coefficient of static friction between
the wall and the block is 0.60, and
the coefficient of kinetic friction is
0.40. Assume that the block is not

F
:

Fig. 6-24 Problem 17.

Fig. 6-27 Problem 20.

F

F2

F1

0 µ2
µs

Fig. 6-28 Problem 22.

x

y

F

Fig. 6-26 Problem 19.

••21 An initially stationary box of sand is to be pulled across a
floor by means of a cable in which the tension should not
exceed 1100 N. The coefficient of static friction between the box
and the floor is 0.35. (a) What should be the angle between the
cable and the horizontal in order to pull the greatest possible
amount of sand, and (b) what is the weight of the sand and box
in that situation?

••22 In Fig. 6-23, a sled is held on an inclined plane by a cord
pulling directly up the plane. The sled is to be on the verge of mov-
ing up the plane. In Fig. 6-28, the magnitude F required of the
cord’s force on the sled is plotted versus a range of values for the
coefficient of static friction ms between sled and plane: F1 ! 2.0 N,
F2 ! 5.0 N, and m2 ! 0.50.At what angle u is the plane inclined?

••23 When the three blocks in Fig.
6-29 are released from rest, they ac-
celerate with a magnitude of 0.500
m/s2. Block 1 has mass M, block 2
has 2M, and block 3 has 2M. What is
the coefficient of kinetic friction be-
tween block 2 and the table?

••24 A 4.10 kg block is pushed
along a floor by a constant applied
force that is horizontal and has a
magnitude of 40.0 N. Figure 6-30
gives the block’s speed v versus
time t as the block moves along an x
axis on the floor.The scale of the fig-
ure’s vertical axis is set by vs ! 5.0
m/s. What is the coefficient of
kinetic friction between the block
and the floor?

3

2

1

Fig. 6-29 Problem 23.

F

!

Fig. 6-23 Problems 16 and 22.

••17 In Fig. 6-24, a force acts on a block weighing 45 N. The
block is initially at rest on a plane inclined at angle u ! 15° to the
horizontal. The positive direction of the x axis is up the plane. The
coefficients of friction between block and plane are ms ! 0.50 and
mk ! 0.34. In unit-vector notation, what is the frictional force on
the block from the plane when is (a) ("5.0 N) , (b) ("8.0 N) ,
and (c) ("15 N) ?î

îîP
:

P
:

••18 You testify as an expert witness in a case involving an acci-
dent in which car A slid into the rear of car B, which was stopped at
a red light along a road headed down a hill (Fig. 6-25). You find
that the slope of the hill is u ! 12.0°, that the cars were separated
by distance d ! 24.0 m when the driver of car A put the car into a
slide (it lacked any automatic anti-brake-lock system), and that the
speed of car A at the onset of braking was v0 ! 18.0 m/s.With what
speed did car A hit car B if the coefficient of kinetic friction was (a)
0.60 (dry road surface) and (b) 0.10 (road surface covered with wet
leaves)?

v 
(m

/s
)

0 0.5
t (s)

1.0

vs

Fig. 6-30 Problem 24.
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bullet, find the speed of the bullet as it (a) leaves and (b) enters
block 1.

tances dA ! 8.2 m and dB ! 6.1 m.What are the speeds of (a) car A
and (b) car B at the start of the sliding, just after the collision? (c)
Assuming that linear momentum is conserved during the collision,
find the speed of car B just before the collision. (d) Explain why
this assumption may be invalid.

•••59 In Fig. 9-63, block 1 (mass 2.0 kg) is moving rightward
at 10 m/s and block 2 (mass 5.0 kg) is moving rightward at 3.0 m/s.
The surface is frictionless, and a spring with a spring constant of
1120 N/m is fixed to block 2. When the blocks collide, the compres-
sion of the spring is maximum at the instant the blocks have the
same velocity. Find the maximum compression.

ILW

••53 In Anchorage, collisions of a vehicle with a moose are so
common that they are referred to with the abbreviation MVC.
Suppose a 1000 kg car slides into a stationary 500 kg moose on a
very slippery road, with the moose being thrown through the wind-
shield (a common MVC result). (a) What percent of the original
kinetic energy is lost in the collision to other forms of energy? A
similar danger occurs in Saudi Arabia because of camel–vehicle
collisions (CVC). (b) What percent of the original kinetic energy is
lost if the car hits a 300 kg camel? (c) Generally, does the percent
loss increase or decrease if the animal mass decreases?

••54 A completely inelastic collision occurs between two balls of
wet putty that move directly toward each other along a vertical
axis. Just before the collision, one ball, of mass 3.0 kg, is moving up-
ward at 20 m/s and the other ball, of mass 2.0 kg, is moving down-
ward at 12 m/s. How high do the combined two balls of putty rise
above the collision point? (Neglect air drag.)

••55 A 5.0 kg block with a speed of 3.0 m/s collides with a 10
kg block that has a speed of 2.0 m/s in the same direction.After the
collision, the 10 kg block travels in the original direction with a
speed of 2.5 m/s. (a) What is the velocity of the 5.0 kg block imme-
diately after the collision? (b) By how much does the total kinetic
energy of the system of two blocks change because of the colli-
sion? (c) Suppose, instead, that the 10 kg block ends up with a
speed of 4.0 m/s. What then is the change in the total kinetic en-
ergy? (d) Account for the result you obtained in (c).

••56 In the “before” part of Fig. 9-60, car A (mass 1100 kg) is
stopped at a traffic light when it is rear-ended by car B (mass 1400
kg). Both cars then slide with locked wheels until the frictional
force from the slick road (with a low mk of 0.13) stops them, at dis-
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••52 In Fig. 9-59, a 10 g bullet moving directly upward at 1000
m/s strikes and passes through the center of mass of a 5.0 kg block
initially at rest. The bullet emerges from the block moving directly
upward at 400 m/s. To what maximum height does the block then
rise above its initial position?

1 2
Frictionless

(a)

(b)

v1 v2

Fig. 9-58 Problem 51.

Bullet

Fig. 9-59 Problem 52.

Fig. 9-60 Problem 56.

A B

A B
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dB
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After

v0
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m

M

Fig. 9-61 Problem 57.

•••58 In Fig. 9-62, block 2 (mass 1.0 kg) is at rest on a frictionless
surface and touching the end of an unstretched spring of spring
constant 200 N/m. The other end of the spring is fixed to a wall.
Block 1 (mass 2.0 kg), traveling at speed v1 ! 4.0 m/s, collides with
block 2, and the two blocks stick together. When the blocks mo-
mentarily stop, by what distance is the spring compressed?

1 2
v1

Fig. 9-62 Problem 58.

1 2

Fig. 9-63 Problem 59.

sec. 9-10 Elastic Collisions in One Dimension
•60 In Fig. 9-64, block A (mass 1.6 kg) slides into block B (mass 2.4
kg), along a frictionless surface. The directions of three velocities be-
fore (i) and after ( f ) the collision are indicated; the corresponding

••57 In Fig. 9-61, a ball of mass m ! 60 g is shot with speed
vi 22 m/s into the barrel of a spring gun of mass M 240 g ini-
tially at rest on a frictionless surface. The ball sticks in the barrel at
the point of maximum compression of the spring. Assume that the
increase in thermal energy due to friction between the ball and the
barrel is negligible. (a) What is the speed of the spring gun after the
ball stops in the barrel? (b) What fraction of the initial kinetic en-
ergy of the ball is stored in the spring?

!!
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The scale on the t axis is set by ts ! 4.0 N "m. What is the angular
momentum of the disk about the rotation axis at times (a) t ! 7.0 s
and (b) t ! 20 s?

sec. 11-11 Conservation of Angular Momentum
•43 In Fig. 11-47, two skaters, each
of mass 50 kg, approach each other
along parallel paths separated by 3.0
m. They have opposite velocities of
1.4 m/s each. One skater carries one
end of a long pole of negligible mass,
and the other skater grabs the other
end as she passes. The skaters then
rotate around the center of the pole. Assume that the friction
between skates and ice is negligible. What are (a) the radius of the
circle, (b) the angular speed of the skaters, and (c) the kinetic energy
of the two-skater system? Next, the skaters pull along the pole until
they are separated by 1.0 m. What then are (d) their angular speed
and (e) the kinetic energy of the system? (f) What provided the en-
ergy for the increased kinetic energy?

•44 A Texas cockroach of mass 0.17 kg runs counterclockwise
around the rim of a lazy Susan (a circular disk mounted on a verti-
cal axle) that has radius 15 cm, rotational inertia 5.0 # 10$3 kg " m2,
and frictionless bearings. The cockroach’s speed (relative to the
ground) is 2.0 m/s, and the lazy Susan turns clockwise with angular
speed v0 ! 2.8 rad/s.The cockroach finds a bread crumb on the rim
and, of course, stops. (a) What is the angular speed of the lazy
Susan after the cockroach stops? (b) Is mechanical energy con-
served as it stops?

•45 A man stands on a platform that is rotating
(without friction) with an angular speed of 1.2 rev/s; his arms are
outstretched and he holds a brick in each hand.The rotational iner-
tia of the system consisting of the man, bricks, and platform about
the central vertical axis of the platform is 6.0 kg " m2. If by moving
the bricks the man decreases the rotational inertia of the system to
2.0 kg " m2, what are (a) the resulting angular speed of the platform
and (b) the ratio of the new kinetic energy of the system to the
original kinetic energy? (c) What source provided the added 
kinetic energy?

•46 The rotational inertia of a collapsing spinning star drops to 
its initial value. What is the ratio of the new rotational kinetic en-
ergy to the initial rotational kinetic energy?

•47 A track is mounted on a
large wheel that is free to turn with
negligible friction about a vertical
axis (Fig. 11-48). A toy train of mass
m is placed on the track and, with
the system initially at rest, the
train’s electrical power is turned on. The train reaches speed 0.15
m/s with respect to the track.What is the angular speed of the wheel
if its mass is 1.1m and its radius is
0.43 m? (Treat the wheel as a hoop,
and neglect the mass of the spokes
and hub.)

•48 A Texas cockroach first rides
at the center of a circular disk that
rotates freely like a merry-go-
round without external torques.
The cockroach then walks out to
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the edge of the disk, at radius R. Figure 11-49 gives the angular
speed v of the cockroach – disk system during the walk. The scale
on the v axis is set by va ! 5.0 rad/s and vb ! 6.0 rad/s. When the
cockroach is on the edge at radius R, what is the ratio of the bug’s
rotational inertia to that of the disk, both calculated about the ro-
tation axis?

•49 Two disks are mounted (like a merry-go-round) on low-fric-
tion bearings on the same axle and can be brought together so that
they couple and rotate as one unit.The first disk, with rotational in-
ertia 3.30 kg " m2 about its central axis, is set spinning counterclock-
wise at 450 rev/min. The second disk, with rotational inertia 6.60
kg " m2 about its central axis, is set spinning counterclockwise at 900
rev/min.They then couple together. (a) What is their angular speed
after coupling? If instead the second disk is set spinning clockwise
at 900 rev/min, what are their (b) angular speed and (c) direction
of rotation after they couple together?

•50 The rotor of an electric motor has rotational inertia Im !
2.0 # 10$3 kg " m2 about its central axis. The motor is used to
change the orientation of the space probe in which it is mounted.
The motor axis is mounted along the central axis of the probe; the
probe has rotational inertia Ip ! 12 kg " m2 about this axis.
Calculate the number of revolutions of the rotor required to turn
the probe through 30° about its central axis.

•51 A wheel is rotating freely at angular speed 800
rev/min on a shaft whose rotational inertia is negligible. A second
wheel, initially at rest and with twice the rotational inertia of the
first, is suddenly coupled to the same shaft. (a) What is the angular
speed of the resultant combination of the shaft and two wheels?
(b) What fraction of the original rotational kinetic energy is lost?

••52 A cockroach of mass m lies on the rim of a uniform disk
of mass 4.00m that can rotate freely about its center like a merry-
go-round. Initially the cockroach and disk rotate together with an
angular velocity of 0.260 rad/s. Then the cockroach walks halfway
to the center of the disk. (a) What then is the angular velocity of
the cockroach–disk system? (b) What is the ratio K /K0 of the new
kinetic energy of the system to its initial kinetic energy? (c) What
accounts for the change in the ki-
netic energy?

••53 A uniform thin rod of
length 0.500 m and mass 4.00 kg can
rotate in a horizontal plane about a
vertical axis through its center. The
rod is at rest when a 3.00 g bullet
traveling in the rotation plane is fired
into one end of the rod. As viewed
from above, the bullet’s path makes angle u ! 60.0° with the rod (Fig.
11-50). If the bullet lodges in the rod and the angular velocity of the
rod is 10 rad/s immediately after the collision, what is the bullet’s
speed just before impact?   

••54 Figure 11-51 shows an
overhead view of a ring that can ro-
tate about its center like a merry-
go-round. Its outer radius R2 is 0.800
m, its inner radius R1 is R2/2.00, its
mass M is 8.00 kg, and the mass of
the crossbars at its center is neg-
ligible. It initially rotates at an angu-
lar speed of 8.00 rad/s with a cat of
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Fig. 11-47 Problem 43.

Fig. 11-48 Problem 47.

Fig. 11-49 Problem 48.
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••16 A loaded penguin sled weighing 80 N rests on a plane in-
clined at angle u ! 20° to the horizontal (Fig. 6-23). Between the
sled and the plane, the coefficient of static friction is 0.25, and the
coefficient of kinetic friction is 0.15. (a) What is the least magni-
tude of the force parallel to the plane, that will prevent the sled
from slipping down the plane? (b) What is the minimum magni-
tude F that will start the sled moving up the plane? (c) What
value of F is required to move the sled up the plane at constant
velocity?

F
:
,

moving initially. (a) Will the block move? (b) In unit-vector nota-
tion, what is the force on the block from the wall?

••20 In Fig. 6-27, a box of Cheerios (mass mC ! 1.0 kg) and a
box of Wheaties (mass mW 3.0 kg) are accelerated across a hori-
zontal surface by a horizontal force applied to the Cheerios box.
The magnitude of the frictional force on the Cheerios box is 2.0 N,
and the magnitude of the frictional force on the Wheaties box is 4.0
N. If the magnitude of is 12 N, what is the magnitude of the force
on the Wheaties box from the Cheerios box?

F
:

F
:

!

!

B

A

d

v0

!

P
x

mC

F mW

Fig. 6-25 Problem 18.

••19 A 12 N horizontal force 
pushes a block weighing 5.0 N
against a vertical wall (Fig. 6-26).The
coefficient of static friction between
the wall and the block is 0.60, and
the coefficient of kinetic friction is
0.40. Assume that the block is not

F
:

Fig. 6-24 Problem 17.

Fig. 6-27 Problem 20.

F

F2

F1

0 µ2
µs

Fig. 6-28 Problem 22.

x

y

F

Fig. 6-26 Problem 19.

••21 An initially stationary box of sand is to be pulled across a
floor by means of a cable in which the tension should not
exceed 1100 N. The coefficient of static friction between the box
and the floor is 0.35. (a) What should be the angle between the
cable and the horizontal in order to pull the greatest possible
amount of sand, and (b) what is the weight of the sand and box
in that situation?

••22 In Fig. 6-23, a sled is held on an inclined plane by a cord
pulling directly up the plane. The sled is to be on the verge of mov-
ing up the plane. In Fig. 6-28, the magnitude F required of the
cord’s force on the sled is plotted versus a range of values for the
coefficient of static friction ms between sled and plane: F1 ! 2.0 N,
F2 ! 5.0 N, and m2 ! 0.50.At what angle u is the plane inclined?

••23 When the three blocks in Fig.
6-29 are released from rest, they ac-
celerate with a magnitude of 0.500
m/s2. Block 1 has mass M, block 2
has 2M, and block 3 has 2M. What is
the coefficient of kinetic friction be-
tween block 2 and the table?

••24 A 4.10 kg block is pushed
along a floor by a constant applied
force that is horizontal and has a
magnitude of 40.0 N. Figure 6-30
gives the block’s speed v versus
time t as the block moves along an x
axis on the floor.The scale of the fig-
ure’s vertical axis is set by vs ! 5.0
m/s. What is the coefficient of
kinetic friction between the block
and the floor?

3

2

1

Fig. 6-29 Problem 23.

F

!

Fig. 6-23 Problems 16 and 22.

••17 In Fig. 6-24, a force acts on a block weighing 45 N. The
block is initially at rest on a plane inclined at angle u ! 15° to the
horizontal. The positive direction of the x axis is up the plane. The
coefficients of friction between block and plane are ms ! 0.50 and
mk ! 0.34. In unit-vector notation, what is the frictional force on
the block from the plane when is (a) ("5.0 N) , (b) ("8.0 N) ,
and (c) ("15 N) ?î

îîP
:

P
:

••18 You testify as an expert witness in a case involving an acci-
dent in which car A slid into the rear of car B, which was stopped at
a red light along a road headed down a hill (Fig. 6-25). You find
that the slope of the hill is u ! 12.0°, that the cars were separated
by distance d ! 24.0 m when the driver of car A put the car into a
slide (it lacked any automatic anti-brake-lock system), and that the
speed of car A at the onset of braking was v0 ! 18.0 m/s.With what
speed did car A hit car B if the coefficient of kinetic friction was (a)
0.60 (dry road surface) and (b) 0.10 (road surface covered with wet
leaves)?

v 
(m

/s
)

0 0.5
t (s)

1.0

vs

Fig. 6-30 Problem 24.
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bullet, find the speed of the bullet as it (a) leaves and (b) enters
block 1.

tances dA ! 8.2 m and dB ! 6.1 m.What are the speeds of (a) car A
and (b) car B at the start of the sliding, just after the collision? (c)
Assuming that linear momentum is conserved during the collision,
find the speed of car B just before the collision. (d) Explain why
this assumption may be invalid.

•••59 In Fig. 9-63, block 1 (mass 2.0 kg) is moving rightward
at 10 m/s and block 2 (mass 5.0 kg) is moving rightward at 3.0 m/s.
The surface is frictionless, and a spring with a spring constant of
1120 N/m is fixed to block 2. When the blocks collide, the compres-
sion of the spring is maximum at the instant the blocks have the
same velocity. Find the maximum compression.

ILW

••53 In Anchorage, collisions of a vehicle with a moose are so
common that they are referred to with the abbreviation MVC.
Suppose a 1000 kg car slides into a stationary 500 kg moose on a
very slippery road, with the moose being thrown through the wind-
shield (a common MVC result). (a) What percent of the original
kinetic energy is lost in the collision to other forms of energy? A
similar danger occurs in Saudi Arabia because of camel–vehicle
collisions (CVC). (b) What percent of the original kinetic energy is
lost if the car hits a 300 kg camel? (c) Generally, does the percent
loss increase or decrease if the animal mass decreases?

••54 A completely inelastic collision occurs between two balls of
wet putty that move directly toward each other along a vertical
axis. Just before the collision, one ball, of mass 3.0 kg, is moving up-
ward at 20 m/s and the other ball, of mass 2.0 kg, is moving down-
ward at 12 m/s. How high do the combined two balls of putty rise
above the collision point? (Neglect air drag.)

••55 A 5.0 kg block with a speed of 3.0 m/s collides with a 10
kg block that has a speed of 2.0 m/s in the same direction.After the
collision, the 10 kg block travels in the original direction with a
speed of 2.5 m/s. (a) What is the velocity of the 5.0 kg block imme-
diately after the collision? (b) By how much does the total kinetic
energy of the system of two blocks change because of the colli-
sion? (c) Suppose, instead, that the 10 kg block ends up with a
speed of 4.0 m/s. What then is the change in the total kinetic en-
ergy? (d) Account for the result you obtained in (c).

••56 In the “before” part of Fig. 9-60, car A (mass 1100 kg) is
stopped at a traffic light when it is rear-ended by car B (mass 1400
kg). Both cars then slide with locked wheels until the frictional
force from the slick road (with a low mk of 0.13) stops them, at dis-

ILW

••52 In Fig. 9-59, a 10 g bullet moving directly upward at 1000
m/s strikes and passes through the center of mass of a 5.0 kg block
initially at rest. The bullet emerges from the block moving directly
upward at 400 m/s. To what maximum height does the block then
rise above its initial position?

1 2
Frictionless

(a)

(b)

v1 v2

Fig. 9-58 Problem 51.

Bullet

Fig. 9-59 Problem 52.

Fig. 9-60 Problem 56.

A B

A B

dA

dB

Before

After

v0

vi
m

M

Fig. 9-61 Problem 57.

•••58 In Fig. 9-62, block 2 (mass 1.0 kg) is at rest on a frictionless
surface and touching the end of an unstretched spring of spring
constant 200 N/m. The other end of the spring is fixed to a wall.
Block 1 (mass 2.0 kg), traveling at speed v1 ! 4.0 m/s, collides with
block 2, and the two blocks stick together. When the blocks mo-
mentarily stop, by what distance is the spring compressed?

1 2
v1

Fig. 9-62 Problem 58.

1 2

Fig. 9-63 Problem 59.

sec. 9-10 Elastic Collisions in One Dimension
•60 In Fig. 9-64, block A (mass 1.6 kg) slides into block B (mass 2.4
kg), along a frictionless surface. The directions of three velocities be-
fore (i) and after ( f ) the collision are indicated; the corresponding

••57 In Fig. 9-61, a ball of mass m ! 60 g is shot with speed
vi 22 m/s into the barrel of a spring gun of mass M 240 g ini-
tially at rest on a frictionless surface. The ball sticks in the barrel at
the point of maximum compression of the spring. Assume that the
increase in thermal energy due to friction between the ball and the
barrel is negligible. (a) What is the speed of the spring gun after the
ball stops in the barrel? (b) What fraction of the initial kinetic en-
ergy of the ball is stored in the spring?

!!
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The scale on the t axis is set by ts ! 4.0 N "m. What is the angular
momentum of the disk about the rotation axis at times (a) t ! 7.0 s
and (b) t ! 20 s?

sec. 11-11 Conservation of Angular Momentum
•43 In Fig. 11-47, two skaters, each
of mass 50 kg, approach each other
along parallel paths separated by 3.0
m. They have opposite velocities of
1.4 m/s each. One skater carries one
end of a long pole of negligible mass,
and the other skater grabs the other
end as she passes. The skaters then
rotate around the center of the pole. Assume that the friction
between skates and ice is negligible. What are (a) the radius of the
circle, (b) the angular speed of the skaters, and (c) the kinetic energy
of the two-skater system? Next, the skaters pull along the pole until
they are separated by 1.0 m. What then are (d) their angular speed
and (e) the kinetic energy of the system? (f) What provided the en-
ergy for the increased kinetic energy?

•44 A Texas cockroach of mass 0.17 kg runs counterclockwise
around the rim of a lazy Susan (a circular disk mounted on a verti-
cal axle) that has radius 15 cm, rotational inertia 5.0 # 10$3 kg " m2,
and frictionless bearings. The cockroach’s speed (relative to the
ground) is 2.0 m/s, and the lazy Susan turns clockwise with angular
speed v0 ! 2.8 rad/s.The cockroach finds a bread crumb on the rim
and, of course, stops. (a) What is the angular speed of the lazy
Susan after the cockroach stops? (b) Is mechanical energy con-
served as it stops?

•45 A man stands on a platform that is rotating
(without friction) with an angular speed of 1.2 rev/s; his arms are
outstretched and he holds a brick in each hand.The rotational iner-
tia of the system consisting of the man, bricks, and platform about
the central vertical axis of the platform is 6.0 kg " m2. If by moving
the bricks the man decreases the rotational inertia of the system to
2.0 kg " m2, what are (a) the resulting angular speed of the platform
and (b) the ratio of the new kinetic energy of the system to the
original kinetic energy? (c) What source provided the added 
kinetic energy?

•46 The rotational inertia of a collapsing spinning star drops to 
its initial value. What is the ratio of the new rotational kinetic en-
ergy to the initial rotational kinetic energy?

•47 A track is mounted on a
large wheel that is free to turn with
negligible friction about a vertical
axis (Fig. 11-48). A toy train of mass
m is placed on the track and, with
the system initially at rest, the
train’s electrical power is turned on. The train reaches speed 0.15
m/s with respect to the track.What is the angular speed of the wheel
if its mass is 1.1m and its radius is
0.43 m? (Treat the wheel as a hoop,
and neglect the mass of the spokes
and hub.)

•48 A Texas cockroach first rides
at the center of a circular disk that
rotates freely like a merry-go-
round without external torques.
The cockroach then walks out to

SSM

1
3

WWWSSM

the edge of the disk, at radius R. Figure 11-49 gives the angular
speed v of the cockroach – disk system during the walk. The scale
on the v axis is set by va ! 5.0 rad/s and vb ! 6.0 rad/s. When the
cockroach is on the edge at radius R, what is the ratio of the bug’s
rotational inertia to that of the disk, both calculated about the ro-
tation axis?

•49 Two disks are mounted (like a merry-go-round) on low-fric-
tion bearings on the same axle and can be brought together so that
they couple and rotate as one unit.The first disk, with rotational in-
ertia 3.30 kg " m2 about its central axis, is set spinning counterclock-
wise at 450 rev/min. The second disk, with rotational inertia 6.60
kg " m2 about its central axis, is set spinning counterclockwise at 900
rev/min.They then couple together. (a) What is their angular speed
after coupling? If instead the second disk is set spinning clockwise
at 900 rev/min, what are their (b) angular speed and (c) direction
of rotation after they couple together?

•50 The rotor of an electric motor has rotational inertia Im !
2.0 # 10$3 kg " m2 about its central axis. The motor is used to
change the orientation of the space probe in which it is mounted.
The motor axis is mounted along the central axis of the probe; the
probe has rotational inertia Ip ! 12 kg " m2 about this axis.
Calculate the number of revolutions of the rotor required to turn
the probe through 30° about its central axis.

•51 A wheel is rotating freely at angular speed 800
rev/min on a shaft whose rotational inertia is negligible. A second
wheel, initially at rest and with twice the rotational inertia of the
first, is suddenly coupled to the same shaft. (a) What is the angular
speed of the resultant combination of the shaft and two wheels?
(b) What fraction of the original rotational kinetic energy is lost?

••52 A cockroach of mass m lies on the rim of a uniform disk
of mass 4.00m that can rotate freely about its center like a merry-
go-round. Initially the cockroach and disk rotate together with an
angular velocity of 0.260 rad/s. Then the cockroach walks halfway
to the center of the disk. (a) What then is the angular velocity of
the cockroach–disk system? (b) What is the ratio K /K0 of the new
kinetic energy of the system to its initial kinetic energy? (c) What
accounts for the change in the ki-
netic energy?

••53 A uniform thin rod of
length 0.500 m and mass 4.00 kg can
rotate in a horizontal plane about a
vertical axis through its center. The
rod is at rest when a 3.00 g bullet
traveling in the rotation plane is fired
into one end of the rod. As viewed
from above, the bullet’s path makes angle u ! 60.0° with the rod (Fig.
11-50). If the bullet lodges in the rod and the angular velocity of the
rod is 10 rad/s immediately after the collision, what is the bullet’s
speed just before impact?   

••54 Figure 11-51 shows an
overhead view of a ring that can ro-
tate about its center like a merry-
go-round. Its outer radius R2 is 0.800
m, its inner radius R1 is R2/2.00, its
mass M is 8.00 kg, and the mass of
the crossbars at its center is neg-
ligible. It initially rotates at an angu-
lar speed of 8.00 rad/s with a cat of

ILWSSM

Fig. 11-47 Problem 43.

Fig. 11-48 Problem 47.

Fig. 11-49 Problem 48.
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Fig. 11-50 Problem 53.
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Fig. 11-51 Problem 54.
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••16 A loaded penguin sled weighing 80 N rests on a plane in-
clined at angle u ! 20° to the horizontal (Fig. 6-23). Between the
sled and the plane, the coefficient of static friction is 0.25, and the
coefficient of kinetic friction is 0.15. (a) What is the least magni-
tude of the force parallel to the plane, that will prevent the sled
from slipping down the plane? (b) What is the minimum magni-
tude F that will start the sled moving up the plane? (c) What
value of F is required to move the sled up the plane at constant
velocity?

F
:
,

moving initially. (a) Will the block move? (b) In unit-vector nota-
tion, what is the force on the block from the wall?

••20 In Fig. 6-27, a box of Cheerios (mass mC ! 1.0 kg) and a
box of Wheaties (mass mW 3.0 kg) are accelerated across a hori-
zontal surface by a horizontal force applied to the Cheerios box.
The magnitude of the frictional force on the Cheerios box is 2.0 N,
and the magnitude of the frictional force on the Wheaties box is 4.0
N. If the magnitude of is 12 N, what is the magnitude of the force
on the Wheaties box from the Cheerios box?

F
:

F
:

!

!

B

A

d

v0

!

P
x

mC

F mW

Fig. 6-25 Problem 18.

••19 A 12 N horizontal force 
pushes a block weighing 5.0 N
against a vertical wall (Fig. 6-26).The
coefficient of static friction between
the wall and the block is 0.60, and
the coefficient of kinetic friction is
0.40. Assume that the block is not

F
:

Fig. 6-24 Problem 17.

Fig. 6-27 Problem 20.

F

F2

F1

0 µ2
µs

Fig. 6-28 Problem 22.

x

y

F

Fig. 6-26 Problem 19.

••21 An initially stationary box of sand is to be pulled across a
floor by means of a cable in which the tension should not
exceed 1100 N. The coefficient of static friction between the box
and the floor is 0.35. (a) What should be the angle between the
cable and the horizontal in order to pull the greatest possible
amount of sand, and (b) what is the weight of the sand and box
in that situation?

••22 In Fig. 6-23, a sled is held on an inclined plane by a cord
pulling directly up the plane. The sled is to be on the verge of mov-
ing up the plane. In Fig. 6-28, the magnitude F required of the
cord’s force on the sled is plotted versus a range of values for the
coefficient of static friction ms between sled and plane: F1 ! 2.0 N,
F2 ! 5.0 N, and m2 ! 0.50.At what angle u is the plane inclined?

••23 When the three blocks in Fig.
6-29 are released from rest, they ac-
celerate with a magnitude of 0.500
m/s2. Block 1 has mass M, block 2
has 2M, and block 3 has 2M. What is
the coefficient of kinetic friction be-
tween block 2 and the table?

••24 A 4.10 kg block is pushed
along a floor by a constant applied
force that is horizontal and has a
magnitude of 40.0 N. Figure 6-30
gives the block’s speed v versus
time t as the block moves along an x
axis on the floor.The scale of the fig-
ure’s vertical axis is set by vs ! 5.0
m/s. What is the coefficient of
kinetic friction between the block
and the floor?

3

2

1

Fig. 6-29 Problem 23.

F

!

Fig. 6-23 Problems 16 and 22.

••17 In Fig. 6-24, a force acts on a block weighing 45 N. The
block is initially at rest on a plane inclined at angle u ! 15° to the
horizontal. The positive direction of the x axis is up the plane. The
coefficients of friction between block and plane are ms ! 0.50 and
mk ! 0.34. In unit-vector notation, what is the frictional force on
the block from the plane when is (a) ("5.0 N) , (b) ("8.0 N) ,
and (c) ("15 N) ?î

îîP
:

P
:

••18 You testify as an expert witness in a case involving an acci-
dent in which car A slid into the rear of car B, which was stopped at
a red light along a road headed down a hill (Fig. 6-25). You find
that the slope of the hill is u ! 12.0°, that the cars were separated
by distance d ! 24.0 m when the driver of car A put the car into a
slide (it lacked any automatic anti-brake-lock system), and that the
speed of car A at the onset of braking was v0 ! 18.0 m/s.With what
speed did car A hit car B if the coefficient of kinetic friction was (a)
0.60 (dry road surface) and (b) 0.10 (road surface covered with wet
leaves)?

v 
(m

/s
)

0 0.5
t (s)

1.0

vs

Fig. 6-30 Problem 24.
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bullet, find the speed of the bullet as it (a) leaves and (b) enters
block 1.

tances dA ! 8.2 m and dB ! 6.1 m.What are the speeds of (a) car A
and (b) car B at the start of the sliding, just after the collision? (c)
Assuming that linear momentum is conserved during the collision,
find the speed of car B just before the collision. (d) Explain why
this assumption may be invalid.

•••59 In Fig. 9-63, block 1 (mass 2.0 kg) is moving rightward
at 10 m/s and block 2 (mass 5.0 kg) is moving rightward at 3.0 m/s.
The surface is frictionless, and a spring with a spring constant of
1120 N/m is fixed to block 2. When the blocks collide, the compres-
sion of the spring is maximum at the instant the blocks have the
same velocity. Find the maximum compression.

ILW

••53 In Anchorage, collisions of a vehicle with a moose are so
common that they are referred to with the abbreviation MVC.
Suppose a 1000 kg car slides into a stationary 500 kg moose on a
very slippery road, with the moose being thrown through the wind-
shield (a common MVC result). (a) What percent of the original
kinetic energy is lost in the collision to other forms of energy? A
similar danger occurs in Saudi Arabia because of camel–vehicle
collisions (CVC). (b) What percent of the original kinetic energy is
lost if the car hits a 300 kg camel? (c) Generally, does the percent
loss increase or decrease if the animal mass decreases?

••54 A completely inelastic collision occurs between two balls of
wet putty that move directly toward each other along a vertical
axis. Just before the collision, one ball, of mass 3.0 kg, is moving up-
ward at 20 m/s and the other ball, of mass 2.0 kg, is moving down-
ward at 12 m/s. How high do the combined two balls of putty rise
above the collision point? (Neglect air drag.)

••55 A 5.0 kg block with a speed of 3.0 m/s collides with a 10
kg block that has a speed of 2.0 m/s in the same direction.After the
collision, the 10 kg block travels in the original direction with a
speed of 2.5 m/s. (a) What is the velocity of the 5.0 kg block imme-
diately after the collision? (b) By how much does the total kinetic
energy of the system of two blocks change because of the colli-
sion? (c) Suppose, instead, that the 10 kg block ends up with a
speed of 4.0 m/s. What then is the change in the total kinetic en-
ergy? (d) Account for the result you obtained in (c).

••56 In the “before” part of Fig. 9-60, car A (mass 1100 kg) is
stopped at a traffic light when it is rear-ended by car B (mass 1400
kg). Both cars then slide with locked wheels until the frictional
force from the slick road (with a low mk of 0.13) stops them, at dis-

ILW

••52 In Fig. 9-59, a 10 g bullet moving directly upward at 1000
m/s strikes and passes through the center of mass of a 5.0 kg block
initially at rest. The bullet emerges from the block moving directly
upward at 400 m/s. To what maximum height does the block then
rise above its initial position?

1 2
Frictionless

(a)

(b)

v1 v2

Fig. 9-58 Problem 51.

Bullet

Fig. 9-59 Problem 52.

Fig. 9-60 Problem 56.

A B

A B

dA

dB

Before

After

v0
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m

M

Fig. 9-61 Problem 57.

•••58 In Fig. 9-62, block 2 (mass 1.0 kg) is at rest on a frictionless
surface and touching the end of an unstretched spring of spring
constant 200 N/m. The other end of the spring is fixed to a wall.
Block 1 (mass 2.0 kg), traveling at speed v1 ! 4.0 m/s, collides with
block 2, and the two blocks stick together. When the blocks mo-
mentarily stop, by what distance is the spring compressed?

1 2
v1

Fig. 9-62 Problem 58.

1 2

Fig. 9-63 Problem 59.

sec. 9-10 Elastic Collisions in One Dimension
•60 In Fig. 9-64, block A (mass 1.6 kg) slides into block B (mass 2.4
kg), along a frictionless surface. The directions of three velocities be-
fore (i) and after ( f ) the collision are indicated; the corresponding

••57 In Fig. 9-61, a ball of mass m ! 60 g is shot with speed
vi 22 m/s into the barrel of a spring gun of mass M 240 g ini-
tially at rest on a frictionless surface. The ball sticks in the barrel at
the point of maximum compression of the spring. Assume that the
increase in thermal energy due to friction between the ball and the
barrel is negligible. (a) What is the speed of the spring gun after the
ball stops in the barrel? (b) What fraction of the initial kinetic en-
ergy of the ball is stored in the spring?

!!
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The scale on the t axis is set by ts ! 4.0 N "m. What is the angular
momentum of the disk about the rotation axis at times (a) t ! 7.0 s
and (b) t ! 20 s?

sec. 11-11 Conservation of Angular Momentum
•43 In Fig. 11-47, two skaters, each
of mass 50 kg, approach each other
along parallel paths separated by 3.0
m. They have opposite velocities of
1.4 m/s each. One skater carries one
end of a long pole of negligible mass,
and the other skater grabs the other
end as she passes. The skaters then
rotate around the center of the pole. Assume that the friction
between skates and ice is negligible. What are (a) the radius of the
circle, (b) the angular speed of the skaters, and (c) the kinetic energy
of the two-skater system? Next, the skaters pull along the pole until
they are separated by 1.0 m. What then are (d) their angular speed
and (e) the kinetic energy of the system? (f) What provided the en-
ergy for the increased kinetic energy?

•44 A Texas cockroach of mass 0.17 kg runs counterclockwise
around the rim of a lazy Susan (a circular disk mounted on a verti-
cal axle) that has radius 15 cm, rotational inertia 5.0 # 10$3 kg " m2,
and frictionless bearings. The cockroach’s speed (relative to the
ground) is 2.0 m/s, and the lazy Susan turns clockwise with angular
speed v0 ! 2.8 rad/s.The cockroach finds a bread crumb on the rim
and, of course, stops. (a) What is the angular speed of the lazy
Susan after the cockroach stops? (b) Is mechanical energy con-
served as it stops?

•45 A man stands on a platform that is rotating
(without friction) with an angular speed of 1.2 rev/s; his arms are
outstretched and he holds a brick in each hand.The rotational iner-
tia of the system consisting of the man, bricks, and platform about
the central vertical axis of the platform is 6.0 kg " m2. If by moving
the bricks the man decreases the rotational inertia of the system to
2.0 kg " m2, what are (a) the resulting angular speed of the platform
and (b) the ratio of the new kinetic energy of the system to the
original kinetic energy? (c) What source provided the added 
kinetic energy?

•46 The rotational inertia of a collapsing spinning star drops to 
its initial value. What is the ratio of the new rotational kinetic en-
ergy to the initial rotational kinetic energy?

•47 A track is mounted on a
large wheel that is free to turn with
negligible friction about a vertical
axis (Fig. 11-48). A toy train of mass
m is placed on the track and, with
the system initially at rest, the
train’s electrical power is turned on. The train reaches speed 0.15
m/s with respect to the track.What is the angular speed of the wheel
if its mass is 1.1m and its radius is
0.43 m? (Treat the wheel as a hoop,
and neglect the mass of the spokes
and hub.)

•48 A Texas cockroach first rides
at the center of a circular disk that
rotates freely like a merry-go-
round without external torques.
The cockroach then walks out to
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the edge of the disk, at radius R. Figure 11-49 gives the angular
speed v of the cockroach – disk system during the walk. The scale
on the v axis is set by va ! 5.0 rad/s and vb ! 6.0 rad/s. When the
cockroach is on the edge at radius R, what is the ratio of the bug’s
rotational inertia to that of the disk, both calculated about the ro-
tation axis?

•49 Two disks are mounted (like a merry-go-round) on low-fric-
tion bearings on the same axle and can be brought together so that
they couple and rotate as one unit.The first disk, with rotational in-
ertia 3.30 kg " m2 about its central axis, is set spinning counterclock-
wise at 450 rev/min. The second disk, with rotational inertia 6.60
kg " m2 about its central axis, is set spinning counterclockwise at 900
rev/min.They then couple together. (a) What is their angular speed
after coupling? If instead the second disk is set spinning clockwise
at 900 rev/min, what are their (b) angular speed and (c) direction
of rotation after they couple together?

•50 The rotor of an electric motor has rotational inertia Im !
2.0 # 10$3 kg " m2 about its central axis. The motor is used to
change the orientation of the space probe in which it is mounted.
The motor axis is mounted along the central axis of the probe; the
probe has rotational inertia Ip ! 12 kg " m2 about this axis.
Calculate the number of revolutions of the rotor required to turn
the probe through 30° about its central axis.

•51 A wheel is rotating freely at angular speed 800
rev/min on a shaft whose rotational inertia is negligible. A second
wheel, initially at rest and with twice the rotational inertia of the
first, is suddenly coupled to the same shaft. (a) What is the angular
speed of the resultant combination of the shaft and two wheels?
(b) What fraction of the original rotational kinetic energy is lost?

••52 A cockroach of mass m lies on the rim of a uniform disk
of mass 4.00m that can rotate freely about its center like a merry-
go-round. Initially the cockroach and disk rotate together with an
angular velocity of 0.260 rad/s. Then the cockroach walks halfway
to the center of the disk. (a) What then is the angular velocity of
the cockroach–disk system? (b) What is the ratio K /K0 of the new
kinetic energy of the system to its initial kinetic energy? (c) What
accounts for the change in the ki-
netic energy?

••53 A uniform thin rod of
length 0.500 m and mass 4.00 kg can
rotate in a horizontal plane about a
vertical axis through its center. The
rod is at rest when a 3.00 g bullet
traveling in the rotation plane is fired
into one end of the rod. As viewed
from above, the bullet’s path makes angle u ! 60.0° with the rod (Fig.
11-50). If the bullet lodges in the rod and the angular velocity of the
rod is 10 rad/s immediately after the collision, what is the bullet’s
speed just before impact?   

••54 Figure 11-51 shows an
overhead view of a ring that can ro-
tate about its center like a merry-
go-round. Its outer radius R2 is 0.800
m, its inner radius R1 is R2/2.00, its
mass M is 8.00 kg, and the mass of
the crossbars at its center is neg-
ligible. It initially rotates at an angu-
lar speed of 8.00 rad/s with a cat of
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Fig. 11-47 Problem 43.

Fig. 11-48 Problem 47.

Fig. 11-49 Problem 48.

! 
(r

ad
/s

)

!b

!a

0
Radial distance

R

Fig. 11-50 Problem 53.
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Fig. 11-51 Problem 54.
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132 CHAPTE R 6 FORCE AN D MOTION—I I

••16 A loaded penguin sled weighing 80 N rests on a plane in-
clined at angle u ! 20° to the horizontal (Fig. 6-23). Between the
sled and the plane, the coefficient of static friction is 0.25, and the
coefficient of kinetic friction is 0.15. (a) What is the least magni-
tude of the force parallel to the plane, that will prevent the sled
from slipping down the plane? (b) What is the minimum magni-
tude F that will start the sled moving up the plane? (c) What
value of F is required to move the sled up the plane at constant
velocity?

F
:
,

moving initially. (a) Will the block move? (b) In unit-vector nota-
tion, what is the force on the block from the wall?

••20 In Fig. 6-27, a box of Cheerios (mass mC ! 1.0 kg) and a
box of Wheaties (mass mW 3.0 kg) are accelerated across a hori-
zontal surface by a horizontal force applied to the Cheerios box.
The magnitude of the frictional force on the Cheerios box is 2.0 N,
and the magnitude of the frictional force on the Wheaties box is 4.0
N. If the magnitude of is 12 N, what is the magnitude of the force
on the Wheaties box from the Cheerios box?

F
:

F
:

!

!

B

A

d

v0

!

P
x

mC

F mW

Fig. 6-25 Problem 18.

••19 A 12 N horizontal force 
pushes a block weighing 5.0 N
against a vertical wall (Fig. 6-26).The
coefficient of static friction between
the wall and the block is 0.60, and
the coefficient of kinetic friction is
0.40. Assume that the block is not

F
:

Fig. 6-24 Problem 17.

Fig. 6-27 Problem 20.

F

F2

F1

0 µ2
µs

Fig. 6-28 Problem 22.

x

y

F

Fig. 6-26 Problem 19.

••21 An initially stationary box of sand is to be pulled across a
floor by means of a cable in which the tension should not
exceed 1100 N. The coefficient of static friction between the box
and the floor is 0.35. (a) What should be the angle between the
cable and the horizontal in order to pull the greatest possible
amount of sand, and (b) what is the weight of the sand and box
in that situation?

••22 In Fig. 6-23, a sled is held on an inclined plane by a cord
pulling directly up the plane. The sled is to be on the verge of mov-
ing up the plane. In Fig. 6-28, the magnitude F required of the
cord’s force on the sled is plotted versus a range of values for the
coefficient of static friction ms between sled and plane: F1 ! 2.0 N,
F2 ! 5.0 N, and m2 ! 0.50.At what angle u is the plane inclined?

••23 When the three blocks in Fig.
6-29 are released from rest, they ac-
celerate with a magnitude of 0.500
m/s2. Block 1 has mass M, block 2
has 2M, and block 3 has 2M. What is
the coefficient of kinetic friction be-
tween block 2 and the table?

••24 A 4.10 kg block is pushed
along a floor by a constant applied
force that is horizontal and has a
magnitude of 40.0 N. Figure 6-30
gives the block’s speed v versus
time t as the block moves along an x
axis on the floor.The scale of the fig-
ure’s vertical axis is set by vs ! 5.0
m/s. What is the coefficient of
kinetic friction between the block
and the floor?

3

2

1

Fig. 6-29 Problem 23.

F

!

Fig. 6-23 Problems 16 and 22.

••17 In Fig. 6-24, a force acts on a block weighing 45 N. The
block is initially at rest on a plane inclined at angle u ! 15° to the
horizontal. The positive direction of the x axis is up the plane. The
coefficients of friction between block and plane are ms ! 0.50 and
mk ! 0.34. In unit-vector notation, what is the frictional force on
the block from the plane when is (a) ("5.0 N) , (b) ("8.0 N) ,
and (c) ("15 N) ?î

îîP
:

P
:

••18 You testify as an expert witness in a case involving an acci-
dent in which car A slid into the rear of car B, which was stopped at
a red light along a road headed down a hill (Fig. 6-25). You find
that the slope of the hill is u ! 12.0°, that the cars were separated
by distance d ! 24.0 m when the driver of car A put the car into a
slide (it lacked any automatic anti-brake-lock system), and that the
speed of car A at the onset of braking was v0 ! 18.0 m/s.With what
speed did car A hit car B if the coefficient of kinetic friction was (a)
0.60 (dry road surface) and (b) 0.10 (road surface covered with wet
leaves)?

v 
(m

/s
)

0 0.5
t (s)

1.0

vs

Fig. 6-30 Problem 24.
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bullet, find the speed of the bullet as it (a) leaves and (b) enters
block 1.

tances dA ! 8.2 m and dB ! 6.1 m.What are the speeds of (a) car A
and (b) car B at the start of the sliding, just after the collision? (c)
Assuming that linear momentum is conserved during the collision,
find the speed of car B just before the collision. (d) Explain why
this assumption may be invalid.

•••59 In Fig. 9-63, block 1 (mass 2.0 kg) is moving rightward
at 10 m/s and block 2 (mass 5.0 kg) is moving rightward at 3.0 m/s.
The surface is frictionless, and a spring with a spring constant of
1120 N/m is fixed to block 2. When the blocks collide, the compres-
sion of the spring is maximum at the instant the blocks have the
same velocity. Find the maximum compression.

ILW

••53 In Anchorage, collisions of a vehicle with a moose are so
common that they are referred to with the abbreviation MVC.
Suppose a 1000 kg car slides into a stationary 500 kg moose on a
very slippery road, with the moose being thrown through the wind-
shield (a common MVC result). (a) What percent of the original
kinetic energy is lost in the collision to other forms of energy? A
similar danger occurs in Saudi Arabia because of camel–vehicle
collisions (CVC). (b) What percent of the original kinetic energy is
lost if the car hits a 300 kg camel? (c) Generally, does the percent
loss increase or decrease if the animal mass decreases?

••54 A completely inelastic collision occurs between two balls of
wet putty that move directly toward each other along a vertical
axis. Just before the collision, one ball, of mass 3.0 kg, is moving up-
ward at 20 m/s and the other ball, of mass 2.0 kg, is moving down-
ward at 12 m/s. How high do the combined two balls of putty rise
above the collision point? (Neglect air drag.)

••55 A 5.0 kg block with a speed of 3.0 m/s collides with a 10
kg block that has a speed of 2.0 m/s in the same direction.After the
collision, the 10 kg block travels in the original direction with a
speed of 2.5 m/s. (a) What is the velocity of the 5.0 kg block imme-
diately after the collision? (b) By how much does the total kinetic
energy of the system of two blocks change because of the colli-
sion? (c) Suppose, instead, that the 10 kg block ends up with a
speed of 4.0 m/s. What then is the change in the total kinetic en-
ergy? (d) Account for the result you obtained in (c).

••56 In the “before” part of Fig. 9-60, car A (mass 1100 kg) is
stopped at a traffic light when it is rear-ended by car B (mass 1400
kg). Both cars then slide with locked wheels until the frictional
force from the slick road (with a low mk of 0.13) stops them, at dis-

ILW

••52 In Fig. 9-59, a 10 g bullet moving directly upward at 1000
m/s strikes and passes through the center of mass of a 5.0 kg block
initially at rest. The bullet emerges from the block moving directly
upward at 400 m/s. To what maximum height does the block then
rise above its initial position?

1 2
Frictionless

(a)

(b)

v1 v2

Fig. 9-58 Problem 51.

Bullet

Fig. 9-59 Problem 52.

Fig. 9-60 Problem 56.

A B

A B

dA

dB

Before

After

v0

vi
m

M

Fig. 9-61 Problem 57.

•••58 In Fig. 9-62, block 2 (mass 1.0 kg) is at rest on a frictionless
surface and touching the end of an unstretched spring of spring
constant 200 N/m. The other end of the spring is fixed to a wall.
Block 1 (mass 2.0 kg), traveling at speed v1 ! 4.0 m/s, collides with
block 2, and the two blocks stick together. When the blocks mo-
mentarily stop, by what distance is the spring compressed?

1 2
v1

Fig. 9-62 Problem 58.

1 2

Fig. 9-63 Problem 59.

sec. 9-10 Elastic Collisions in One Dimension
•60 In Fig. 9-64, block A (mass 1.6 kg) slides into block B (mass 2.4
kg), along a frictionless surface. The directions of three velocities be-
fore (i) and after ( f ) the collision are indicated; the corresponding

••57 In Fig. 9-61, a ball of mass m ! 60 g is shot with speed
vi 22 m/s into the barrel of a spring gun of mass M 240 g ini-
tially at rest on a frictionless surface. The ball sticks in the barrel at
the point of maximum compression of the spring. Assume that the
increase in thermal energy due to friction between the ball and the
barrel is negligible. (a) What is the speed of the spring gun after the
ball stops in the barrel? (b) What fraction of the initial kinetic en-
ergy of the ball is stored in the spring?

!!
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The scale on the t axis is set by ts ! 4.0 N "m. What is the angular
momentum of the disk about the rotation axis at times (a) t ! 7.0 s
and (b) t ! 20 s?

sec. 11-11 Conservation of Angular Momentum
•43 In Fig. 11-47, two skaters, each
of mass 50 kg, approach each other
along parallel paths separated by 3.0
m. They have opposite velocities of
1.4 m/s each. One skater carries one
end of a long pole of negligible mass,
and the other skater grabs the other
end as she passes. The skaters then
rotate around the center of the pole. Assume that the friction
between skates and ice is negligible. What are (a) the radius of the
circle, (b) the angular speed of the skaters, and (c) the kinetic energy
of the two-skater system? Next, the skaters pull along the pole until
they are separated by 1.0 m. What then are (d) their angular speed
and (e) the kinetic energy of the system? (f) What provided the en-
ergy for the increased kinetic energy?

•44 A Texas cockroach of mass 0.17 kg runs counterclockwise
around the rim of a lazy Susan (a circular disk mounted on a verti-
cal axle) that has radius 15 cm, rotational inertia 5.0 # 10$3 kg " m2,
and frictionless bearings. The cockroach’s speed (relative to the
ground) is 2.0 m/s, and the lazy Susan turns clockwise with angular
speed v0 ! 2.8 rad/s.The cockroach finds a bread crumb on the rim
and, of course, stops. (a) What is the angular speed of the lazy
Susan after the cockroach stops? (b) Is mechanical energy con-
served as it stops?

•45 A man stands on a platform that is rotating
(without friction) with an angular speed of 1.2 rev/s; his arms are
outstretched and he holds a brick in each hand.The rotational iner-
tia of the system consisting of the man, bricks, and platform about
the central vertical axis of the platform is 6.0 kg " m2. If by moving
the bricks the man decreases the rotational inertia of the system to
2.0 kg " m2, what are (a) the resulting angular speed of the platform
and (b) the ratio of the new kinetic energy of the system to the
original kinetic energy? (c) What source provided the added 
kinetic energy?

•46 The rotational inertia of a collapsing spinning star drops to 
its initial value. What is the ratio of the new rotational kinetic en-
ergy to the initial rotational kinetic energy?

•47 A track is mounted on a
large wheel that is free to turn with
negligible friction about a vertical
axis (Fig. 11-48). A toy train of mass
m is placed on the track and, with
the system initially at rest, the
train’s electrical power is turned on. The train reaches speed 0.15
m/s with respect to the track.What is the angular speed of the wheel
if its mass is 1.1m and its radius is
0.43 m? (Treat the wheel as a hoop,
and neglect the mass of the spokes
and hub.)

•48 A Texas cockroach first rides
at the center of a circular disk that
rotates freely like a merry-go-
round without external torques.
The cockroach then walks out to
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the edge of the disk, at radius R. Figure 11-49 gives the angular
speed v of the cockroach – disk system during the walk. The scale
on the v axis is set by va ! 5.0 rad/s and vb ! 6.0 rad/s. When the
cockroach is on the edge at radius R, what is the ratio of the bug’s
rotational inertia to that of the disk, both calculated about the ro-
tation axis?

•49 Two disks are mounted (like a merry-go-round) on low-fric-
tion bearings on the same axle and can be brought together so that
they couple and rotate as one unit.The first disk, with rotational in-
ertia 3.30 kg " m2 about its central axis, is set spinning counterclock-
wise at 450 rev/min. The second disk, with rotational inertia 6.60
kg " m2 about its central axis, is set spinning counterclockwise at 900
rev/min.They then couple together. (a) What is their angular speed
after coupling? If instead the second disk is set spinning clockwise
at 900 rev/min, what are their (b) angular speed and (c) direction
of rotation after they couple together?

•50 The rotor of an electric motor has rotational inertia Im !
2.0 # 10$3 kg " m2 about its central axis. The motor is used to
change the orientation of the space probe in which it is mounted.
The motor axis is mounted along the central axis of the probe; the
probe has rotational inertia Ip ! 12 kg " m2 about this axis.
Calculate the number of revolutions of the rotor required to turn
the probe through 30° about its central axis.

•51 A wheel is rotating freely at angular speed 800
rev/min on a shaft whose rotational inertia is negligible. A second
wheel, initially at rest and with twice the rotational inertia of the
first, is suddenly coupled to the same shaft. (a) What is the angular
speed of the resultant combination of the shaft and two wheels?
(b) What fraction of the original rotational kinetic energy is lost?

••52 A cockroach of mass m lies on the rim of a uniform disk
of mass 4.00m that can rotate freely about its center like a merry-
go-round. Initially the cockroach and disk rotate together with an
angular velocity of 0.260 rad/s. Then the cockroach walks halfway
to the center of the disk. (a) What then is the angular velocity of
the cockroach–disk system? (b) What is the ratio K /K0 of the new
kinetic energy of the system to its initial kinetic energy? (c) What
accounts for the change in the ki-
netic energy?

••53 A uniform thin rod of
length 0.500 m and mass 4.00 kg can
rotate in a horizontal plane about a
vertical axis through its center. The
rod is at rest when a 3.00 g bullet
traveling in the rotation plane is fired
into one end of the rod. As viewed
from above, the bullet’s path makes angle u ! 60.0° with the rod (Fig.
11-50). If the bullet lodges in the rod and the angular velocity of the
rod is 10 rad/s immediately after the collision, what is the bullet’s
speed just before impact?   

••54 Figure 11-51 shows an
overhead view of a ring that can ro-
tate about its center like a merry-
go-round. Its outer radius R2 is 0.800
m, its inner radius R1 is R2/2.00, its
mass M is 8.00 kg, and the mass of
the crossbars at its center is neg-
ligible. It initially rotates at an angu-
lar speed of 8.00 rad/s with a cat of
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Fig. 11-47 Problem 43.

Fig. 11-48 Problem 47.

Fig. 11-49 Problem 48.
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Fig. 11-51 Problem 54.
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••16 A loaded penguin sled weighing 80 N rests on a plane in-
clined at angle u ! 20° to the horizontal (Fig. 6-23). Between the
sled and the plane, the coefficient of static friction is 0.25, and the
coefficient of kinetic friction is 0.15. (a) What is the least magni-
tude of the force parallel to the plane, that will prevent the sled
from slipping down the plane? (b) What is the minimum magni-
tude F that will start the sled moving up the plane? (c) What
value of F is required to move the sled up the plane at constant
velocity?

F
:
,

moving initially. (a) Will the block move? (b) In unit-vector nota-
tion, what is the force on the block from the wall?

••20 In Fig. 6-27, a box of Cheerios (mass mC ! 1.0 kg) and a
box of Wheaties (mass mW 3.0 kg) are accelerated across a hori-
zontal surface by a horizontal force applied to the Cheerios box.
The magnitude of the frictional force on the Cheerios box is 2.0 N,
and the magnitude of the frictional force on the Wheaties box is 4.0
N. If the magnitude of is 12 N, what is the magnitude of the force
on the Wheaties box from the Cheerios box?
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Fig. 6-25 Problem 18.

••19 A 12 N horizontal force 
pushes a block weighing 5.0 N
against a vertical wall (Fig. 6-26).The
coefficient of static friction between
the wall and the block is 0.60, and
the coefficient of kinetic friction is
0.40. Assume that the block is not

F
:

Fig. 6-24 Problem 17.

Fig. 6-27 Problem 20.

F
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Fig. 6-28 Problem 22.
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Fig. 6-26 Problem 19.

••21 An initially stationary box of sand is to be pulled across a
floor by means of a cable in which the tension should not
exceed 1100 N. The coefficient of static friction between the box
and the floor is 0.35. (a) What should be the angle between the
cable and the horizontal in order to pull the greatest possible
amount of sand, and (b) what is the weight of the sand and box
in that situation?

••22 In Fig. 6-23, a sled is held on an inclined plane by a cord
pulling directly up the plane. The sled is to be on the verge of mov-
ing up the plane. In Fig. 6-28, the magnitude F required of the
cord’s force on the sled is plotted versus a range of values for the
coefficient of static friction ms between sled and plane: F1 ! 2.0 N,
F2 ! 5.0 N, and m2 ! 0.50.At what angle u is the plane inclined?

••23 When the three blocks in Fig.
6-29 are released from rest, they ac-
celerate with a magnitude of 0.500
m/s2. Block 1 has mass M, block 2
has 2M, and block 3 has 2M. What is
the coefficient of kinetic friction be-
tween block 2 and the table?

••24 A 4.10 kg block is pushed
along a floor by a constant applied
force that is horizontal and has a
magnitude of 40.0 N. Figure 6-30
gives the block’s speed v versus
time t as the block moves along an x
axis on the floor.The scale of the fig-
ure’s vertical axis is set by vs ! 5.0
m/s. What is the coefficient of
kinetic friction between the block
and the floor?

3

2

1

Fig. 6-29 Problem 23.

F

!

Fig. 6-23 Problems 16 and 22.

••17 In Fig. 6-24, a force acts on a block weighing 45 N. The
block is initially at rest on a plane inclined at angle u ! 15° to the
horizontal. The positive direction of the x axis is up the plane. The
coefficients of friction between block and plane are ms ! 0.50 and
mk ! 0.34. In unit-vector notation, what is the frictional force on
the block from the plane when is (a) ("5.0 N) , (b) ("8.0 N) ,
and (c) ("15 N) ?î

îîP
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••18 You testify as an expert witness in a case involving an acci-
dent in which car A slid into the rear of car B, which was stopped at
a red light along a road headed down a hill (Fig. 6-25). You find
that the slope of the hill is u ! 12.0°, that the cars were separated
by distance d ! 24.0 m when the driver of car A put the car into a
slide (it lacked any automatic anti-brake-lock system), and that the
speed of car A at the onset of braking was v0 ! 18.0 m/s.With what
speed did car A hit car B if the coefficient of kinetic friction was (a)
0.60 (dry road surface) and (b) 0.10 (road surface covered with wet
leaves)?

v 
(m

/s
)

0 0.5
t (s)

1.0

vs

Fig. 6-30 Problem 24.
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bullet, find the speed of the bullet as it (a) leaves and (b) enters
block 1.

tances dA ! 8.2 m and dB ! 6.1 m.What are the speeds of (a) car A
and (b) car B at the start of the sliding, just after the collision? (c)
Assuming that linear momentum is conserved during the collision,
find the speed of car B just before the collision. (d) Explain why
this assumption may be invalid.

•••59 In Fig. 9-63, block 1 (mass 2.0 kg) is moving rightward
at 10 m/s and block 2 (mass 5.0 kg) is moving rightward at 3.0 m/s.
The surface is frictionless, and a spring with a spring constant of
1120 N/m is fixed to block 2. When the blocks collide, the compres-
sion of the spring is maximum at the instant the blocks have the
same velocity. Find the maximum compression.

ILW

••53 In Anchorage, collisions of a vehicle with a moose are so
common that they are referred to with the abbreviation MVC.
Suppose a 1000 kg car slides into a stationary 500 kg moose on a
very slippery road, with the moose being thrown through the wind-
shield (a common MVC result). (a) What percent of the original
kinetic energy is lost in the collision to other forms of energy? A
similar danger occurs in Saudi Arabia because of camel–vehicle
collisions (CVC). (b) What percent of the original kinetic energy is
lost if the car hits a 300 kg camel? (c) Generally, does the percent
loss increase or decrease if the animal mass decreases?

••54 A completely inelastic collision occurs between two balls of
wet putty that move directly toward each other along a vertical
axis. Just before the collision, one ball, of mass 3.0 kg, is moving up-
ward at 20 m/s and the other ball, of mass 2.0 kg, is moving down-
ward at 12 m/s. How high do the combined two balls of putty rise
above the collision point? (Neglect air drag.)

••55 A 5.0 kg block with a speed of 3.0 m/s collides with a 10
kg block that has a speed of 2.0 m/s in the same direction.After the
collision, the 10 kg block travels in the original direction with a
speed of 2.5 m/s. (a) What is the velocity of the 5.0 kg block imme-
diately after the collision? (b) By how much does the total kinetic
energy of the system of two blocks change because of the colli-
sion? (c) Suppose, instead, that the 10 kg block ends up with a
speed of 4.0 m/s. What then is the change in the total kinetic en-
ergy? (d) Account for the result you obtained in (c).

••56 In the “before” part of Fig. 9-60, car A (mass 1100 kg) is
stopped at a traffic light when it is rear-ended by car B (mass 1400
kg). Both cars then slide with locked wheels until the frictional
force from the slick road (with a low mk of 0.13) stops them, at dis-

ILW

••52 In Fig. 9-59, a 10 g bullet moving directly upward at 1000
m/s strikes and passes through the center of mass of a 5.0 kg block
initially at rest. The bullet emerges from the block moving directly
upward at 400 m/s. To what maximum height does the block then
rise above its initial position?

1 2
Frictionless

(a)

(b)

v1 v2

Fig. 9-58 Problem 51.

Bullet

Fig. 9-59 Problem 52.

Fig. 9-60 Problem 56.

A B

A B

dA

dB

Before

After

v0

vi
m

M

Fig. 9-61 Problem 57.

•••58 In Fig. 9-62, block 2 (mass 1.0 kg) is at rest on a frictionless
surface and touching the end of an unstretched spring of spring
constant 200 N/m. The other end of the spring is fixed to a wall.
Block 1 (mass 2.0 kg), traveling at speed v1 ! 4.0 m/s, collides with
block 2, and the two blocks stick together. When the blocks mo-
mentarily stop, by what distance is the spring compressed?

1 2
v1

Fig. 9-62 Problem 58.

1 2

Fig. 9-63 Problem 59.

sec. 9-10 Elastic Collisions in One Dimension
•60 In Fig. 9-64, block A (mass 1.6 kg) slides into block B (mass 2.4
kg), along a frictionless surface. The directions of three velocities be-
fore (i) and after ( f ) the collision are indicated; the corresponding

••57 In Fig. 9-61, a ball of mass m ! 60 g is shot with speed
vi 22 m/s into the barrel of a spring gun of mass M 240 g ini-
tially at rest on a frictionless surface. The ball sticks in the barrel at
the point of maximum compression of the spring. Assume that the
increase in thermal energy due to friction between the ball and the
barrel is negligible. (a) What is the speed of the spring gun after the
ball stops in the barrel? (b) What fraction of the initial kinetic en-
ergy of the ball is stored in the spring?

!!
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The scale on the t axis is set by ts ! 4.0 N "m. What is the angular
momentum of the disk about the rotation axis at times (a) t ! 7.0 s
and (b) t ! 20 s?

sec. 11-11 Conservation of Angular Momentum
•43 In Fig. 11-47, two skaters, each
of mass 50 kg, approach each other
along parallel paths separated by 3.0
m. They have opposite velocities of
1.4 m/s each. One skater carries one
end of a long pole of negligible mass,
and the other skater grabs the other
end as she passes. The skaters then
rotate around the center of the pole. Assume that the friction
between skates and ice is negligible. What are (a) the radius of the
circle, (b) the angular speed of the skaters, and (c) the kinetic energy
of the two-skater system? Next, the skaters pull along the pole until
they are separated by 1.0 m. What then are (d) their angular speed
and (e) the kinetic energy of the system? (f) What provided the en-
ergy for the increased kinetic energy?

•44 A Texas cockroach of mass 0.17 kg runs counterclockwise
around the rim of a lazy Susan (a circular disk mounted on a verti-
cal axle) that has radius 15 cm, rotational inertia 5.0 # 10$3 kg " m2,
and frictionless bearings. The cockroach’s speed (relative to the
ground) is 2.0 m/s, and the lazy Susan turns clockwise with angular
speed v0 ! 2.8 rad/s.The cockroach finds a bread crumb on the rim
and, of course, stops. (a) What is the angular speed of the lazy
Susan after the cockroach stops? (b) Is mechanical energy con-
served as it stops?

•45 A man stands on a platform that is rotating
(without friction) with an angular speed of 1.2 rev/s; his arms are
outstretched and he holds a brick in each hand.The rotational iner-
tia of the system consisting of the man, bricks, and platform about
the central vertical axis of the platform is 6.0 kg " m2. If by moving
the bricks the man decreases the rotational inertia of the system to
2.0 kg " m2, what are (a) the resulting angular speed of the platform
and (b) the ratio of the new kinetic energy of the system to the
original kinetic energy? (c) What source provided the added 
kinetic energy?

•46 The rotational inertia of a collapsing spinning star drops to 
its initial value. What is the ratio of the new rotational kinetic en-
ergy to the initial rotational kinetic energy?

•47 A track is mounted on a
large wheel that is free to turn with
negligible friction about a vertical
axis (Fig. 11-48). A toy train of mass
m is placed on the track and, with
the system initially at rest, the
train’s electrical power is turned on. The train reaches speed 0.15
m/s with respect to the track.What is the angular speed of the wheel
if its mass is 1.1m and its radius is
0.43 m? (Treat the wheel as a hoop,
and neglect the mass of the spokes
and hub.)

•48 A Texas cockroach first rides
at the center of a circular disk that
rotates freely like a merry-go-
round without external torques.
The cockroach then walks out to

SSM

1
3
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the edge of the disk, at radius R. Figure 11-49 gives the angular
speed v of the cockroach – disk system during the walk. The scale
on the v axis is set by va ! 5.0 rad/s and vb ! 6.0 rad/s. When the
cockroach is on the edge at radius R, what is the ratio of the bug’s
rotational inertia to that of the disk, both calculated about the ro-
tation axis?

•49 Two disks are mounted (like a merry-go-round) on low-fric-
tion bearings on the same axle and can be brought together so that
they couple and rotate as one unit.The first disk, with rotational in-
ertia 3.30 kg " m2 about its central axis, is set spinning counterclock-
wise at 450 rev/min. The second disk, with rotational inertia 6.60
kg " m2 about its central axis, is set spinning counterclockwise at 900
rev/min.They then couple together. (a) What is their angular speed
after coupling? If instead the second disk is set spinning clockwise
at 900 rev/min, what are their (b) angular speed and (c) direction
of rotation after they couple together?

•50 The rotor of an electric motor has rotational inertia Im !
2.0 # 10$3 kg " m2 about its central axis. The motor is used to
change the orientation of the space probe in which it is mounted.
The motor axis is mounted along the central axis of the probe; the
probe has rotational inertia Ip ! 12 kg " m2 about this axis.
Calculate the number of revolutions of the rotor required to turn
the probe through 30° about its central axis.

•51 A wheel is rotating freely at angular speed 800
rev/min on a shaft whose rotational inertia is negligible. A second
wheel, initially at rest and with twice the rotational inertia of the
first, is suddenly coupled to the same shaft. (a) What is the angular
speed of the resultant combination of the shaft and two wheels?
(b) What fraction of the original rotational kinetic energy is lost?

••52 A cockroach of mass m lies on the rim of a uniform disk
of mass 4.00m that can rotate freely about its center like a merry-
go-round. Initially the cockroach and disk rotate together with an
angular velocity of 0.260 rad/s. Then the cockroach walks halfway
to the center of the disk. (a) What then is the angular velocity of
the cockroach–disk system? (b) What is the ratio K /K0 of the new
kinetic energy of the system to its initial kinetic energy? (c) What
accounts for the change in the ki-
netic energy?

••53 A uniform thin rod of
length 0.500 m and mass 4.00 kg can
rotate in a horizontal plane about a
vertical axis through its center. The
rod is at rest when a 3.00 g bullet
traveling in the rotation plane is fired
into one end of the rod. As viewed
from above, the bullet’s path makes angle u ! 60.0° with the rod (Fig.
11-50). If the bullet lodges in the rod and the angular velocity of the
rod is 10 rad/s immediately after the collision, what is the bullet’s
speed just before impact?   

••54 Figure 11-51 shows an
overhead view of a ring that can ro-
tate about its center like a merry-
go-round. Its outer radius R2 is 0.800
m, its inner radius R1 is R2/2.00, its
mass M is 8.00 kg, and the mass of
the crossbars at its center is neg-
ligible. It initially rotates at an angu-
lar speed of 8.00 rad/s with a cat of

ILWSSM

Fig. 11-47 Problem 43.

Fig. 11-48 Problem 47.

Fig. 11-49 Problem 48.
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Fig. 11-50 Problem 53.
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Fig. 11-51 Problem 54.
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Fig. 6-50 Problem 66.

Stone

!
F

Fig. 6-48 Problem 62.
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Fig. 6-51 Problem 67.

Additional Problems

60 In Fig. 6-46, a box of ant aunts (total mass m1 ! 1.65 kg) and
a box of ant uncles (total mass m2 ! 3.30 kg) slide down an in-
clined plane while attached by a
massless rod parallel to the plane.
The angle of incline is u ! 30.0°.
The coefficient of kinetic friction
between the aunt box and the in-
cline is m1 ! 0.226; that between
the uncle box and the incline is 
m2 ! 0.113. Compute (a) the ten-
sion in the rod and (b) the magni-
tude of the common acceleration
of the two boxes. (c) How would
the answers to (a) and (b) change if the uncles trailed the aunts?

61 A block of mass mt ! 4.0
kg is put on top of a block of mass
mb 5.0 kg. To cause the top block
to slip on the bottom one while the
bottom one is held fixed, a horizon-
tal force of at least 12 N must be ap-
plied to the top block. The assembly
of blocks is now placed on a hori-
zontal, frictionless table (Fig. 6-47). Find the magnitudes of (a) the
maximum horizontal force that can be applied to the lower block
so that the blocks will move together and (b) the resulting acceler-
ation of the blocks.

62 A 5.00 kg stone is rubbed across the horizontal ceiling of a
cave passageway (Fig. 6-48). If the coefficient of kinetic friction is
0.65 and the force applied to the stone is angled at u ! 70.0°, what
must the magnitude of the force be for the stone to move at constant
velocity?

F
:

!

SSM

mt

Fmb

Fig. 6-47 Problem 61.

rock is 1.2; between her back and the rock is 0.80. She has reduced
her push against the rock until her back and her shoes are on the
verge of slipping. (a) Draw a free-body diagram of her. (b) What is
the magnitude of her push against the rock? (c) What fraction of
her weight is supported by the frictional force on her shoes?

64 A high-speed railway car goes around a flat, horizontal circle
of radius 470 m at a constant speed. The magnitudes of the hori-
zontal and vertical components of the force of the car on a 51.0 kg
passenger are 210 N and 500 N, respectively. (a) What is the magni-
tude of the net force (of all the forces) on the passenger? (b) What
is the speed of the car?

65 Continuation of Problems 8 and 37. Another explana-
tion is that the stones move only when the water dumped on the
playa during a storm freezes into a large, thin sheet of ice. The
stones are trapped in place in the ice. Then, as air flows across
the ice during a wind, the air-drag forces on the ice and stones
move them both, with the stones gouging out the trails. The magni-
tude of the air-drag force on this horizontal “ice sail” is given by
Dice ! 4CicerAicev2, where Cice is the drag coefficient (2.0 " 10#3), r
is the air density (1.21 kg/m3), Aice is the horizontal area of the ice,
and v is the wind speed along the ice.

Assume the following: The ice sheet measures 400 m by 500 m
by 4.0 mm and has a coefficient of kinetic friction of 0.10 with the
ground and a density of 917 kg/m3. Also assume that 100 stones
identical to the one in Problem 8 are trapped in the ice. To main-
tain the motion of the sheet, what are the required wind speeds (a)
near the sheet and (b) at a height of 10 m? (c) Are these reason-
able values for high-speed winds in a storm?

66 In Fig. 6-50, block 1 of mass m1 2.0 kg and block 2 of
mass m2 3.0 kg are connected by a string of negligible mass and
are initially held in place. Block 2 is on a frictionless surface tilted
at u ! 30°. The coefficient of kinetic friction between block 1 and
the horizontal surface is 0.25. The pulley has negligible mass and
friction. Once they are released, the blocks move. What then is the
tension in the string?

!
!

63 In Fig. 6-49, a 49 kg rock climber is climbing a “chim-
ney.” The coefficient of static friction between her shoes and the

67 In Fig. 6-51, a crate slides down an inclined right-angled
trough.The coefficient of kinetic friction between the crate and the
trough is mk. What is the acceleration of the crate in terms of mk, u,
and g?

68 Engineering a highway curve. If a car goes through a curve too
fast, the car tends to slide out of the curve. For a banked curve with

m1

m2

!

Fig. 6-46 Problem 60.

Fig. 6-49 Problem 63.
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is 0.265 N throughout the flight. What are (a) the maximum height
reached by the stone and (b) its speed just before it hits the
ground?

••60 A 4.0 kg bundle starts up a 30° incline with 128 J of kinetic
energy. How far will it slide up the incline if the coefficient of ki-
netic friction between bundle and incline is 0.30?

••61 When a click beetle is upside down on its back, it
jumps upward by suddenly arching its back, transferring energy
stored in a muscle to mechanical energy. This launching mecha-
nism produces an audible click, giving the beetle its name.
Videotape of a certain click-beetle jump shows that a beetle of
mass m ! 4.0 " 10#6 kg moved directly upward by 0.77 mm during
the launch and then to a maximum height of h ! 0.30 m. During
the launch, what are the average magnitudes of (a) the external
force on the beetle’s back from the floor and (b) the acceleration
of the beetle in terms  of g?

•••62 In Fig. 8-53, a block slides along a path that is without fric-
tion until the block reaches the section of length L 0.75 m, which
begins at height h ! 2.0 m on a ramp of angle $ ! 30°. In that sec-
tion, the coefficient of kinetic friction is 0.40. The block passes
through point A with a speed of 8.0 m/s. If the block can reach point
B (where the friction ends), what is its speed there, and if it cannot,
what is its greatest height above A?

!

stop is on a plateau, state which one and give the distance L from
the left edge of that plateau. If the block reaches the ramp, give the
height H above the lower plateau where it momentarily stops.

! A
h

L
B

Fig. 8-53 Problem 62.

•••65 A particle can slide along a track with elevated ends and a
flat central part, as shown in Fig. 8-56. The flat part has length L !
40 cm. The curved portions of the track are frictionless, but for the
flat part the coefficient of kinetic friction is %k ! 0.20. The particle
is released from rest at point A, which is at height h ! L/2. How far
from the left edge of the flat part does the particle finally stop?

•••63 The cable of the 1800 kg elevator cab in Fig. 8-54 snaps
when the cab is at rest at the first floor, where the cab bottom is a
distance d ! 3.7 m above a spring of spring constant k ! 0.15
MN/m. A safety device clamps the cab
against guide rails so that a constant fric-
tional force of 4.4 kN opposes the cab’s
motion. (a) Find the speed of the cab just
before it hits the spring. (b) Find the maxi-
mum distance x that the spring is com-
pressed (the frictional force still acts dur-
ing this compression). (c) Find the
distance that the cab will bounce back up
the shaft. (d) Using conservation of en-
ergy, find the approximate total distance
that the cab will move before coming to
rest. (Assume that the frictional force on
the cab is negligible when the cab is sta-
tionary.)

•••64 In Fig. 8-55, a block is released from rest at height d ! 40
cm and slides down a frictionless ramp and onto a first plateau,
which has length d and where the coefficient of kinetic friction is
0.50. If the block is still moving, it then slides down a second fric-
tionless ramp through height d/2 and onto a lower plateau, which
has length d/2 and where the coefficient of kinetic friction is again
0.50. If the block is still moving, it then slides up a frictionless ramp
until it (momentarily) stops. Where does the block stop? If its final

d

d/2

d

d/2

Fig. 8-55 Problem 64.

L

h

A

Fig. 8-56 Problem 65.

d

k

Fig. 8-54
Problem 63.

Additional Problems
66 A 3.2 kg sloth hangs 3.0 m above the ground. (a) What is the
gravitational potential energy of the sloth–Earth system if we take
the reference point y 0 to be at the ground? If the sloth drops to
the ground and air drag on it is assumed to be negligible, what are
the (b) kinetic energy and (c) speed of the sloth just before it
reaches the ground?

67 A spring (k 200 N/m) is fixed at the top of a friction-
less plane inclined at angle 40° (Fig. 8-57). A 1.0 kg block is
projected up the plane, from an initial position that is distance 
d 0.60 m from the end of the relaxed spring, with an initial kinetic
energy of 16 J. (a) What is the kinetic energy of the block at the in-
stant it has compressed the spring 0.20 m? (b) With what kinetic en-
ergy must the block be projected up the plane if it is to stop momen-
tarily when it has compressed the spring by 0.40 m?

!

$ !
!SSM

!

d

!

Fig. 8-57 Problem 67.

68 From the edge of a cliff, a 0.55 kg projectile is launched with
an initial kinetic energy of 1550 J. The projectile’s maximum up-
ward displacement from the launch point is &140 m. What are the
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Radius

Radius

Fig. 6-39 Problem 49.

•••35 The two blocks (m ! 16 kg and M ! 88 kg) in Fig. 6-38
are not attached to each other.The co-
efficient of static friction between the
blocks is ms ! 0.38, but the surface
beneath the larger block is friction-
less. What is the minimum magnitude
of the horizontal force required to
keep the smaller block from slipping
down the larger block?

sec. 6-4 The Drag Force and Terminal Speed
•36 The terminal speed of a sky diver is 160 km/h in the spread-
eagle position and 310 km/h in the nosedive position. Assuming
that the diver’s drag coefficient C does not change from one posi-
tion to the other, find the ratio of the effective cross-sectional area
A in the slower position to that in the faster position.

••37 Continuation of Problem 8. Now assume that Eq. 6-14
gives the magnitude of the air drag force on the typical 20 kg stone,
which presents to the wind a vertical cross-sectional area of 0.040
m2 and has a drag coefficient C of 0.80. Take the air density to be
1.21 kg/m3, and the coefficient of kinetic friction to be 0.80. (a) In
kilometers per hour, what wind speed V along the ground is
needed to maintain the stone’s motion once it has started moving?
Because winds along the ground are retarded by the ground, the
wind speeds reported for storms are often measured at a height of
10 m. Assume wind speeds are 2.00 times those along the ground.
(b) For your answer to (a), what wind speed would be reported for
the storm? (c) Is that value reasonable for a high-speed wind in a
storm? (Story continues with Problem 65.)

••38 Assume Eq. 6-14 gives the drag force on a pilot plus ejection
seat just after they are ejected from a plane traveling horizontally
at 1300 km/h. Assume also that the mass of the seat is equal to the
mass of the pilot and that the drag coefficient is that of a sky diver.
Making a reasonable guess of the pilot’s mass and using the ap-
propriate vt value from Table 6-1, estimate the magnitudes of (a)
the drag force on the pilot " seat and (b) their horizontal deceler-
ation (in terms of g), both just after ejection. (The result of (a)
should indicate an engineering requirement: The seat must in-
clude a protective barrier to deflect the initial wind blast away
from the pilot’s head.)

••39 Calculate the ratio of the drag force on a jet flying at 1000
km/h at an altitude of 10 km to the drag force on a prop-driven
transport flying at half that speed and altitude. The density of air is
0.38 kg/m3 at 10 km and 0.67 kg/m3 at 5.0 km. Assume that the air-
planes have the same effective cross-sectional area and drag coeffi-
cient C.

••40 In downhill speed skiing a skier is retarded by both the
air drag force on the body and the kinetic frictional force on the
skis. (a) Suppose the slope angle is u ! 40.0°, the snow is dry snow
with a coefficient of kinetic friction mk ! 0.0400, the mass of the
skier and equipment is m ! 85.0 kg, the cross-sectional area of the
(tucked) skier is A ! 1.30 m2, the drag coefficient is C ! 0.150, and
the air density is 1.20 kg/m3. (a) What is the terminal speed? (b) If a
skier can vary C by a slight amount dC by adjusting, say, the hand
positions, what is the corresponding variation in the terminal
speed?

sec. 6-5 Uniform Circular Motion
•41 A cat dozes on a stationary merry-go-round, at a radius of 5.4
m from the center of the ride. Then the operator turns on the ride

F
:

ILW and brings it up to its proper turning rate of one complete rotation
every 6.0 s. What is the least coefficient of static friction between
the cat and the merry-go-round that will allow the cat to stay in
place, without sliding?

•42 Suppose the coefficient of static friction between the road
and the tires on a car is 0.60 and the car has no negative lift. What
speed will put the car on the verge of sliding as it rounds a level
curve of 30.5 m radius?

•43 What is the smallest radius of an unbanked (flat) track
around which a bicyclist can travel if her speed is 29 km/h and the
ms between tires and track is 0.32?

•44 During an Olympic bobsled run, the Jamaican team makes a
turn of radius 7.6 m at a speed of 96.6 km/h. What is their accelera-
tion in terms of g?

••45 A student of weight 667 N rides a steadily
rotating Ferris wheel (the student sits upright). At the highest
point, the magnitude of the normal force on the student from
the seat is 556 N. (a) Does the student feel “light” or “heavy”
there? (b) What is the magnitude of at the lowest point? If the
wheel’s speed is doubled, what is the magnitude FN at the (c) high-
est and (d) lowest point?

••46 A police officer in hot pursuit drives her car through a circular
turn of radius 300 m with a constant speed of 80.0 km/h. Her mass is
55.0 kg.What are (a) the magnitude and (b) the angle (relative to ver-
tical) of the net force of the officer on the car seat? (Hint: Consider
both horizontal and vertical forces.)

••47 A circular-motion addict of mass 80 kg rides a Ferris
wheel around in a vertical circle of radius 10 m at a constant speed
of 6.1 m/s. (a) What is the period of the motion? What is the mag-
nitude of the normal force on the addict from the seat when both
go through (b) the highest point of the circular path and (c) the
lowest point?

••48 A roller-coaster car has a mass of 1200 kg when fully
loaded with passengers. As the car passes over the top of a circu-
lar hill of radius 18 m, its speed is not changing. At the top of the
hill, what are the (a) magnitude FN and (b) direction (up or
down) of the normal force on the car from the track if the car’s
speed is v ! 11 m/s? What are (c) FN and (d) the direction if v !
14 m/s? 

••49 In Fig. 6-39, a car is driven at constant speed over a circular
hill and then into a circular valley with the same radius. At the top
of the hill, the normal force on the driver from the car seat is 0.The
driver’s mass is 70.0 kg. What is the magnitude of the normal force
on the driver from the seat when the car passes through the bottom
of the valley?

F
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••50 An 85.0 kg passenger is made to move along a circular path
of radius r ! 3.50 m in uniform circular motion. (a) Figure 6-40a is
a plot of the required magnitude F of the net centripetal force for a
range of possible values of the passenger’s speed v. What is the

Frictionless

m

M
F

Fig. 6-38 Problem 35.
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bullet, find the speed of the bullet as it (a) leaves and (b) enters
block 1.

tances dA ! 8.2 m and dB ! 6.1 m.What are the speeds of (a) car A
and (b) car B at the start of the sliding, just after the collision? (c)
Assuming that linear momentum is conserved during the collision,
find the speed of car B just before the collision. (d) Explain why
this assumption may be invalid.

•••59 In Fig. 9-63, block 1 (mass 2.0 kg) is moving rightward
at 10 m/s and block 2 (mass 5.0 kg) is moving rightward at 3.0 m/s.
The surface is frictionless, and a spring with a spring constant of
1120 N/m is fixed to block 2. When the blocks collide, the compres-
sion of the spring is maximum at the instant the blocks have the
same velocity. Find the maximum compression.

ILW

••53 In Anchorage, collisions of a vehicle with a moose are so
common that they are referred to with the abbreviation MVC.
Suppose a 1000 kg car slides into a stationary 500 kg moose on a
very slippery road, with the moose being thrown through the wind-
shield (a common MVC result). (a) What percent of the original
kinetic energy is lost in the collision to other forms of energy? A
similar danger occurs in Saudi Arabia because of camel–vehicle
collisions (CVC). (b) What percent of the original kinetic energy is
lost if the car hits a 300 kg camel? (c) Generally, does the percent
loss increase or decrease if the animal mass decreases?

••54 A completely inelastic collision occurs between two balls of
wet putty that move directly toward each other along a vertical
axis. Just before the collision, one ball, of mass 3.0 kg, is moving up-
ward at 20 m/s and the other ball, of mass 2.0 kg, is moving down-
ward at 12 m/s. How high do the combined two balls of putty rise
above the collision point? (Neglect air drag.)

••55 A 5.0 kg block with a speed of 3.0 m/s collides with a 10
kg block that has a speed of 2.0 m/s in the same direction.After the
collision, the 10 kg block travels in the original direction with a
speed of 2.5 m/s. (a) What is the velocity of the 5.0 kg block imme-
diately after the collision? (b) By how much does the total kinetic
energy of the system of two blocks change because of the colli-
sion? (c) Suppose, instead, that the 10 kg block ends up with a
speed of 4.0 m/s. What then is the change in the total kinetic en-
ergy? (d) Account for the result you obtained in (c).

••56 In the “before” part of Fig. 9-60, car A (mass 1100 kg) is
stopped at a traffic light when it is rear-ended by car B (mass 1400
kg). Both cars then slide with locked wheels until the frictional
force from the slick road (with a low mk of 0.13) stops them, at dis-

ILW

••52 In Fig. 9-59, a 10 g bullet moving directly upward at 1000
m/s strikes and passes through the center of mass of a 5.0 kg block
initially at rest. The bullet emerges from the block moving directly
upward at 400 m/s. To what maximum height does the block then
rise above its initial position?

1 2
Frictionless

(a)

(b)

v1 v2

Fig. 9-58 Problem 51.

Bullet

Fig. 9-59 Problem 52.

Fig. 9-60 Problem 56.

A B

A B

dA

dB

Before

After

v0

vi
m

M

Fig. 9-61 Problem 57.

•••58 In Fig. 9-62, block 2 (mass 1.0 kg) is at rest on a frictionless
surface and touching the end of an unstretched spring of spring
constant 200 N/m. The other end of the spring is fixed to a wall.
Block 1 (mass 2.0 kg), traveling at speed v1 ! 4.0 m/s, collides with
block 2, and the two blocks stick together. When the blocks mo-
mentarily stop, by what distance is the spring compressed?

1 2
v1

Fig. 9-62 Problem 58.

1 2

Fig. 9-63 Problem 59.

sec. 9-10 Elastic Collisions in One Dimension
•60 In Fig. 9-64, block A (mass 1.6 kg) slides into block B (mass 2.4
kg), along a frictionless surface. The directions of three velocities be-
fore (i) and after ( f ) the collision are indicated; the corresponding

••57 In Fig. 9-61, a ball of mass m ! 60 g is shot with speed
vi 22 m/s into the barrel of a spring gun of mass M 240 g ini-
tially at rest on a frictionless surface. The ball sticks in the barrel at
the point of maximum compression of the spring. Assume that the
increase in thermal energy due to friction between the ball and the
barrel is negligible. (a) What is the speed of the spring gun after the
ball stops in the barrel? (b) What fraction of the initial kinetic en-
ergy of the ball is stored in the spring?

!!
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and plate are rotated by a constant force of 0.400 N that is applied
by the string tangentially to the edge of the disk. The resulting an-
gular speed is 114 rad/s. What is the rotational inertia of the plate
about the axle?

••56 Figure 10-43 shows
particles 1 and 2, each of
mass m, attached to the ends
of a rigid massless rod of
length L1 ! L2, with L1 " 20
cm and L2 " 80 cm. The rod is held horizontally on the fulcrum
and then released. What are the magnitudes of the initial accelera-
tions of (a) particle 1 and (b) particle 2?

•••57 A pulley, with a rotational inertia of 1.0 #10$3 kg %m2 about its
axle and a radius of 10 cm, is acted on by a force applied tangentially
at its rim. The force magnitude varies in time as F " 0.50t ! 0.30t2,
with F in newtons and t in seconds.The pulley is initially at rest.At
t " 3.0 s what are its (a) angular acceleration and (b) angular speed?

sec. 10-10 Work and Rotational Kinetic Energy
•58 (a) If R " 12 cm, M " 400 g, and m " 50 g in Fig. 10-18, find
the speed of the block after it has descended 50 cm starting from
rest. Solve the problem using energy conservation principles. (b)
Repeat (a) with R " 5.0 cm.

•59 An automobile crankshaft transfers energy from the engine
to the axle at the rate of 100 hp (" 74.6 kW) when rotating at a
speed of 1800 rev/min. What torque (in newton-meters) does the
crankshaft deliver?

•60 A thin rod of length 0.75 m and mass 0.42 kg is suspended
freely from one end. It is pulled to one side and then allowed to swing
like a pendulum, passing through its lowest position with angular
speed 4.0 rad/s. Neglecting friction and air resistance, find (a) the
rod’s kinetic energy at its lowest position and (b) how far above that
position the center of mass rises.

•61 A 32.0 kg wheel, essentially a thin hoop with radius 1.20 m, is
rotating at 280 rev/min. It must be brought to a stop in 15.0 s. (a)
How much work must be done to stop it? (b) What is the required
average power?

••62 In Fig. 10-32, three 0.0100 kg particles have been glued to a
rod of length L " 6.00 cm and negligible mass and can rotate
around a perpendicular axis through point O at one end. How
much work is required to change the rotational rate (a) from 0 to
20.0 rad/s, (b) from 20.0 rad/s to 40.0 rad/s, and (c) from 40.0 rad/s to
60.0 rad/s? (d) What is the slope of a plot of the assembly’s kinetic
energy (in joules) versus the square of its rotation rate (in radians-
squared per second-squared)?

••63 A meter stick is held vertically with one end on
the floor and is then allowed to fall. Find the speed of the other end
just before it hits the floor, assuming that the end on the floor does
not slip. (Hint: Consider the stick to be a thin rod and use the con-
servation of energy principle.)

••64 A uniform cylinder of radius 10 cm and mass 20 kg is
mounted so as to rotate freely about a horizontal axis that is paral-
lel to and 5.0 cm from the central longitudinal axis of the cylinder.
(a) What is the rotational inertia of the cylinder about the axis of
rotation? (b) If the cylinder is released from rest with its central
longitudinal axis at the same height as the axis about which the
cylinder rotates, what is the angular speed of the cylinder as it
passes through its lowest position?

ILWSSM

•••65 A tall, cylindrical chimney falls over when its base is
ruptured.Treat the chimney as a thin rod of length 55.0 m.At the in-
stant it makes an angle of 35.0° with the vertical as it falls, what are
(a) the radial acceleration of the top, and (b) the tangential acceler-
ation of the top. (Hint: Use energy considerations, not a torque.) (c)
At what angle u is the tangential acceleration equal to g?  

•••66 A uniform spherical shell of mass M " 4.5 kg and radius 
R " 8.5 cm can rotate about a vertical axis on frictionless bearings
(Fig. 10-44). A massless cord passes around the equator of the shell,
over a pulley of rotational inertia I " 3.0 # 10$3 kg % m2 and radius
r " 5.0 cm, and is attached to a small object of mass m " 0.60 kg.
There is no friction on the pulley’s axle; the cord does not slip on
the pulley. What is the speed of the object when it has fallen 82 cm
after being released from rest? Use energy considerations.

1 2

L1 L2

Fig. 10-43 Problem 56.

M, R

I, r

m

•••67 Figure 10-45 shows a rigid
assembly of a thin hoop (of mass m
and radius R " 0.150 m) and a thin
radial rod (of mass m and length L "
2.00R). The assembly is upright, but if
we give it a slight nudge, it will rotate
around a horizontal axis in the plane
of the rod and hoop, through the
lower end of the rod. Assuming that
the energy given to the assembly in
such a nudge is negligible, what would be the assembly’s angular
speed about the rotation axis when it passes through the upside-
down (inverted) orientation?

Additional Problems
68 Two uniform solid spheres have the same mass of 1.65 kg, but
one has a radius of 0.226 m and the other has a radius of 0.854 m.
Each can rotate about an axis through its center. (a) What is the
magnitude t of the torque required to bring the smaller sphere
from rest to an angular speed of 317 rad/s in 15.5 s? (b) What is the
magnitude F of the force that must be applied tangentially at the
sphere’s equator to give that torque? What are the corresponding
values of (c) t and (d) F for the larger sphere?

69 In Fig. 10-46, a small disk of radius
r " 2.00 cm has been glued to the edge
of a larger disk of radius R " 4.00 cm so
that the disks lie in the same plane.The
disks can be rotated around a perpen-
dicular axis through point O at the cen-
ter of the larger disk. The disks both
have a uniform density (mass per unit

Fig. 10-44 Problem 66.

Fig. 10-45 Problem 67.

Rotation
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Hoop

Rod

O

Fig. 10-46 Problem 69.
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