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Preface

This book is an Instructor Solutions Manual for the problems which appear
in Modern Physics, Sixth Edition by Paul A. Tipler and Ralph A. Llewellyn.
This book contains solutions to every problem in the text and is not intended
for class distribution to students. A separate Student Solutions Manual for
Modern Physics, Sixth Edition is available from W. H. Freeman and
Company. The Student Solutions Manual contains solutions to selected
problems from each chapter, approximately one-fourth of the problems in
the book.

Figure numbers, equations, and table numbers refer to those in the text.
Figures in this solutions manual are not numbered and correspond only to
the problem in which they appear. Notation and units parallel those in the
text.

Please visit W. H. Freeman and Company’s website for Modern Physics,
Sixth Edition at www.whfreeman.com/tiplermodernphysics6e. There you
will find 30 More sections that expand on high interest topics covered in the
textbook, the Classical Concept Reviews that provide refreshers for many
classical physics topics that are background for modern physics topics in the
text, and an image gallery for Chapter 13. Some problems in the text are
drawn from the More sections.

Every effort has been made to ensure that the solutions in this manual are
accurate and free from errors. If you have found an error or a better solution
to any of these problems, please feel free to contact me at the address below
with a specific citation. | appreciate any correspondence from users of this
manual who have ideas and suggestions for improving it.

Sincerely,

Mark J. Llewellyn

Department of Electrical Engineering and Computer Science
Computer Science Division

University of Central Florida

Orlando, Florida 32816-2362

Email: markl@cs.ucf.edu
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1-1.

1-2.

1-3.

1-4.
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(a) Speed of the droid relative to Hoth, according to Galilean relativity, u,,,,, IS

u =u + Ugroig

Hoth spaceship

=2.3x10°m/s+2.1x10®m/s

=4.4x10° m/s
(b) No, since the droid is moving faster than light speed relative to Hoth.

oL 2(2.74><104m)

@@ t=—= . =1.83x10""s
c 3.00x10°m/s

2
(b) From Equation 1-6 the correction ot = &Xv_z
c ¢

St=(1.83x10*s)(10)" =1.83x10"%s

(c) From experimental measurements o = __4km/s =1.3x10"°

c 299,796km/s
No, the relativistic correction of order 10 is three orders of magnitude smaller than

the experimental uncertainty.

0.4 fringe _ 1.0 fringe 2 :Q

. d (29.9km/s)* =2.22x10° v =47.1km/s
(29.8km/s)”  (vkm/s) 0.4

(a) This is an exact analog of Example 1-1 with L =12.5 m, ¢ = 130 mph, and v =20
mph. Calling the plane flying perpendicular to the wind plane #1 and the one flying
parallel to the wind plane #2, plane #1 win will by At where

2 . . 2
At:LV :(12.5m|)(20m|/h) — 0.0023h - 8.2

c’ (130mi /h)’

(b) Pilot #1 must use a heading & =sin™(20/130) =8.8° relative to his course on both

legs. Pilot #2 must use a heading of 0°relative to the course on both legs.
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1-5.

1-7.

1-8.

(@) In this case, the situation is analogous to Example 1-1 with L =3x10°m,
v=3x10"m/s, and c=3x10®m/s If the flash occurs at t = 0, the interior is dark

until t =2s at which time a bright circle of light reflected from the circumference of
the great circle plane perpendicular to the direction of motion reaches the center, the
circle splits in two, one moving toward the front and the other moving toward the rear,
their radii decreasing to just a point when they reach the axis 10°® s after arrival of the

first reflected light ring. Then the interior is dark again.

(b) In the frame of the seated observer, the spherical wave expands outward at ¢ in all
directions. The interior is dark until t = 2s at which time the spherical wave (that
reflected from the inner surface at t = 1s) returns to the center showing the entire inner

surface of the sphere in reflected light, following which the interior is dark again.

Yes, you will see your image and it will look as it does now. The reason is the second
postulate: All observers have the same light speed. In particular, you and the mirror are
in the same frame. Light reflects from you to the mirror at speed c relative to you and the

mirror and reflects from the mirror back to you also at speed c, independent of your

motion.
2Lv? . .
AN = gy (Equation 1-10) Where A = 590 nm, L = 11 m, and AN = 0.01 fringe
c
2
vi = ANAC _ (0,01 fringe) (590x10°*m)(3.00x10°m/s) 2(11m)

v=491x10°m/s~5km/s

(a) No. Results depends on the relative motion of the frames.
(b) No. Results will depend on the speed of the proton relative to the frames. (This
answer anticipates a discussion in Chapter 2. If by “mass”, the “rest mass” is implied,

then the answer is “yes”, because that is a fundamental property of protons.)
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(Problem 1-8 continued)
(c) Yes. This is guaranteed by the 2" postulate.
(d) No. The result depends on the relative motion of the frames.
(e) No. The result depends on the speeds involved.
(F) Yes. Result is independent of motion.

(9) Yes. The charge is an intrinsic property of the electron, a fundamental constant.

1-9.  The wave from the front travels 500 m at speed ¢ + (150/3.6) m/s and the wave from the
rear travels at ¢ — (150/3.6) m/s. As seen in Figure 1-14, the travel time is longer for the

wave from the rear.

500m 500m
At=t —t, = 3 - 8
3.00x10°m/s—(150/3.6)m/s 3.00x10°m/s+(150/3.6)m/s
_ 500 3x10° +(150/3.6)—3x10° +(150/3.6)

(3x10°) —2(150/3.6)(3x10%)—(150/3.6)°

2(150/3.6) »
=500~ 4,63x10 s
(3><108)
. | */ L *N | =
1-10. — T v—>
A B’ C’

While the wavefront is expanding to the position shown, the original positions of

A, B',and C’ have moved to the * marks, according to the observer in S.

() According to an S’ observer, the wavefronts arrive simultaneously at A"and B'.
(b) According to an S observer, the wavefronts do not arrive at A’ and C’ simultaneously.

(c) The wavefront arrives at A'first, according to the S observer, an amount At before

arrival at C', where
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(Problem 1-10 continued)
B B/CI BVAV

cC—-Vv C+V

| cC+v—Cc+vV | 2v
m:L[_CZ_VZ }L[}

At

since B'C'=B'A'=L', Thus

1-11.
1/2
y=1/(1-p%) y
1 |
0.2 1.0206 ]
0.4 1.0911 I
0.6 1.2500 Pl
0.8 1.6667 Al
0.85 1.8983
0.90 2.2942 ‘F
0.925 2.6318 5L,
0.950 3.2026 ,
0.975 45004 i
0.985 5.7953 " l ‘ x 1 B
0.990 7.0888 o 02 04 06 5 e
0.995 10.0125
e o 7[t{ + 2 j t, = y[t; +@j ( from Equation 1-19)
C C

C

@t -t =7[t£ +\;—)§°—H—&;J=7(té ~-t})

(b) The quantities x; and x, in Equation 1-19 are each equal to x,, but X; and X, in

Equation 1-18 are different and unknown.

LB @ —y(1-virer)” :1/[1—(0.85c)2/c2} " _1.808

X' = y(x—Vt) =1.898| 75m - (0.85¢)(2.0x10 °s) | = ~9.537x10°m

y'=y=18m
Z’=72=4.0m

t'=y(t—vx/c®)=1.898[ 2.0x10°s—(0.85¢)(75m)/c* | =3.756x 10 °s

4
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(Problem 1-13 continued)

(b)  x= y(x'+vt') =1.898| -9.537x10°m +(0.85¢) (3.756 x10 s ) | = 75.8m
difference is due to rounding of », x’, and t'.
y=y =18m
z=7"=4.0m
t=y(t'+vx'/c*) =1.898 3.756x10 s + (0.85¢)(~9.537 x10°m)/c* | = 2.0x10"°s

1-14. To show that At = 0 (refer to Figure 1-8 and Example 1-1).
L L 2L 2L 1

= + = ===
L JeZov2 o Jei—v? J2—v? € 12/

t,, because length parallel to motion is shortened, is given by:

_ LJ1-Vv2/c? . Ly1-v?/c?  2Ley1-Vv2/c?

C+vV c-v cz(l—vzlcz)

L,

_2L N1-vA/e? 2L 1

= ——=t,
Coc («\/l—v2 /c? )2 ¢ \1-v*/c?
Therefore, t, — t; = 0 and no fringe shift is expected.
1-15. (a) Let frame S be the rest frame of Earth and frame S’ be the spaceship moving at speed

v to the right relative to Earth. The other spaceship moving to the left relative to Earth

at speed u is the “particle”. Then v = 0.9c and ux = —0.9c.

u, —V
u, =—>—— (Equation 1-22
“ 1-uyv/c’ (Ed )
—0.9¢-0.9¢c -1.8¢c

= = =-0.9945
1-(~0.9¢)(0.9c)/c? 181 ‘

(b) Calculating as above with v=3.0x10"m/s=—u,

, —3.0x10°m/s—-3.0x10'm/s —6.0x10°m/s .
u, = " " = - =-6.0x10"m/s
. (-3.0x10°m/s)(3.0x10'm/s) 1+10
(3.0><108m/s)2
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du’ u, — ]
1-16. a=—2 where ul =—* Equation 1-22
R | & * 1-uv/c? (Eq )

Andt'=y(t-vx/c’)  (Equation 1-18)

-1

du; = (u, —v)(vdu, /cz)(l—uxv/cz)_2 +(1-uv/c*) du

(;j(ux —v)du, +(1— uxv/cz)duX

X

(1—uxv/c2)2
dt' = y(dt —vdx/c?)

W (g’zj(ux—v)(dux/dt)+(1—uxv/c2)(dux/dt)
a! — X —

B ;/(l—uxv/cz)3

(du, /dt)(1-v*/c?) a

;/(1—uxv/cz)3 e (1—uxv/c2)3

X

du’ u :
al :d—tf where uj =—————  (Equation 1-22)

’ y(1-uyvic?)

-1 -2

du; =(du, /7)(1-uv/c*) +(u, /y)(1-uyv*/c*) " du

X

(duy )(1-uv/c?)+(uv/c®)du,
;/(l—uxv/cz)2

du/  (du,/dt)(1-uyv/c?)+(uv/c®)(du, /dt)

a

bt y(l—uxv/cz)zy(l—uxv/cz)

Ca (1-uyvict)+a, (uvic?)

B 7’ (l—uXV/CZ)3

a, (1—uxv/c2)+aX (uzv/cz)

& (l— uv/c? )3

a, is found in the same manner and is given by: a; =
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1-17.

1-18.

(a) As seen from the diagram, when the observer in the rocket (S") system sees 1 cs

tick by on the rocket’s clock, only 0.6 c¢-s have ticked by on the laboratory clock.

ct

. | | | |

0 1 2 3 4 X

(b) When 10 seconds have passed on the rocket’s clock, only 6 seconds have passed on

the laboratory clock.

(@ |
y u, =
u, =0
Te
y
X!
_—
v
X
u, +V 0+v .
u,= — = =V (Equation 1-23)
1+wvu,/c® 140
u, c c
u = = = —
’ y(l+vu;/c2) 7(1+0) y
(b) u:\/uf+uj:\/v2+02/y2:\/v2+cz(1—v2/cz):c
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1-19. By analogy with Equation 1-23,

u, +Vv

0.9c+0.9c

_1.8c

@ u,=

!
X

u +v

(1.8¢/1.81)+0.9¢

“T1rw) /¢ 1+(0.9¢)(0.9c)/c” 181

=0.9945c

(b) u

]Z

1-20  (a) __ 1 (Equation 1-16)
J1-v?/c?
. 2
:(1—v2/c2) . :1+(_l)[_v_2
2 C
2 4 2
RYE S LIRSV 1
2¢C (o
) 1_ 1—v2/02:(1 vzlcz)“2
Y
(1) v? (1)( 1)1 V2
=+ = -5+ == =
2 C 2 2)210 ¢
U LA AN
2¢® 8¢c? 2¢c?
(©) 1v: 3v*
“l=s5+o7
2¢c° 8¢
1 1V
1=1-—~=_
4 2 ¢’
1-21. At = yAt’ (Equation 1-26)
At—At" At — At 1v?
At’ At' 4 2¢c? 4
V2=2C2At_At _ (ZXAt_At
At At

1.8+(0.9)(1.81) oo 3.429

““1twu)/c® 1+(1.8¢/1.81)(0.9c)/c’ 181+(1.8)(0.9) 3.430

¢ =0.9997c
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" v=1000 km/h

-~ \ S
§ = i —_—)
Orion (#2) @ S Lyra (#1)
b2y ®

— U — _/
Y YT

2.5x10°cey 2.5x10°Cey

(a) Note that » =1/4/1-v?/c? ~1 and 1c-y=c-(3.15><107s)
From Equation 1-27: At =t, —t, =0, since the novas are simultaneous in system S
(Earth). Therefore, in S’ (the aircraft)

’ ! ! V ! !
At =t) -t/ = _c_Z(X2 -X)

10°m/h
- _W(—Z.leos ~25x10°)(c)(3.15x107s)

=1.46x10°s = 40.5h

(b) Since At'is positive, t, >t/ ; therefore, the nova in Lyra is detected on the aircraft
before the nova in Orion.

(@ L=L,/y (Equation 1-28)

> > 2 ) 1/2
=L,y1-v?/c? =1.0m|1-(0.6c)’ /c* |~ =0.80m
(b) t=L/v=0.80m/0.6c=4.4x10"°s

(c) / The projection OAon
ct’ the x axis is L. The

ct J/ length OB on the ct axis
/ yields t.

back of meterstick

passes X = 0 S
’
\ p x

meterstick ’
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1-24. (a) At = yAt' = __Aat (Equation 1-26)
V1-v?/c?
-8 -8
3 2.6x10°s _26x10"s _5.06x10°s

. [1-(0.9¢) /cﬂl/2 - Voae

(b) s=vAt=(0.9)(3.0x10°m/s)(6.0x10"s)=16.1m
(€) s=vAt=(0.9)(3.0x10°m/s)(2.6x10°s)=7.0m

((:At)2 —(Ax)2 (Equation 1-31)

@ (asy
[c(6.0x10°)] ~(16.1m)" =324-259=65 — As=7.8m

From Equation 1-28, L=L,/y =L v1-v*/c* whereL=85m and L,=100m

1-25.
J1-v2/c? = L/L, =85/100
Squaring 1-v?/c® = (85/100)2
V" =[1-(85/200)° |¢* = 0.2775¢ and v = 0.527c =1.58x10°m/s
1-26. (a) In the spaceship the length L = the proper length L,; therefore, t, = %+% = %

(b) In the laboratory frame the length is contracted to L =L/ and the round trip time is

o L.Lt
LT eV c+v c(l—vzlcz)

2L ly 2LV L,
c(1-v?/c?) C(m)2 cVL1-V2/c?

(c) Yes. The time t; measured in the spaceship is the proper time interval t. From time

dilation (Equation 1-26) the time interval in the laboratory t, = y7 ; therefore,

1 2L, . .
L= which agrees with (b).
J1-v?/c? ¢

t

10
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1-27. Using Equation 1-28, with LAp and LBp equal to the proper lengths of A and B and La =
length of A measured by B and Lg = length of B measured by A.

La=L, /¥ ~100m1-(0.92c)’ =39.2m

Lo, = 7Ly =36/1-(0.92¢)*/c? = 91.9m

1-28. |ns’: Ax' =1.0mcos30° = 0.866m
Ay' =1.0msin30° =0.500m where 8’ =30°

INS: Ax=AX\f1- 5% =0866m\/1-(0.8)° =0.520m

Ay = Ay' =0.500m
10500

o

where @ = tan

L= (&%) +(Ay)’ =/(0.520m)’ +(0.500)° =0.721m

1-29 @ nsvi=a'xbixc =(2m)(2m)(4m) =16m°
In S: Both @’ and ¢’ have components in the x’ direction.
a, =a’'sin25 =(2m)sin 25° = 0.84m and c; = ¢'cos25° = (4m)cos 25° = 3.63m

a, =a/\[1- 5% =0.84, /1—(0.65) =0.64m
=c1-p° = 3.634,/1—(0.65)2 =2.76m

a =a’c0s25°=2c0s25°=1.81m andc —c =¢'sin25° =4sin 25°=1.69m

/ 2 = \J(0.64)" +(1.81)° =1.92m
c—,/c +¢% =/(2.76)° +(1.69)° =3.24m

b" (in z direction) is unchanged, so b=b'=
6 (between c and xy-plane) = tan™ (1.69/2.76) =31.5°
¢ (between a and yz-plane) = tan™ (0.64/1.81) =19.5°
V = (area of ay face) « b (see part[b])
V =(cxasin78°)xb =(3.24m)(1.92m sin78°)(2m)=12.2m°

11
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(Problem 1-29 continued)

(b)
y
a
b
X
z
1-30. 1':1,: ¢ =,/1_V/C/10 (Equation 1-36)
f ¢ [L+8 1+v/c
0] 1—ﬂ
A 1-v/ Y
212220 2 @vie)=1-vic
Ao 1+v/c Ao
2 2 2
’ ' 1-(A'14,
Solving for v/c, v [ij +1 :1—(i] ,~_X:(—°)2
c|\ 4 2 C 1+(A'14,)
1—(590nm/650nm)’
4, =650nm. For yellow A" =590nm. Yo ( )2 =0.097
¢ 1+(590nm/650nm)

Similarly, for green ' =525nm — V. 0.210
C

and for blue A’ =460nm — %: 0.333

12
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1-31. ﬂ
A :i, = ¢ = 1+V/C/10 (Equation 1-37)
f 1- 8 ¢ 1-v/c

1+8 °
1/2
pdy 2 [Evie 1+(1.85x10"m/s)/(3.00x10°m/s) 0064
A A Vl—v/c 1-(1.85x10 m/s)(3.00x10°m/s)

1-32. Because the shift is a blue shift, the star is moving toward Earth.
f= FP5 wheref —1.021,
1-p
1.02)° -1
L2y =12 . 4 % =0.0198
1-p (1.02)" +1
v=0.0198¢c =5.94x10°m/s

1-33. f - %fe S A= %%:\/ﬁ(%aam)

-3
For f=10"°: 1 =(656.3nm), /% =657.0nm
1-10
2
For f=10"%: 1 =(656.3nm), ’% =662.9nm
1-10
-1
B=10": A=(656.3nm), ’% =725.6nm

1-34. Let S be the rest frame of Earth, S’ be Heidi’s rest frame, and S” be Hans’ rest frame.

Vo = ! =1.1198
2
1-(0.45c/c)

Voo = ! ~3.206

1-(0.95¢c/c)’

When they meet, each will have traveled a distance d from Earth.
Heidi: d =0.45ct,, .,
Hans: d =0.95ct,,,
and t, . =t . —1inyears.

Therefore, (0.95¢ —0.45¢)t,,; = 0.95c and t,;; =1.90y; t,,,,c =0.90y
(@) In her reference frame S’, Heidi has aged At" when she and Hans meet.

13
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(Problem1-34 continued)

1-35.

1-36.

A =, (At —%ij - 1.1198[1.90— 0'325‘: (0.45cx1.90)}

~1198(L.90y)|1-(0.45)" | 1697y

In his reference frame S”, Hans has aged At” when he and Heidi meet.

AU =y, (At —lexj ~3.3026(L.90y)| 1-(095)" | =0.290y
c
The difference in their ages will be 1.697—-0.290=1.407y ~1.4y

(b) Heidi will be the older.

Distance to moon = 3.85x10®°m =R

Angular velocity o needed for v = c:
®=v/R=C/R=(3.00x10°m/s)/(3.85x10°m)=0.78rad /s
Information could only be transmitted by modulating the beam’s frequency or intensity,

but the modulation could move along the beam only at speed c, thus arriving at the moon

only at that rate.

(a) Using Equation 1-28 and Problem 1-20(b).
AU = At/y = At(1-V*/2¢% ) = At— Atv* / 2c°
where At =3.15x10"s/y
v=27R. /T =(27)(6.37x10°m)/(108min)(60s/min)
v=6.177x10°m/s=2.06x10"¢c
Time lost by satellite clock = Atv® /c* =(3.15x10s)(2.06x10°° )2 /2 =0.00668s = 6.68ms

®) 15— At (v2 /2c2)
At=2/(v?/c?)=2/(2.06x10") =4.71x10°s =150y

14
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1-37. '
Ccos @ = M
1+ pcosé’
where ' = half-angle of the beam in S" = 30°
cos30°+0.65

For #=0.65, cosé = =097 o0r 6=14.1°
1+(0.65)cos30°

(Equation 1-41)

A
A 4

A

1.5m

beam

- . ) 0.75m
The train is A from you when the headlight disappears, where A= 1AL 3.0m

1-38. (a) At =jAt, For the time difference to be 1s, At—At, =1s

At—Atly=1 —> At(l—i}l

4
o1 1V

Substituting — zl—EC—Z (From Problem 1-20)

v

2

2 3.0x10°

At(l—l+£v—2jzl — At=2c*/v*=2 ( ) >
2¢ (15x10°/3.6x10°)

~1.04x10%s ~ 32,000y

(b) . - :
At — At, = 273x107"s. Using the same substitution as in (a).

At(1-1/2)=273x10"° and the circumference of Earth C = 40,000km, so

4.0x10'm—VAt or At=4.0x10"/v, and

2¢*(273x10°)
4.0x10’

4.0><107/V:(ZCZ/VZ)(273><10’9), orv = =1230m/s

Where v is the relative speed of the planes flying opposite directions. The speed of

each plane was (1230m/s)/2=615m/s=2210km/h =1380mph.

15
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1-39.
y S (other) y' S' (Earth)
C Vv
X X'

(@ c,=ccosf+v
c, =csind

C, csin@ sin@
tangd' =L = =
C, Cccos@+v cos@+vic

X

vic
590" > 6" > 45°
e.g., ifv=0.5¢c, 8'=63°

(b) If 6=90', tan@’:i:%ﬂ

1-40. (a) Time t for information to reach front of rod is given by:

L L
ct=—+vt = t= P
/4 y(c-v)

Distance information travels in time t:

cl,  cyl-Vv?/c? L _c\/’(c—v)(c+v)/c2 L C+V

ct= = L

R Je—vwy " Ne-v®

Since a/(c+v)/(c—v) >1 for v > 1, the distance the information must travel to reach

the front of the rod is > L ; therefore, the rod has extended beyond its proper length.

1+v/c_
1-v/c

(b) A:Li(ct—Lp) -

p

1

16
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2.00 2.50 3.36 5.25 8.95

0.11 029 | 057 | 0.73 1.17

0.85 0.90 0.95 0.98

vic 0 0.10 0.25 | 040 | 0.50 0.65 0.80

Coefficient of extension vs. v/c

Delta

(c) As v—c,A— oo, the maximum length of the rod — o also.

1-41. (a) Alpha Centauri is 4 ¢-y away, so the traveler went L = \/1— 5 (8c- y) in6y, or

8c-yN1-v?/c? =v(By)
N1-v?/c? =v(6/8c)=(3/4)(v/c)

=1- % =(314) p*

(3/4) g2+ p* =1
f? =1/(1+0.5625)

v=0.8c

At=yAt, =y (6Y) and y =1/\1- & =1.667
At=1.667(6y) =10y or 4y older than the other traveler.

17



Chapter 1 — Relativity |

(Problem 1-41 continued)

(c) t 10 = ct’
C \

cy) 4 [—

E Alpha Centauri
| u/| | |
4 6

8 10

0
Earth /0

1-42. Orbit circumference =4.0x10"m.
Satellite speed v =4.0x10"m/(90min x60s/min) =7.41x10°m/s

At—At, =t
At—Atly =ty = At(1-1/y)=At (%pﬂ) (Problem 1-20)

ty = (3.16%1075)(1/2)(7.41x10°/3.0x10°)
=0.0096s =9.6ms

1-43. (a) At'=At —Z—!Ax (Equation 1-20)

For events to be simultaneous in S/, At'=0.

=L Ax - 2x10°s = (L5x10°m)
c c

v=(2x10‘6s)(3x108m/s)s/l.5><103m
=1.2x10*m/s=0.4c

(b) Yes.

18
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(Problem 1-43 continued)

ct ct’

(©)

500 1000 1500 X

(d) (As)’ =(Ax)" —(cAt)®  (Equation 1-33)
= (L5x10°)’ —[(3x108m/s)(2><10*ﬁs)]2

=2.25%x10° —3.6x10° =1.89x10°m?
AS =1370m
L =As=1370m

1-44, (3) y=1/\1-f =1/,\1-(0.92) =2.55

(b) 7=2.6x10"s At(lab) = yr = 2.55(2.6x10*s) = 6.63x10°s

(©) N(t)=Nge" (Equation1-29) L =\1-4°L, = 1—(0.92)2 (50m) =19.6m
Where L is the distance in the pion system. At 0.92c, the time to cover 19.6m is:

t=19.6m/0.92c =7.0x10°%s. So, for Ny = 50,000 pions initially, at the end of 50m
in the lab, N =(5.0x10*)e*'** =3,390

(d) 47

19



Chapter 1 — Relativity |

2

lv
145. AL=L,-L=L,-L,(1/y)=L,(1-1/y)=L, (Ec_zj (See Problem 1-20)
For L, =11m and v=3x10’m/s AL =11(0.5)(10°)=55x10"m
-8
"Shrinkage" = 5.5x10 'm =550 atomic diameter

107°m/ atomic diameter

1-46. (a)
ct
1500

1000

500

0 500 1000 1500 2000

(b) Slope of ct’ axis =2.08=1//, so f=0.48 and v=1.44x10°m/s
p B, sop

(€ ct'=yct and y=1/\1- % so ct'\1- g% =ct

For ct’=1000m and 3 =0.48 ct=877m t'=1.5(877)/c=4.39us
(d) At=7At' =1.14At' —> At =5us/1.14=4.39us

1-47. (@) L=L,/y=L1-u?/c :100m1/1—(0.85)2 =52.7m

_u+u  0.85c+0.85c 1.70c
1+uu/c? 1+(0.85)2 1.72

(b) U’ =0.987c

© L'=L,/7 =L,J1-u?/c =100m[1-(1.70/1.72)} =16.1m

(d) As viewed from Earth, the ships pass in the time required for one ship to move its

own contracted length. At = L 52.7m =2.1x107"s

U 0.85x3.00x10°m/s

20
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(Problem 1-47 continued)

(e) 0.987c

e

100 m 16 m

A
A 4

1-48. In Doppler radar, the frequency received at the (approaching) aircraft is shifted by
approximately Af / f, =v/c. Another frequency shift in the same direction occurs at the

receiver, so the total shift Af / f, ~2v/c. v:(c/2)(8><10‘7):120m/s :

1-49.
s,
e
KT For star #1:
v=32km/s=3.2x10"m/s
period =115d
L
c, =c+3.2x10*
Cs c c_=c-3.2x10"
Simultaneous images of star#1l in opposition
will appear at Earth when L is at least as large
as:
| ® Earth

21
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(Problem 1-49 continued)

L L

ot 574d + —————
c-3.2x10 c+3.2x10

c+3.2x10* L
c+3.2x10% ¢ —-3.2x10*

L c—3.2x10*
c+3.2x10* ¢—3.2x10*

=(75.5d x24h/d x3600s/h)

(c+3.2><104)L

4
7= (57.5d ><24><3600) (C_3.2><10 )L
¢’ -(3.2x10*)

¢*—(3.2x10)

[(c+32x10")~(c-3.2x10°) |L | ¢* ~(3:2x10")" |(57.5x 24 3600)

[cz ~(3.2x10* )2:|(57.5>< 24x3600)

L= 7
6.4x10

L =6.99x10"m = 739¢c.y

1-50. t, -t/ =y(t, —H)—Z—Z(Xb —X,) (Equation 1-20)
(@ t,-tt=0 — (tz—tl):(v/cz)(xb—xa) - (O.5—1.0)y=(v/c2)(2.0—1.0)c-y
Thus, -0.5=(v/c) — v=0.5c inthe —x direction.
(b) t'=y(t-vx/c?)

Using the first event to calculate t’ (because t’ is the same for both events),

t':(1/,/1-(0.5)2j[1y-(-o.sc)(lc.y)/&] ~1.155(L5) =17y

(c) (As)2 :(Ax)2 —(cAt)2 :(1c-y)2 —(0.5c-y)2 = 0.75(c-y)2 — As =0.866c-y
(d) The interval is spacelike.
(e) L =As=0.866c-y

22



Chapter 1 — Relativity |

1-51. (a)

-
-

-
-
-

ct(cy)

- -
-
-
-
-

x (cvy) -2.0 -1.0

Because events are simultaneous in S’, line between 1 and 2 is parallel to x’ axis.

Its slope is —0.5=—2.

(b) From diagram t'=1.7y.

1-52. X‘n’)_xlt :7[(Xb_xr)_v(tb _tr)]

t -t =y (t,—t,)-v(x —x)/c’ ]

Where x, —X, =2400m t, —t =5us X, —X =2400m t; —t =-5us

Dividing (1) by (2) and inserting the values,

400 2400-v(5x10°)
~5x10°  5x10°—v(2400)/c?

\{ (2400)°

5x10°°c?

1-53. u, =0.85ccos50°

B=072 — y1/J1-p° =1.441

u, = 0.85csin50°

v=0.72c

— —2400+v(2400)° /5x107°¢? = 2400~5x10"°y

+5><106}_4800 — v=2.69x10®m/s in +x direction.
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(Problem 1-53 continued)

L e A
* 1-vu,/c? "or(t-w, )
U = 0.85ccos50°—-0.72¢ —0.1736¢ — _0.286¢

“~1-(0.72c)(0.85cc0s50°/¢?)  1-0.3934

U = 0.85csin50°
" 14411-(0.72c)(0.85cc0s50°/¢°) |

u'= Juts ui?=0.798c

tan @' =u; /u}, =0.745/(—0.286) &' =111° with respect to the + X’ axis.

=0.745c

1-54. This is easier to do in the xy and X'y’ planes. Let the center of the meterstick, which is
parallel to the x-axis and moves upward with speed v, in S, at
x=y=x'=y'=0att=t'=0. The right hand end of the stick, e.g., will not be at
t'=0in S’ because the clocks in S"are not synchronized with those in S. In S'the

components of the sticks velocity are:

v
l=——2 =Y becauseu, =v, andu, =0
Coy(-w ety S

u, —V
u, = —>*—— =~V because u, =0
1-vu,/c

When the center of the stick is located as noted above, the right end in S" will be at:
X' =y(x—vt)=0.5y because t =0. The S’ clock there will read: t' = y(t —vx/cz) =-0.5pv/c?

Because t = 0. Therefore, when t'=0at the center, the right end is at x'y’ given by:

v
x"=0.5y y':u’yt’:—y(O'SZVj
y\ ¢

‘ v
and ' =tan* ¥ = tan‘l—y(o'sg/vjlo.Sy =tan*(v,v/c?)|1-§°
X 7\ ¢

For =065  6'=(0.494v,/c)
24
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155 0=x*+y*+7° —(ct)2

- [;/(x’+vt’)]2 +y?+z”? —[c;/(t'+vx')/c2]2
=x" (7/2 A /c4)+ Y27+t (;/sz —c2y2)+ x’t'(2y2v—2vc2y2 /cz)

=x?+y?+2% —(ct)’

1-56. The solution to this problem is essentially the same as Problem 1-53, with the manhole
taking the place of the meterstick and with the addition of the meterstick moving to the
right along the x-axis. Following from Problem 1-53, the manhole is titled up on the right
and so the meterstick passes through it; there is no collision.

y
o\

<4— manhole
> \
T X

meterstick

1-57. @ =y (t,—vx,/c?) and tj =y (t, —vx, / c?)
-t =y[t,—t,—v(x,—x)/¢’ |=y[T-vD/c*]
(b) For simultaneity in S’, t, =t/,or T—vD/c* — v/c=cT/D.
Becausev/c<1, cT/Disalso<lorD >cT.
(c) IfD<cT, then (T —vD/c*)>(T —vcT /¢*)=T (1-v/c). For T >0 this is always

positive because v/c < 1. Thus, t,—t; = y(T —vD/c?) is always positive.
(d) Assume T =D/c"withc'>c. Then

T-vD/c? =(D/c')—(vD/cz)=(D/C)(§_9

This changes sign at v/c=c/c’ which is still smaller than 1. For any larger v

still smaller than ¢)  t; —t; = (T —vD/c*)<0ort; >t;
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1-58. v=0.6c 7=;2=1.25
1-(0.6)
(@) The clock in S reads yx60min =75minwhen the S’ clock reads 60 min and the first
signal from S'is sent. At that time, the S'observer is at
vx75min =0.6cx 75min =45cemin. The signal travels for 45 min to reach the S

observer and arrives at 75 min + 45 min = 120 min on the S clock.

(b) The observer in S sends his first signal at 60 min and its subsequent wavefront is
found at x=c(t—60min). The S'observer is at x=vt=0.6ctand receives the
wavefront when these x positions coincide, i.e., when
c(t—60min)=0.6ct

0.4ct = 60cemin
t =(60cemin)/0.4c =150 min
x = 0.6c(0min)=90cemin
The confirmation signal sent by the S'observer is sent at that time and place, taking

90 min to reach the observer in S. It arrives at 150 min + 90 min = 240 min.

(c) ObserverinS:

Sends first signal 60 min
Receives first signal 120 min
Receives confirmation 240 min

The S’ observer makes identical observations.

1-59. Clock at r moves with speed u =rw, so time dilation at that clock’s location is:

Aty=yAt — At = At V1-u®/c? = AtV1-r’w’/c?

Or, for ro < ¢, At = At, (1—% r’o’ /czj

At, 1-Lr2a ¢ - At, s
At —At, 2 ro

And, R
At, At, 2C

26
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1-60. Ve
L . u,
~ 1-uyv/c? " y(l-uyie?)
g X
- Va
Space station
-V
(@ Forv,,: v=v,, v, =0, v, =-v,. So,V, =—=X -
BA B Ax Ay A Ax 1_VAXV/CZ B
v 1
Viy = =2 where y, =
Ve (1_VAXV/C ) Ve 1-vi/c?

y:_VA/7B __Va

tan &y, =—
Viax —Vg VsVe
() For v, : V=v,, V. =V, V, =0.So,v, =&Y ___
AB * - YA By — 'B? Bx — MY v VBx T 2 A
1-vgvl/c
v v 1
Vp, = By =8 where y, =

J1-V2/c?

a(l-VeV/C®) 74

Vag = \i(_VA)2 +(VB /7/A)2
Vg

V
tan@,, = 8 —_
AB 7a (_VA) VaVa

(c) The situations are not symmetric. B viewed from A moves in the +y direction, and A
viewed from B moves in the -y direction, so tang, =—tang, =45° only if v, =v,

and y, =y, =1, which requires v, =v, =0.
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1-61.

1-62. (a) Apparenttime A—B=T/2-t, +t; and apparent time B —> A=T /2+t, —t; where

ta = light travel time from point A to Earth and tg = light travel time from point B to
Earth.

A->B=—- + =—+

T L L T 2vL

(b) Star will appear at A and B simultaneously when t; =T /2+t, or when the period is:

c?—v?

L L 4vL
T=2[t, ~t,]=2| — —
[t -] [c—v c+v}

1-63. The angle of u’ with the x"axis is:

u ( vuXJ u,—v
7/1_ 2
c
ang = _ using sin@

7(u,—v) y(ucosd-v) y(cos@-v/u)

28
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1-64, i
/
/e d =vAtcoséd
d <
I AXgay = VALSING

N

AxEarth
Ly L

to Earth

(a) From position #2 light reaches Earth at time t, = L/c. From position #1 light reaches

Earth attime t, = L+9—At.

c C
L L d
At =1, —1, = E_{E"'E_At}
—VA
AtEarth = M +At

Aty = At(1- S cos0)

b) B Vap  MXepqn . VAtSING  Bsing

C  CAt.,, CAt(l-pcosd) 1-pcosé

() For p=0.75andv,, =c— B, =1, the resultin part (b) becomes

1:M—>sin @ +cosd=1/0.75
1-0.75cos @

Using the trigonometric identity
psin¢9+qc0349=rsin(<9+A) wherer:,\/p2+q2 sinA=p/r cosA=qlr

sin@+cosd = ﬁsin(0+45) =1/0.75

sin(0+45)=1/0.75V2
6 +45=70.6
0 = 25.6°

29
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2-2.

2-3.

Chapter 2 — Relativity 11

2 2 2 2 2 2
Ufp =uZ(1-v2/c®)  uh=v

\/1—(ufB +u3)/c? = \fl—vz Iet=(u2/c”)(1-v*/c?)
:\/(1—v2/c2)(1—u§/c2)

= (1—v2/c2)1/2 (1—u§/c2)1/2

mu g —mu, 1-v?/c?

\/1 (uf +uly)/c? \/1 V2 /c?\1-uZ/c?

:—muo/«fl—uO /¢ =—p,,

d (ymu)=m(udy + ydu)
m[ﬁ(—ﬂ(‘iﬂ@-i—z}3/2{1‘5—4m}"“
gt g4

(@ y= P

\/1 u?/c? \jl 0.6c)/c> 08

(b) p=ymu= ;/(mc)2 (u/c)/c=1.25(0.511 MeV )(0.6)/c =0.383 MeV /c
(c) E=ymc?®=1.25(0.511MeV )=0.639 MeV

(d) E,=(y-1)mc?=0.25(0.511 MeV )=0.128 MeV
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2-4.  The quantity required is the kinetic energy. E, =(y—-1)mc® = [(l—u2 /cz)_l/2 —1} mc?

2-5.

2-6.

2 -1/2 2 9
@) E, = (1—(0.5) ) ~1|mc? = 0.155mc

(b) E, = (1—(0.9)2)1/2 —1} mc? =1.29mc?

2 -1/2 ) )
©) E, = (1—(0.99) ) ~1|mc? = 6.09mc

10J
(3.08><108m/s)

AE =Amc? .. Am=AE/c’= > =1.1x10""kg

Because work is done on the system, the mass increases by this amount.

m(u) =m/+y1-u?/c? (Equation 2-5)
@) m(u)—m_010 N m/y1-u?/c? —m

=0.10

m m
1 1010 » —1 110 & 1-ut/eP=1/(L10)
J1-u?/c? J1-u?/c?
Thus, u?/c? =1—1/(1.10)2 =0.1736 — u/c=0.416

(b) m(u)=5m

m 2.2
——=5m — 1-u“/c°=1/25
J1-u?/c?

Thus, u?/c*=1-1/25=0.960 — u/c=0.980

(¢) m(u)=20m
m

J1-u?/c?

Thus, u?/c®> =1-1/400=0.9975 — u/c=0.99870

=20m — 1-u®/c?*=1/400
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2-8.

(a) v=(Earth— moon distance)/time =3.8x10°m/1.5s = 0.84c

(b) E, =ymc*—mc® =mc®(y—1)  (Equation 2-9)

mc?(proton) = 938.3MeV y=1/,1-(0.84)° =1.84
E, =938.3MeV (1.87—1) =813MeV

m  938.3MeV/c?

© m(u)lel—uzlc2 ) 1-(0.84)’

=1.730x10°MeV /c* =1.730GeV /c?

(d) Classically, E, :%mv2 :%(938.3Mev /02)(0.840)2 =331MeV

% error — S-oMev—33IMeV 15 _ 904

813MeV

E,=mc*(y-1) (Equation 2-9)
E, (U,)—E, (u,) =Wy, =mc? (y(u,)—-1)—mc?(y(u,)-1)
Oor, W,, =mc? [ »(u,) -y (u,) ]

(@) W,, =938.3MeV (1—0.162)_1/2—(1—0.152)_1/1=1.51MeV

(b) W,, =938.3MeV (1—0.862)_1/2—(1—0.852)_1/1=57.6MeV

(c) W, =938.3MeV | (1-096%) ** —(1—0.952)‘”1 = 3.35x10°MeV = 3.35GeV

E=ymc*> (Equation 2-10)
(a) 200GeV = y(0.938GeV ) where mc?* (proton ) = 0.938GeV

1 200GeV
P lovi/c: 0.938GevV
le—iz (Equation 2-40)
c 2y
Vo1 1 1 000001102 Thus, v=0.99998898c
¢~ 2(213)
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(Problem 2-9 continued)
(b) E = pc for E > mc® where E =200GeV x197 =3.94x10*GeV  (Equation 2-36)
p=E/c=3.94x10"GeV /c

(c) Assuming one Au nucleus (system S’) to be moving in the +x direction of the lab
(system S), then u for the second Au nucleus is in the —x direction. The second Au’s

energy measured in the S’ system is:
E'=y(E+vp,)=(213)(3.94x10"GeV +v3.94x10'GeV /c)
=(213)(3.94x10°GeV )(1+v/c)
= (213)(3.94x10"GeV )(2)
=1.68x10"GeV

p, =r(p, —VE/c®)=(213)(-3.94x10"GeV —v3.94x10'GeV / ¢’)
=—(213)(3.94x10"GeV )(2)
=-1.68x10"GeV /¢

2-10. (a) E=mc’=(10"kg)c* =9.0x10"J

(b) 1kWh=1x10°J-h/s(3600s/h)=3.6x10°J

S0, 9.0x10%J/3.6x10°J /kWh = 2.5x10"kWh
@9$0.10/ kWh would sell for $2.5x10° or $2.5 million.

(c) 100W =100J /s, so 1g of dirt will light the bulb for:

9.0x10"J _9.0x10%s — 9.0x10"s

="~ ~ =282x10*
100J /s 3.16x10's/y Y

2-11. E=ymc® (Equation 2-10)

where y =1/\1-u7/c? =1/ J1-(0.2)" =1.0206
E =(1.0206)(0.511MeV ) = 0.5215 MeV

E, =ymc? —mc* =mc*(y—1) (Equation 2-9)
=(0.511MeV)(1.0206 —1) = 0.01054MeV
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(Problem 2-11 continued)
E?=( pC)2 Jr(mcz)2 (Equation 2-32)
p’ = i(EZ ~(me? )2) = i[(0.5215|\/|ev )" - (0.511MeV )2}
c? c?

=0.01087MeV?*/c® — p=0.104MeV /c

2-12. E=ymc®* (Equation 2-10)
y = E/mc® =1400MeV /938MeV =1.4925

@  y=1/\1-u?/c? =1.4925 — 1-u?/c?=1/(1.4925)’
u?/c? =1-1/(1.4925)° =0.551 — u=0.74c
(b) E*=( pc)2 +(mc2)2 (Equation 2-32)

p==| E*~(me?)" | [ (1400Mev ) - (s38MeV ) | ~1040MeV /c

2-13. (8) p,=ymyv Py =MV
y =UNIVTE7 =1/ 1 (25x10°13.0x10°)
» =1.00000035
De— Py YMs(25x10°)—mg(25x10°) ;-1 35x107

=3.5x107

P ymg (2.5x10°) y 100000035

(b) Eg =ymsc? —mc? =(y —1)myc?

1
EN :EmSV2
E.—-E, (r-1)c*-05v*
= (7/—1)C2
 3.5x107¢? - 0.5v°
3.5x107¢?
0.5(2.5><1o5)2
=1-————/=0.0079
3.5x10'¢c
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2-14. u=22x10°m/s and y =1//1-u?/c?
(a)
E, =0511MeV (y~1) = 0.511MeV (1/v1-u?/c? ~1) = 05110(2.689x10°)

=1.3741x10°MeV
: 1 o 1 502, 0 67 .2)?
E, (classical) =~ mu” =~ mc (u*/¢?)=(0.5110MeV /2)(2.2x10°/c?)
=1.374x10°MeV
1x10°°

% difference = ——————-x100=0.0073%
1.3741x10

(b)

p:%\/EZ ~(me?) Z%\/(ymcz)z—(mcz)z
B L ﬂl/\/l—(Z.leOG /3.0x10°) )2 _1}

1/2

c

—0.5110MeV /c(7.33><10*3) —3.74745x10°MeV /¢

2
p(classical) = mu = %(Ej - (0.5110MeV /c)(2.2x10°/3.0x10%)
c c

=3.74733x10°MeV /¢

7
% difference = — 219100 = 0.0030%

2.74745%x107

2-15. (a)
60W =60J /5(3.16x10"s/y) =1.896x10°J

m=E/c?=1.896x10°J /(3.O><108m/s)2 =2.1x10%kg = 2.1x10°g = 21ug

(b) It would make no difference if the inner surface were a perfect reflector. The light
energy would remain in the enclosure, but light has no rest mass, so the balance
reading would still go down by 21 ug.

2-16. ‘He—>°H+p+e
Q =[m(3H )+m, +m, —m(“He)}c2
=2809.450MeV +938.280MeV +0.511MeV —3728.424MeV =19.827MeV
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2-17. °*H > *H+n
Energy to remove the n = 22.014102u( *H ) +1.008665u (n)—3.016049u ( °H )
=0.006718u x 931.5MeV /u =6.26MeV

AE  AEu  4.2eV

— =—F% = —u=45x10"u
c uc® 931.5x10°eV

2-18. (@) Am=

Am _ 45x107°u

= =7.7x10" =7.7x10"° %
m(Na)+m(Cl) 23u+35.5u

(b) error =

m(“He)cz—Zm(zH)c2

2

2-19.

(@) Am=m(*He)-2m(*H)= u

uc
= [3727.409MeV —2x1875.628MeV ] u/931.5MeV

=—0.0256u
(b) AE =|Am|c? =(0.0256uc’ )(931.5MeV /uc’® ) = 23.8MeV

dNn P w leV
© ===

= X
dt AE 23.847MeV 1.602x107°J

=2.62x10"/s

2-20. - ‘ — ‘ v

M 1.01M
(a) before photon absorbed: after photon absorbed:
E =hf + Mc® E, = E . +1.0IMc?

— kinetic

Conservation of energy requires: hf + Mc® =E, .. +1.01Mc?

kinetic

Rearranging, the photon energy is:  hf =1.01Mc2 — Mc2 + =
hf =0.01Mc? + E,,. > 0.0IMc?

kinetic
(b) The photon’s energy is hf >0.01Mc? because the particle recoils from the absorption

of the photon due to conservation of momentum. The recoil kinetic energy (which is
greater than 0) must be supplied by the photon.
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2-21. Conservation of energy requires that E> = E?, or

( pic)2 +(2mpc2 )2 = ( pfc)2 + (2mpc2 + m,zcz)2 and conservation of momentum requires that

P; = Ps, SO

4(mpc2)2 = 4(mpcz)2 +2m_c? x2m ¢ +(mﬂ,C2)2

0=2m,c”*x2m,c* +(m, ¢’ )2

2
0=m_*| 2+ mﬂcz =mc’ 2+ s
2m.c 2m,

p

Thus, mﬁcz(2+m”/2mp) is the minimum or threshold energy E; that a beam proton

must have to produce a 7i°.

2
E =m.c?| 2+ ™ |—135Mev| 24+ | 280Mev
2m ¢ 2(938)
6
2-22. AE=Amc® .. Am=AE/c’= ZOOXMZ) & _357x107%g
(5.61x10%eV / g)

2-23. (@ g :ng per atom

3 3
E= E(1.38x10 2] /K)(1.50><107 K)

E =3.105x107"°J /atom
H atoms/kg =1kg /1.67 x10"* kg / atom = 6.0 x10** atoms
Thermal energy/kg = (3.1x10°J / atom)(6.0x10* atoms ) =1.86x 10**J

b)) E=mc? = m=E/c?
m=1.86x10"J /¢ = 2.07x10 °kg
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2-24.

2-25.

2-26.

2-217.

1.0W =1.0J/s — p=E/c=(10J/s)/c

(@) On being absorbed by your hand the momentum change is Ap:(l.OJ/s)/c and,
from the impulse-momentum theorem,
FAt=Ap where At=1s — F=(1.0J/s)/cAt=(1.0/c)N =3.3x10°N
This magnitude force would be exerted by gravity on mass m given by:
m=F/g=33x10°N/(9.8m/s’)=3.4x10 kg =0.34ug

(b) On being reflected from your hand the momentum change is twice the amount in part
(a) by conservation of momentum. Therefore, F =6.6x10"° and m =0.68.g.

Positronium at rest: (2mc2)2 =E?+(pc)
Because p, =0, E; =2mc*=2(0.511MeV )=1.022MeV
After photon creation; (2mc2)2 =E; +( pfc)2

Because p, =0 and energy is conserved, (2mc2 )2 =E{ =(1.022MeV )2 or
2mc? =1.022MeV for the photons.
E?= ( pc? )2 +<mC2)2 (Equation 2-31)
) )12 1/2 , pc 2
E:[c+mc } =mc’|1+| —
(pe+(me’) (2]

2
=mc? [1+( p®/ mzcz)]ﬂ2 ~ mc? {1+%( p/mc)2 +} =mc’ {1+ p_}

1/2

2m?c?

=mc® + p®/2m

E?= ( pc? )2 +(mcz)2 (Equation 2-31)
(8 (pc)’ =E2 —(mc?)’ =(5MeV )’ —(0.511MeV ) = 24.74 MeV
or, p=+24.74MeV /c=4.97MeV /¢

(b) E=ymc? — y=E/mc?=1/J1-u?/c> — 1—u2/02:(m02/E)2

ufe=[1-(me*/ E)ZT/Z =[1-(0511/50)° | " =0.995

39



Chapter 2 — Relativity 11

2-28.

E/m¢® 2 —+—

p/mc

2-29. E’= ( pc? )2 +<mC2)2 (Equation 2-31)
(1746MeV )° = (500MeV )* +(mc?)’
mc® = (1746MeV )’ ~(500MeV )ZTIZ ~1673MeV — m=1673MeV /¢’
E=ymc2 — y=1/\J1-u?/c? =E/mc?

) 2 M2 ,U/2
u/c:[l—(mc /E) } =[1-(1673Mev /1746Mev ' | =0.286 — u=0.286c

2-30. (a) BgR=mypu=p (Equation 2-37)

myu
gR

B= and E =ymc® which we have written as (see Problem 2-29)

) 22 /2
u/c=[1—(mc /E)} ~|1-(0511MeV /4.0MeV )’ |~ =0992

And y =1/\1I-07 /& =1/,[1-(0.992)° =7.83

(9.11x10"*"kg ) (7.83)(0.992c)

Then, B= (160x10°C)(4.2x107m)

=0.316T

(b) ym exceeds m by a factor of y = 7.83.
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8
2-31. (@) p=gBR= e(0.5T)(2.0)><3'0%0m/S =300MeV /c

1/2

(b) Ek:E—mczz[(pc)2+(mcz)2} —mc?

~| (300MeV )" +(938.28MeV )’ le —938.28MeV
= 46.8MeV

2-32. The axis of the spinning disk, system S’ is the z-axis in cylindrical coordinates.

rr=r, 2/=2, ¢=p-wt = dr'=dr, dzZ’=dz, d¢'=dp—wdt
Therefore, dp=d¢’ + wdt and de” =de’* +2wd¢’ dt + »” dt*. Substituting for

de® in Equation 2-43 yields
ds* =c®dt” —| dr® +r*(de” + 2wdg' dt + o dt*) +dz” |
Simplifying, we obtain

ds® = (c* —r’w?) dt> — (dr? + r’d¢” + 2r’wd¢’ dt + dz*) which is Equation 2-44.

2-33. a=4GM/c*R (Equation 2-44)
Earth radius R =6.37x10°m and mass M =5.98x10*kg

4(6.67x10"* N+m” /kg* )(5.98x10*kg ) .
a= > =2.78x10" radians
(3.00x10°m/s)"(6.37x10°m)

a =2.87x10™* arc seconds

2-34. Because the clock furthest from Earth (where Earth’s gravity is less) runs the faster,
answer (c) is correct.

41



Chapter 2 — Relativity 11

67GM  67(6.67x10 N -m’/kg®)(1.99x10%kg)

2-35. Ag=— = 5 (Equation 2-51)
¢*(1-¢%)R  (3.00x10°m/s)’ (1-0.048% )(7.80x10"m)
=3.64x10 ®radians/century = 7.55x10°° arc seconds/century
rPodg 2i0dp'dt [ rode )
2-36. From Equation 2-45, dt=dt'+———2_ anddt® =dt? + 22— +[ > 2(02)
¢t —r’w ¢’ —r’w ¢’ —r’w

Substituting dtand dt into Equation 2-44 yields

2ri’odedt’ +{ r‘ode’ I]

ds® = (c® —r’e?)| dt”” +
2 _ 202 2 _ 202

2 ’
{drz+r2d¢)’2+2r2a)dgp'[dt’+—r2 mi¢2j+dzz}

C'—r‘m
2
rode’
05 = (@ —r0?)dt? s 2r°wdgrat+ L 207) : f”)z
C'—r‘mw
2
2(r’wde’
~| dr* +r’de"” +2rza)dgo’dt'+%+dz2
C°—rw
2 ’ 2
H 2 (v z(r a)dgo) i
Cancelling the 2r°wd¢'dt’ terms, one of the ——-————terms, and noting that
c'—r'm

2
2
(r a)dgo’) _cride”?
c’—r’e® & -r’e’

rzd(p’2 +

we have that

2,2 12
ds® = (c* —r’w?®)dt” — (dr? +%+dzz) which is Equation 2-46.
[

2-37. The transmission is redshifted on leaving Earth to frequency f , where f,—f = f gh/c’.

Synchronous satellite orbits are at 6.623Rg where

GM.  99m/s’

- ~=0.223m/s’
(6.623R.)° (6.623)
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(Problem 2-37 continued)
h=6.623R, =6.623(6.37x10°m)=4.22x10"m

f,— f =(9.375x10°Hz)(0.223m/s)(4.22x10" )/(3.00x 10° )2 —0.980Hz

f = f, —0.980Hz = 9.374999999 x10° Hz

2-38.
Earth white dwarf distant star

¢ . ® . °

On passing “below” the white dwarf, light from the distant start is deflected through an

angle:
4(6.67x10"*N-m? /kg*)(3)(1.99x10*kg)

a=4GM /c?R = -
(3.00x108m/s) (107m)

(Equation 2-44)

=1.77x107* radians = 0.051° or the angle between the arcs is 2« = 0.102°

2-39. The speed v of the satellite is:
v=27R/T =27(6.37x10°m)/(90minx60s/ min) = 7.42x10°m/s
Special relativistic effect:

After one year the clock in orbit has recorded time At = At/ y, and the clocks differ by:

At—Al' = At—At/y = At(1-1/y) ~ At(v*/2c*), because v < c. Thus,

At—At' = (3.16x107s)(7.412x10° ) /(2)(3.00x10°m)’ =0.00965s = 9.65ms

Due to special relativity time dilation the orbiting clock is behind the Earth clock by
9.65ms.
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(Problem 2-39 continued)

2-40.

2-41.

General relativistic effect:
Af gh (9.8m/s?)(3.0x10°m)

5 —+=3.27x10"s/s
(3.0x10°m/s)

f, ¢

In one year the orbiting clock gains (3.27 ><10’”s/s)(3.16><107s/ y) =1.03ms .

The net difference due to both effects is a slowing of the orbiting clock by 9.65-1.03 =
8.62 ms.

The rest energy of the mass m is invariant, so observers in S"will also measure m =
4.6kg, as in Example 2-9. The total energy E'is then given by:

(me?)’ =(E')* ~(p'c

Because, p'=0, E =mc? =4.6kg x(3.0><108m/s)2 = 4.14x10" )

@ E—yme? —y=E/mc?=50x10 MeV /0.511MeV =9.78x10*
L=L,/y=102m
L, =9.78x10" (10‘2m) =978m (length of one bundle)

The width of one bundle is the same as in the lab.

(b) An observer on the bundle “sees” the accelerator shortened to 978m from its proper

length L, so L, =y(978)=978x10%(978)=9.57x10"m. (Note that this is about

2.5 times Earth’s 40,000km circumference at the equator.)

(c) The e* bundle is 102 m long in the lab frame, so in the e frame its length would be

measured to be: L=(10"m)/y =10°m/9.78x10" =1.02x10"m.
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2-42. E =ymc’-mc’=mc’(y-1) IfE, =mc®=938MeV, then y =2.

@) (mcz)2 =E*—( pc)2 (Equation 2-32) Where E = ymc? =2(938MeV )

(pc)’ =E2—(mc?)’ =(2x938)" —(938)° = 2.46x10°
p=(2.64x10°)"" /¢ =1.62x10°MeV /¢

(b) p=ymu — u=p/ym=(162x10°MeV /c)/(2)(938MeV /c’)=0.866¢

2-43. (@) The momentum of the ejected fuel is:

p=ymu=mu/\I-u? /¢ =10°%kg (c/2)/\[1-(0.5)° =1.73x10"kg -m/s

Conservation of momentum requires that this also be the momentum ps of the
spaceship: p, =myu, /[1-u?/c* =1.73x10"kg-m/s

or, mu, /m:(ljsxloﬂkg -m/s)2

2=(1-uZ/c?)(L73x10%kg -m/s) =(1.73x10g-m/s?)—(3.33x10°%g? )u?
(106kg) +(3.33x10°kg? )u? = (1.73x10%kg -m/s)’
Or, u,=(1.73x10"kg-m/s)/10°%kg =1.73x10°m/s =5.77x10""c

(b) In classical mechanics, the momentum of the ejected fuel is: mu=mc/2=10%c/2,
which must equal the magnitude of the spaceship’s momentum msUs, SO
10°kg (3.0x10°m/s)

=5.0x10"c=1.5%x10°m/s
2(10°kg)

u, =10°(c/2)/m, =

(c) The initial energy E; before the fuel was ejected is E, =m.® in the ship’s rest
system. Following fuel ejection, the final energy Es is:

E, = energy of fuel + energy of ship =mc?/~+1-u?/c? +(m, —m)c?/ J1-u?/c?
Where u=0.5¢ and u, <c, so E; =1.155mc* +(m, —m)c® = (1.155—-1)mc* + m,c’
The change in energy AE is:

AE=E, —E = [(0.155)(103kg)c2 +(106kg)c2]—[(106kg)c2]
AE = (155kg)c2 or 155 kg = AE /¢? of mass has been converted to energy.
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2-44. The observer at the pole clock sees the light emission of the equatorial clock as transverse

2-45.

2-46.

Doppler effect, measuring frequency f, where

fo/ f =y(1—Bcosd)  (Equation 1-35a)

2
0 =12 for the equatorial clock, so f / f, =V1-v?/c? zl—%v—z
c

f/f,=1-1.193x10" (red shift)

The observer at the equatorial clock sees a gravitational blue shift for the pole clock and
observes

f/f,=1-gh/c® (Equation 2-45)

f/f,=1-2.897x10" (blue shift)

(8 p=300BR(q/e) (Equation 2-38)
p=300(1.5T )(6.37x10° (1) = 2.87x10° MeV
ForE>mc?>, E=E, andE = pc (Equation2-32) .. E, = pc=_2.87x10°MeV

(b)  ForE=pc, u=cand
T =27R/c=27(6.37x10°m)/c =0.133s

fi =1-GM/c’R  (Equation 2-47)

0

The fractional shift is:

fo—f :1—fi=G|v| /c’R=7x10""

0 0
The dwarf’s radius is:
6.67x10""N -m” /kg® (2x10*kg)

: - - =2.12x10°m
(3.00><10 m/s) (7><10 )

R=GM /c2(7x10-4)=

Assuming the dwarf to be spherical, the density is:

p—M— 2x10%kg
Vv 47[(2.12><106m)3/3

=5.0x10"kg /m®
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2-47. The minimum energy photon needed to create an e — e* pair is E, = 1.022 MeV (see
Example 2-13). At minimum energy, the pair is created at rest, i.e., with no momentum.
However, the photon’s momentum must be p=E/c=1.022MeV /c at minimum. Thus,

momentum conservation is violated unless there is an additional mass “nearby” to absorb

recoil momentum.

213 , , 7(1—vuX/c2) u,
-48. py_ymuy_ —ﬁ_uz/cz Xmx —y(l—vuxlcz)

. 9 ) , muy
Canceling y and (1—VuX /c ), gives: p, =

—r =7
i—u?/et

In an exactly equivalent way, p, =p,.

2-49. (a) u’=(u—v)/(1—uv/c2) where v =—u, so u’:2u/(l+u2/c2). Thus,

the speed of the particle that is moving in S' is: u'= 2u/(1+ u’ /cz) from which we

see that:
u'\ 4u? 2
1-| = | =1-—-/(1+u?/c?
(Y] -2 e

(1+2u2/cz+u4/c4—4u2/c2)/(1+u2/02)

(1—u2/c2)2/(1+u2/cz)2
N2 1/2 1 2/ 2
And thus, 1—(“—} el WA
C 1+u°/c
(b) The initial momentum p, in S"is due to the moving particle,

p, = mu'/afl—(u'/c)2 where u and Jl—(u'/c)zwere given in (a).
2u (1+u2/c2)
(1+u?/c?)(1-u/c?)

P =m =2mu/(1-u’/c?)

(c) After the collision, conservation of momentum requires that:
p, = Mu/(l—uzlcz)ﬂ2 =p =2mu/(1-u’/c®) or M =2m/(1-u’/c?)

1/2
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(Problem 2-49 continued)

(d) InS: E, =2mc?/1-u?/c? and E, = Mc? (M is at rest.) Because we saw in (c) that
M =2m/(1—u2/cz)l/2 ,thenE, =E, inS.
In S" E, =mc*+mc?/ Qfl—(u’/ c)2 and substituting for the square root from (a),

E = 2mc2/(1—u2 /cz) and E, = Mc?/+/1—u?/c?. Again substituting for
M from (c), we have: E, = E;.

2-50. (a) Each proton has E, = mpc2 (7—1), and because we want E, = mpcz, then y =2 and
u=0.866¢. (See Problem 2-40.)
L, u,—v :
(b) In the lab frame S': u;, = —*—— where u=vand ux =—u Yields:
1-uyv/c
, —2u —2(0.866¢)

u = = =-0.990c
* 1+u’/c®  1+(0.866c)

(c) For u =-0.990c, 7/:1/1fl—(0.99)2 =7.0 and the necessary kinetic energy in the
lab frame S is: E, =m ¢*(y —1)=m c*(7-1)=6mc’

2-51. (@ p,=0=E/c-Mvorv=E/Mc
(b) The box moves a distance Ax = VAt, where At =L/c,
s0 Ax=(E/Mc)(L/c)=EL/Mc?
(c) Let the center of the box be at x = 0. Radiation of mass m is emitted from the left
end of the box (e.g.) and the center of mass is at:
~ M(0)+m(L/2) mL

M +m 2(M+m)

XCM
When the radiation is absorbed at the other end the center of mass is at:

M (EL/Mc2)+m(L/2—EL/Mc2)
M +m

Xem =
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(Problem 2-51 continued)

2-52.

2-53.

(@)

(b)

Equating the two values of X, (if CM is not to move) yields:
m =(E/c2)/(1— E/ Mcz)
Because E <« Mc?, then m~ E/c? and the radiation has this mass.

If v mass is O:
EZ=( pﬂc)2 +(myc)2 and E? =(p,c) +0
E,, + E, =139.56755MeV —105.65839MeV
m,c*(y—1)+E, =33.90916MeV
E, = pe=(E~(m,c*)’ )1/2 ~33.90916-m,¢* (y 1)
Squaring, we have
(m,e?) (»—1)° =(33.90916)" - 2(33.90916)(m,c?)(y ~1)+(m,c?) (7 ~1)°
Collecting terms, then solving for (y —1),
(33.90916)°
2(m,c?)’ +2(33.90916) m,c?
y-1=0.0390 — 7 =1.0390 so,

y—1= Substituting m ¢* =105.65839MeV

E

ku

1 2 2 1/2

~4.12MeV and p, = (109.78)" - (105.66)" | =29.8MeV /c
C

E, =29.8MeV and p, =29.8MeV /c

If v, mass = 190 keV/, then E? = (p,c)’ +(mvc:2)2 and
E.+E.= (139.56755M6V —105.65839MGV)— 0.190MeV = 33.71916MeV

Solving as in (a) yields
E,=109.78MeV, p,=29.8MeV/c, E,6 =29.8MeV, andp, =29.8MeV /c

fi:l—Gm/czR (Equation 2-47)

0

Sincec=fAandc= f,4,,
6.67x10N -m?/kg? (1.99x10%k
Cyh_t 1 GMIcR=1- Zg ( 9)
A ¢ 4 (3.00x10°m/s)" (6.96x10°m)
=1-0.000212 = 0.999788
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(Problem 2-53 continued)

A =1,10.999788 = 720.00nm/0.999788 = 720.15nm
AA=A-4,=0.15nm

2-54. u, =(u, /7)(1-vu, /02)71

duy(l—vuX /cz)fl Jruy(\/dzx)(l—vuX /cz)f2

a = du, __r y\¢C

Yt y(dt—vdx/c?)

C 1| (duy/dt)(L-vu, /c?) " +(uv/c?)(du, /dt)(1-wu, /c?)
VT (1-v(dx/dt)/c?)

a - a, . au,v/c?

7/2(1—vuxlcz)2 7/2(1—vuxlcz)3

2-55. (a) p _dp, _d(ymv)
oodt dt
FX:ym(dv/dt)+mvd[(l—v2/cz)Uz}ldt

F,=ma, becauseu, =0

e ma, m(v?/c?)a,
' (1-v?1¢? )1/2 (1-v? /c2)3/2
ma, (1-v*/¢*)+m(v?/c*)a,
’ (1-v? /cz)?’/2
F =7°ma,

Because u, =0, note from Equation 2-1 (inverse form) thata, =a, / y°.

Therefore, F, =y’ma, /y*=ma, =F,

d d(ymv
(b) F = Py _ (7/ y) F, =ma, becauseu, =u, =0

Yoodt dt
F, = yma, because S" moves in +x direction and the instantaneous transverse

impluse (small) changes only the direction of v. From the result of Problem 2-52
(inverse form) withu, =u, =0, a, =a, [ y?

2
Therefore, F, =yma, =yma /y"=ma, /ly=F /y
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2-56. (a) Energy and momentum are conserved.
Initial system: E=Mc?, p=0
Invariant mass: (Mcz)2 =E*—(pc)’ =(mc? )2 +0
Final system:
(chz)2 :(Mcz)2 +0
For 1 particle (from symmetry)
(mcz)2 =(Mc? /2)2 - p°c’ =(Mc? /2)2 —(ymuc)’

2

2 2 2
Rearranging, 1=[ Mczj —(yu/c)2 — 7 :[ Me J L
2mc

2me? ) 1-u?/c?
om ) \2 12
Solving for u, u :[1£ MC2 ) ] c
C

(b) Energy and momentum are conserverd.

Initial system: E =4mc?
Invariant mass: (Mc2 )2 - (4mc2 )2 —( pc)2
Final system:

Invariant mass: (2mec? )2 :(4mc2)2 ~(pc)’ where (pc)’ =(4mc? )2 —(Mc? )2

pe (ame?)’ ~ (e’ |

1/2

u

c E 4amc?

[u 2 _(4mcz)2—(Mcz)2 i [ Mc? T
c (4mc2)2 4mc’

r M ) 2 1/2
u= 1—[ CJ] o
4mc
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Chapter 3 — Quantization of Charge, Light, and Energy

3-1.  The radius of curvature is given by Equation 3-2.

mu { 2.5x10°m/s
R= =m

s = 2 . .

Substituting particle masses from Appendices A and D:

R (protron) = (1.67x10*"kg )(3.91x10”m/s-C-T) =6.5x10°m
R (electron) = (9.11x10*'kg )(3.91x10*m/s-C - T) =3.6x10°m
R (deuteron) =(3.34x107kg)(3.91x10*m/s-C-T ) =0.13m
R(H,)=(3.35x10""kg)(3.91x10”m/s-C-T)=0.13m

R (helium) =(6.64x10*'kg )(3.91x10*m/s-C-T ) =0.26m

For small values of 4, s~ /(; therefore, 9 = S~ £
rr
2 [/
Recalling that euB = m oM 9= { _eBt
eB mu/eB mu
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u_ pc 2 2)\2
B=—, —=—,andpc=,E“—(mc
u c E P ( )

pc = /(0.561MeV )’ ~(0.511MeV )’ = 0.2315MeV
0.2315Mev _ .

0.561MeV
8- 2.0x10°V /m

0.41c

u_
c

=1.63x107°T =16.3G

3-4.  AF=quBandF,=m.g

F, que (L6x107°C)(3.0x10°m/s)((35x10°T))

s _ - =1.03x10°
F, myg (1.67x10"kg )(9.80m/s”) *
mu [(2E./e)(e/m)]"
35. (@ R=—-=
0B (e/m)(B)
L BET 1 [(2)(a5x10evre)]”
=_/ € _ { i ] =2.2x10°m=2.2mm
B\ e/m 0325T| 1.76x10%kg
(b) u «(2E /e)(e/m)

frequenc f = =
q y 27R 27R

[(2)(a5x10%ev re)(L76x10"C 1kg) | |
i 27[(2.2x10’3m) =9.1x10°Hz

period T =1/f =1.1x10"s

3-6. (a) 1/2mu’=E, sou :\/(2Ek le)(e/m)

u=[(2)(2000ev /e)(1.76x10"C /kg) | = 2.65x10'm/s

(b) X 0.05m

At ="t=——""—=189x10"s=1.89ns
u 2.65x10'm/s
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(Problem 3-6 continued)

(c) mu, =FAt =eéAt,

3-7.

3-8.

3-9.

3-10.

u, =(e/m)&at, =(1.76x10"C/kg)(3.33x10°V / m)(1.89x10 °s) =1.11x10°m/s

NE, =AW =C, AT

5x107°cal /°C}(2°C
N = C, AT _ ( X ca )( )
E, 2000eV

(4.186J /cal)
(1.60><10*19J /ev)

=1.31x10"

=(25.41-20.64)x10"°C =4.47x10"°C

(n,
(

20.64-17.47)x10°C =3.17x10°C =(n, —n,

C =6.36x10C

(n,—ny)
(n,—ng)e

Q-Q=(

Q,-Q,=(

Q, —Q; =(19.06-17.47)x10"°C =1.59x10C =(n, —n,
Q, —Q; =(19.06-12.70)x10

Q, —Q, =(14.29-12.70)x10°C =1.59x10 C = (n, —n; )e

where the nj are integers. Assuming the smallest An = 1, then Anj, = 3.0, Anyz = 2.0,
Angz = 1.0, Angs = 4.0, and Angs = 1.0. The assumption is valid and the fundamental

charge implied is 1.59x107°C.

For the rise time to equal the field-free fall time, the net upward force must equal the

weight. g€—-mg =mg E=2mg/q.

(See Millikan’s Oil Drop Experiment on the home page at

www.whfreeman.com/tiplermodernphysics6e.) The net force in the y-direction is

mg —bv, =ma, . The net force in the x-direction is g€ —bv, =ma,. At terminal speed

a =a,

=0andv, /v, =sind.
Elb
sin¢9:V—X,=—(q )=£

! !
v, A bv,
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3-11. (See Millikan’s Oil Drop Experiment on the home page at

www.whfreeman.com/tiplermodernphysics6e.)

() At terminal speed mg =bv, where m=4/3za’p,, and b=6zna. Substituting gives

1/2

4\ pg9 (4)(0.75)(1000kg / m*)(9.8m/s*)
=1.66x10°m=1.66x10"°mm
m=47(1.66x10°m)’(750kg /m*)/3=1.44x10 kg

azzg("_"tj {(18)(1.80x105N-s/m2)(5.ox103m/205)

(b) e e adr —m . e (D(LE0x107°C)(25x10V /m)
¢ =qfand F; =mg F, (144x107kg)(9.8m/s?)

3-12. AT =2898x10°m-K

2.898x107°m-K
3K

@@ 4, = =9.66x10"*m =0.966mm

2.898x10°%m-K

=9.66x10°m=9.66m
300K

(b) 4, =

2.898x10°m-K
3000K

=9.66x10""m =966nm

© A,

3-13. Equation 3-4: R=0cT*. Equation 3-6: R =%CU.

From Example 3-4: U =(87r5k4T“)/(15h3c2)

G:%:%:%c(sﬂSk“T‘*)/(mh%zT“)

27°(1.38x102J /K)’ N
- - =5.67x10°W /m’K

15(6.63x10*J -s)(3.00x10°m/s)
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3 8rhca™

— hc/AkT
eC/i _1

3-14. Equation 3-18: u(4)

u(f)df =u(a)da .. u(f)=u(f)(z|j—]:1 Becausec = f 4, ‘Z—?=c/f2

_87rhc(f/C)5( c j_87rf2 hf
2] ¢

u(f)= -
( ) e /AT _q 3 eMK _q

3-15.

-3
(@ 4, T =2.898x10"°m-K .. A _ 2:898x10 "m-K =1.07x10°m =1.07mm

" 2.7K

() c=fi - f_i_3.00x108m/s
h A 1.07x10°m

m

=2.80x10" Hz

(c) Equation 3-6:

R=1cU-= £(8ﬂ5k4T4 /15h°c’
4 4

_(300x10°m/s)(87°)(L.38x10 %3 /K )" (27)' 20105 W

(4)(15)(6.63x10*3 5)’ (3.00x10°m/s )

Area of Earth: A=4zr? =47 (6.38x10° m)2
Total power = RA=(3.01x10°°W /m?)(47)(6.38x10°m)” =154x10°W

3-16. A T =2.898x10°m-K

_ 2.898x10°m-K
700x10°m

(@ T = 4140K

2.898x10°m-K
3x107%m

(b) T= =9.66x107%K

-3
© T= 2'898X310 M-K _966x10K
m
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3-17.

3-18.

3-19.

3-20.

Equation 3-4: R, =oT,* R, =0T, =o(2T,)" =166T,* =16R,

hc/A  hc/(10hc/KT)  0.1kT

ehc/AkT _ 1 - e(hc/kT)/(thc/kT) 1 - e%l _1

=0.951kT

(a) Equation 3-17: E =

hc/A  hc/(0.1hc/KT)  10kT

ehc/ AT _q - e(hc/kT)/(O.lhc/kT) 1 - e _1

(b) E= — 459x107*KT

Equipartition theorem predicts E =kT . The long wavelength value is very close to

KT, but the short wavelength value is much smaller than the classical prediction.

-3
(8) AT=2898x10"m.K . T, =208x10 Bl K _107k
27.0x10°m

R =0oT' and R,=0T, =2R =20T/

T, =21 or T, = 2/*T, =(2"*) (107K ) = 128K

-3
©) 4 = 2.808x10°m-K _ o oo
128K

(@) AT =2898x10°m-K (Equation 3-5)

2.898x10°m-K

- 7 =1.45x10""m =145nm
2x10"K

(b) A, isin the ultraviolet region of the electromagnetic spectrum.
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3-21. Equation 3-4: R=0T*
Py =(1.36x10°W /m* )(zRZm?) where R. = radius of Earth

(RW /m?)(47R?) =(1.36x10°W /m* )( zRZm’)

I:Tsmit =

R J_1.36><103ﬂ20__|_4
4 m

R =(1.36 x10°W / m? =
pasacwme) 7 z

3 2
__ 136x10°W/m .. T=2783K=53C
4(5.67x10°W /m?-K*)

4

-3
(@) AT =2898x10°m-K . A = 2'892;(1)8Km K _878x107m=878nm

3-22.

8
f =cis, = 200A0MIS 545104 He
8.78x10'm

(b) Each photon has average energy E =hf and NE =40J /s.

_40d/s _ 40J /s —1.77x10? photons/ s

N hf,  (6.63x10°*J-s)(3.42x10" Hz)

(c) At 5m from the lamp N photons are distributed uniformly over an area
A=47r? =1007m*. The density of photons on that sphere is (N /A)/s-m?.

The area of the pupil of the eye is 7z(2.5><10‘3m)2 , S0 the number of photons

entering the eye per second is:

1.77x10% /s)(7)(2.5x10°m)’
(N/A)(x)(25x10°m) = ( 1(2(()7zr)n(2 )

n
= (L.77x10 /5)()(2.5x10°m)" =1.10x10" photons/s
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5
_ 8zhcA Letung A= 7z'hC, B= hc/kT,and U (ﬂ) =

e/ KT _q eB/2 _1

3-23. Equation 3-18: u(4)

-5 /1—5 _1 eB//l _B/1—2 6
du_d{M}A (-1)e™*(-B27) 52

ﬁ_ﬁ eB//l -1 (63/1_1)2 eBM 1
AL B A1-%5* [B
= m[zesm _5(eBu _1)} - (ew—e_l)z[i_s(l_ew )} _0

The maximum corresponds to the vanishing of the quantity in brackets. Thus,

5&(1—e‘8”"): B. This equation is most efficiently solved by iteration; i.e., guess at a

value for B/A in the expression 5/1(1—9‘BM ) solve for a better value of B/A; substitute the

new value to get an even better value, and so on. Repeat the process until the calculated

value no longer changes. One succession of values is: 5, 4.966310, 4.965156, 4.965116,

4.965114, 4.965114. Further iterations repeat the same value (to seven digits), so we

have:

E =4,965114 :i o T= hc _ (6.63)(10’343 '5)(3-00X108m/3)

Jon AoKT " (4965114)k  (4.965114)(1.38x107°J/K)
A, T =2.898x10°m-K (Equation 3-5)

3-24. Photon energy E=hf =hc/A
(a) For L =380nm: E =(1240eV -nm)/380nm = 3.26eV

For A =750nm: E = (1240eV -nm)/750nm =1.65eV

(b) E=hf=(4.14x10"eV -5)(100x10°s ") =4.14x10"eV

3-25. (@) hf =hc/A1=0.47eV.

he  (414x10™eV -5)(3.00x10°m/s)
Ao = = =2.55x107" m = 255nm
4.87eV 4.87eV
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(Problem 3-25 continued)

(b) Itis the fraction of the total solar power with wavelengths less than 255nm, i.e., the

area under the Planck curve (Figure 3-6) up to 255nm divided by the total area. The
latter is: R=oT* =(5.67x10°W /m’ - K*)(5800K )* =6.42x10"W /m”.

Approximating the former with u(4)A4 with 2 =127nm and A4 = 255nm:

87rhc(127 x107°m

-5
) (255><10‘9m):1.23><10‘4J/m3

I:u (127nm)](255nm) - he/kT (127x10°°)
e -1
R(0—-255nm
R(0-255nm) =3(1.23x10-4J /m®) R(0-256nm)
4 R
(3.00x10°m/5)(1.23x10J /m°) _ \
= - . fraction =1.4x10
(4)(6.42x10'W /m?)
326 (a) 4, =10 120V M _gonm, £ =fo IOV 4 59.10tH:
7/ 1.9ev h 4.136x10"eV -s
(b) V, zl(m_(ﬁj:l(w_l,gevj:z,zg\/
el 4 e 300nm
(© V, =3[ MC_ 4| L( 12408V oMy ooy ) 1.20v
el 4 e 400nm
.. . dn dE
3-27. (a) Choose A =550nm for visible light. nhf =E — Ehf:E:P
0.05x100W )(550x10~°m
dn_P _Pi_ I ) ~1.38x10° /s

dt hf hc (6.63x10*J -5)(3.00x10°m /5)

number radiated / unit time  1.38x10" /s

—=2.75%x10"/m*-s
area of the sphere 47 (2m)

(b) flux=
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3-28.

3-29.

3-30.

6 422V "
) hf = -7 ~1.02x10°Hz
@M =g = =y a0 ey s 02
8
(b) f=cia=30020MS_gop 10z No.
56010 °m

Available energy/photon hf =(4.14x107eV -5 )(5.36x10" Hz ) = 2.22eV..

This is less than ¢.

(@ E=hf =hc/A = A=

For E=4.26eV : A=(1240eV -nm)/(4.26eV )=291nm
andsincef =c/A, f =(3.00><108m/s)/(291nm)=1.03><10155‘1

(b) This photon is in the ultraviolet region of the electromagnetic spectrum.

(a) First, add a row f x10™ Hz to the table in the problem, then plot a graph

E

k,max

work function. The graph below is a least squares fit to the data.

hc/E

versus f . The slope of the graph is h/e; the intercept on the —E

A nm 544 594 |604 |612 |633
E,. €V |0.360 |0.199 | 0.156 | 0.117 | 0.062
fx10“Hz | 551 | 505 |4.97 |4.90 |4.74
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(Problem 3-30 continued)

Photoelectric Effect

0.39

—— y=-1.783+0.3896x
0.36
0.33
0.3
3
E 0.27
£
% 024
E
? 0.21
% 0.18
<
0.15
0.12
0.09
0.06
47 475 48 485 49 495 5 5.05 51 5.15 52 5.25 53 535 54 545 55 5:55
frequency  Hz (10 exp 14)
Slope=h/e=3.90x10"¢eV s
-15 -15 .
) (3.90%x10 4.}f:x10 JeV's o ercent
4.14x107eV-s
(c) The work function is the magnitude of the intercept on the E, ., axis, 1.78 eV.
(d) cesium
60)(6.63x107>* J«s)(3.00x10°m/s
331 g_phe_( ) )g ):2.17><10*”J
A 550x10~°m
3-32. (a) g 12408VeNM 550
A 653nm
(b) E, =NC_ 512408V ) g0y — 2 230y
A 300nm
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3-33. Equation 3-25: 4, -4 =Ad= mlc(l—cos 0)

(6.63x10* J+s)(1-c0s135°)
AA= =4.14x10""m=4.14x10"nm
(9.11x10**kg )(3.00x10°m/s)

-3
MxlOO _ 4,14x10°nm
A 0.0711nm

x100=5.8%

124x10°  1.24x10°

3-34. Equation 3-24: A = nm = > =0.016nm
\% 80x10°V
3-35. p= h_he
A AC
-34
(@ p= 12406V _ 3 10ev /¢ = w =1.66x10"*"kgem/s
c(400nm) 400x10°m
34
(b) =w:1.24X1048V/C=M0_9JS=6.63><10‘24kg-m/s
¢(0.1nm) 0.1x10°m
34
(c) p= 1240eVenm _ 14, 10%ev /e w =2.21x10"%kgem/s
¢(3x107nm) 3x10m
—34
(d p= 1240evenm _ 620eV /c = w =3.32x10%kgem/s
c(2nm) 2x107°m

=3.26x10"m

h (6.63x10* J+s)(1-c0s110°)
3-36. A,—4 =—(1-cosf)=
mc (9.11x10*'kg )(3.00x10°m/ s

he  (6.63x10°*Jes)(3x10°m/s)

A=—=

= 12
E, (0.511x106ev)(1.6())(10719\] /eV) =2.43x10"“m

A, =24 +3.26x10"?m=(2.43+3.26)x10*m=5.69x10*m
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(Problem 3-36 continued)

(=he_ 1240eVenm _, 1g,10%V = 0.218MeV
A, 5.69x10~°nm

Electron recoil energy E, =E, —E, (Conservation of energy)

E, =0.511MeV —0.218MeV =0.293MeV . The recoil electron momentum makes an

angle 6 with the direction of the initial photon.

Pe

h/\

h/A,
20°

%cos 20°=p,sind = (1/ Ch f = —(mc2 )2 sind  (Conservation of momentum)

(3.00><108m/s)(6.63><10‘34J-s)cos 20°

sing = 2

(5:69x107m)| (0.804MeV )" - (0.511MeV )ZT (1.60x10™3 /MeV )

=0.330 or #=19.3°

3-37. (a) First, add a row (1—cos.4) to the table in the problem, then plot a graph of A4 versus

(1—cos$). The slope of the graph is the Compton wavelength of the electron.

AA pm 0.647 | 1.67 | 245 |3.98 |4.80
Fdegrees | 45 75 90 135 | 170
1-cos$ |0.293 |0.741 | 1.000 | 1.707 | 1.985

65



Chapter 3 — Quantization of Charge, Light, and Energy

Compton Effect

AA nm

1-cos9

(b) The graph above is a least squares fit to the data. The percent difference is

(2.43-2.426)nm 100 — 0.004nm

= x100 = 0.15percent
2.426 nm 2.426nm

3-38. Al=A4-A=Adl= mlc(l—cos 0)=0.014, Equation 3-25

A= (100)mlC (1-cos@) =(100)(0.00243nm)(1-cos90°) = 0.243nm

339, (2) E, =120V ) 207, 10y
4 0.0711nm
b) L,=4+ mlc(l_ cos@) =0.0711nm+(0.00243nm ) (1- cos180°) = 0.0760nm

_ hc _1240eV<nm

= =1.634x10"eV
A, 0.0760nm

© E

(d) E,=E,—E,=1.128x10%V
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3-40. (a) Al=(h/mc)(1-cosd)
From protons:

A% =[(6.63x10™ J+5)/(1.67x107"kg )(3.00x10°m/s) |(1-cos120°)

A1 =1.99x10""m=1.99x10"°nm

(b) Similarly, for electrons (m=9.11x10"kg)
AL =2.43x10""m=2.43x10"°nm

(c) Similarly, for N, molecules (m =4.68x10°kg )

AL=4.T72x10""m=4.72x10"°nm

3-41. AL =4 +mlc(1—cos 0)=0.0711+(0.00243nm)(1-cos9)

Ao
0.0750 ~|
0 (1-cos®) | 4,(nm)
0.0730 | 0° 0 0.0711
» 45° 0.293 0.0718
0.0710" | 90° 1 0.0735
T | | 135° 1.707 0.0752
! |
0 . (1-cos0) 2
(0.0745-0.0720)nm .
Slope = =2.381x10
(1.50-0.45)
LN (2.381x10°nm)(9.11x10*kg )(3.00x10°m/s) = 6.51x 10 * J o5
mc
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3-42. (a) Compton wavelength = mlc

34
electron: h = 6.63x10 7 J-s =2.43x10™"*m =0.00243nm
mc  (9.11x10*'kg)(3.00x10°m/s)

-34
proton: N 6.63x10 7 J-s =1.32x10"m=1.32fm
mc  (1.67x10*'kg)(3.00x10°m/s)
hc
b) E=-=
(b) P
(i) electron: E = 22308VNM _ o 1 10°eV = 0.510MeV
0.00243nm
(ii) proton: E = 2408V=NM__ g 39, 10°ev = 939MeV
1.32x10°nm

3-43. Photon energy E =hf =hc/ A allows us to rewrite Equation 3-25 as

E—Ezl(l—cosg)
mc

E2 E1
Rearranging the above,

he :L(l—cos,9)+m
E, mc E

Dividing both sides of the equation by hc yields

2 —
i:%(l—cos&)Jri:(El/mC )(@—cos9) +1
E, mc E E

Or
El

= = (E,/ mc®)(1-cos 9) +1

3-44. (a) eVy,=hf —gp=hc/A—-¢

e(0.52V ) =(hc/450nm)—¢ (i)
e(1.90V ) = (hc/300nm)—g¢ (i)
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(Problem 3-44 continued)

Multiplying (i) by 450nm/eand (ii) by 300nm/e, then subtracting (ii) from (i) and
rearranging gives:

¢ [ (300nm)(1.90V ) —(450nm)(0.52V ) |

=2.24eV
e 150nm
e(300x10°m)(4.14v
(b) 1 __190+224 - h-= (30010 "m}( ):6.63x10"°’4J-s
e(300nm) (3.00x10°m/s)

3-45. Including Earth’s magnetic field in computing Y5, first show that y, is given by

y, _ e[ Bxx, it B.X}
m & 2 &

. 1
where the second term in the brackets comes from F, =euB, =ma, andy = antz.

Thus, 1= E{ B, o1 BeX,

The first term inside the brackets is the reciprocal of
m &, 2¢&,

0.7x10"C, Thomson’s value for e/m. Using Thomson’s data (B = 5.5x107T ,
£=15x10*v/m, x =5cm, y,/x,=8/110)and the modern value for e/m =
1.76x10"C/kg and solving for B.

2
% BZBXZ =—-8.20x10"%. The minus sign means that B and Bg are in opposite directions,
Y,

which is why Thomson’s value underestimated the actual value.

-12 4 ?
(8.20x10 )(2)4(11.5><10 V_im)(8/110) _ _3.4x10°T = 31T
(5.5%107T )(8x10*m)

E
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mu?

3-46. (@) Q=Ne and cMAT =N

where N = number of electrons, ¢ = specific heat of

the cup, M = mass of the cup, and u = electron’s speed.

N = Q_ 2MAT e Qu?

e mu’® m 2cMAT
) 0Bl L B
mu mé

Substituting u into the results of (a),

e Q(eBﬁ/mé’)2

m 2CM AT
Solving for e/m,

e 2cMO°AT

m  QB%?

3-47. Calculate 1/A to be used in the graph.
/A (10%/m) 5.0 3.3 2.5 2.0 1.7
Vo (V) 4.20 2.06 1.05 0.41 0.03

Vo (V) 37

/A (10°/m)

(a) The intercept on the vertical axis is the work function ¢. ¢=2.08eV .
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(Problem 3-47 continued)

3-48.

3-49.

(b) The intercept on the horizontal axis corresponds to the threshold frequency.
L =1.65x10°/m

t

f, = =(3.00x10°m/s)(L.65x10° /m) = 4.95x10% Hz

t

(c) The slope of the graph is h/e. Using the vertical intercept and the largest experimental

point.

h_1 AV _ 4.20V —~(-2.08V) — 4.19x10%%eV / Hz
e cA(/2) (3.00x10°m/s)(5.0x10°/m-0)

In the center of momentum reference frame, the photon and the electron have equal and
opposite momenta. p, =E /c=—p,.

The total energy is: E, +E, =E, +( prc’ + mzc“)ﬂ2 =E, +(Ef + mzc“)ll2

By conservation of momentum, the final state is an electron at rest, p, =0. Conservation

of energy requires that the final state energy E'is

' ) 2 2.2 2\
E'=E +E, .. mc :E7+(pc +(mc ) )
2 1/2 2 1/2
ch—Eyz[p2c2+(mc2) } :[Ef+(mc2) }
Squaring yields, (mc? )2 —2mc’E, + E? = E7 +(mc? )2 - mc’E, =0. This can be true

only if E, vanishes identically, i.e., if there is no photon at all.

Bragg condition: mA=2dsind. A =(2)(0.28nm)(sin20°) =1.92x10°m = 0.192nm,

This is the minimum wavelength A that must be produced by the X ray tube.

3 3
1= 1.24x10 am or V = 1.24x10

. = =6.47x10°V = 6.47kV
\Y 0.192
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3-50.

3-51.

() E =(100W)(10"s)=(100J /5)(10*s) =10°

6
The momentum p absorbed is p = E_ 10°)

=3.33x103Jes/m
c (3.00><108m/s)

(®)  Ap=m(v, -v)=(2x10"kg)(v, —0)=3.3x10Js/m

, _3:33x10°J.s/m

= =1.67m/s
2x107kg

(2x10°kg)(1.67m/s)’
2

The difference in energy has been (i) used to increase the object’s temperature and (ii)

(c) E =1mv$ = =2.78x1073J
2

radiated into space by the blackbody.

Conservation of energy: E, +mc®> =E, +E, +mc®* .. E =E —E,=hf —hf,

From Compton’s equation, we have: 4, — 4, = L(l— coso),

mc
Thus,i—izlz(l—cose)
f, f, mc
2
.1 hz(l—cose) Lot =— fme
f, f mc mc? + hf, (1-cos o)

Substituting this expression for f, into the expression for E, (and dropping the subscript

on f):

E —hi_ hfmc? ~ hfmc® + (hf )2 (1-cos @) - hfmc? B hf
K mc’ +hf (1-cos@) mc? + hf (1-cos0) a mc

i [ hf (1-cos0) |

2

E, has its maximum value when the photon energy change is maximum, i.e., when 6 = =

so cosd=-1. Then E, = L

72



Chapter 3 — Quantization of Charge, Light, and Energy

_2.898x10°m.K

3-52. (a) AT =2898x10°mK .. T= T -3.50x10°K
82.8x10°m

70nm *5/ ehc/(70nm)kT 1
(b) Equation 3-18: u(?Onm) = ( )_5 ( )
U(82.8nm) (828nm) /(ehc/(82.8nm)kT _1)

) he  (6:63x10%J+s)(3.00x10°m/s) e 88 and
M Zonm)kT (70x10°m)(1.38x107J /K )(3.5x10°K) o

_he 47 u(ronm) _ (Tonm) /(e 1)
=4, = - =0.
(82.8nm)kT u(82.8nm) (82.8nm) /(e4.97 _1)

. u(100nm)  (100nm)°/(e*** -1
Similarly, = = =0.924
u(82.8nm)  (82.8nm) /(" -1)

3-53. Fraction of radiated solar energy in the visible region of the spectrum is the area under

the Planck curve (Figure 3-6) between 350nm and 700nm divided by the total area. The
latter is 6.42x10"W /m? (see solution to Problem 3-25). Evaluating u(4)A4 with

A =525nm (midpoint of visible) and A4 = 700nm —350nm = 350nm.

87(6.63x10* J+s)(3.00x10°m/s)(525nm) * (350nm)
(6.63x10°*J+5)(3.00x10°m/s)
Xp
(1.38x107%°3 /k )(5800K ) (525nm)

=0.389J /m°

u(4)Ad =

R =(350-700) = %u =(3.00x10°m/5)(0.389 /m*)/ 4 = 2.92x10'W /m?

Fraction in visible = R(350-700)/ R =(2.92x10'W /m*)/(6.42x10"W / m’ ) = 0.455

3-54. (a) Make atableof f =c/A4 vs. V,.

f (><1014 Hz) 11.83 9.6 8.22 7.41 6.91

Vo (V) 2.57 1.67 1.09 0.73 0.55
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(Problem 3-54 continued)

The work function for Li (intercept on the vertical axis) is ¢ = 2.40eV.

(b) The slope of the graph is h/e. Using the largest V, and the intercept on the vertical

2.57V —(-2.40V 4.97V )(1.60x10°C
E: (14 ) Or, h= ( )< 14 ) =6.89X10_34\]‘S
e 11.53x10%Hz-0 11.53x10%Hz

(c) The slope is the same for all metals. Draw a line parallel to the Li graph with the

axis,

work function (vertical intercept) of Pb, ¢ =4.14eV. Reading from the graph, the
threshold frequency for Pb is 9.8x10" Hz; therefore, no photon wavelengths larger
than 2 =c/f, = (3.00><108m/s)(9.8><1014 Hz) =306nm will cause emission of

photoelectrons from Pb.

-5
3-55. (a) Equation 3-18: u(4) = %fl Letting C = 8zhc and a = hc/kT
e —
. CA®
gives u (l) = ea”—_]_

(ea”“—i)z ea/ﬂ_l

6 6,al4
_ (e;#_l)z{%ea” ~5(e” —1)} - (:i—:){%—S(l—ea”)} -0

(b) du d cA® 28 (_1) gdl4 (—aﬂfz) 545
= ea/ﬂ -1 C

di di )
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(Problem 3-55 continued)

The maximum corresponds to the vanishing of the quantity in brackets.
Thus, 54(1-e*'*)=a
(c) This equation is most efficiently solved by trial and error; i.e., guess at a value for
a/ A in the expression 51(1—e™*'*)=a, solve for a better value of a/4 ; substitute
the new value to get an even better value, and so on. Repeat the process until the

calculated value no longer changes. One succession of values is 5, 4.966310,
4.965156, 4.965116, 4.965114, 4.965114. Further iterations repeat the same value (to

seven digits), so we have a_ 4.965114 = he
Ay A KT
he (6.63x10™* J+5)(3.00x10°m/s)

d) 4,T = =
@ A (4.965114)k  (4.965114)(1.38x10*J /K )

Therefore, 2 T =2.898x10°m-K Equation 3-5

3-56. (a) | =
@ 1.602x10™J /eV

_P w [ 1
47R* 4z (1m)

] =4.97x10"eV / m?es

(b) Let the atom occupy an area of (O.1nm)2.

‘L—Vtv = 1A =(4.97x107eV /m?+s)(0.1nm)’ (10°m/nm)” = 4.97x10°eV /s

@ 2eV

= = = =403s =6.71 min
dW/dt 4.97x107eV /s

() t

3-57. (&) The nonrelativistic expression for the kinetic energy pf the recoiling nucleus is
_p® (15Mev /Y’ 1u
““2m  2x12u | 931.5MeV /c?

j =1.10x10%eV

Internal energy U =15MeV —0.0101MeV =14.9899MeV
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(Problem 3-57 continued)

(b) The nucleus must recoil with momentum equal to that of the emitted photon, about
14.98 MeV/c.

e _ P (14.98MeV/c)2( 1u
K = =

~ |=1.00x10%eV
2m 2x12u | 93L.5MeV /c

E, =U - E, =14.9899MeV —0.0100MeV =14.9799MeV

3-58. Derived in Problem 3-47, the electron’s kinetic energy at the Compton edge is
e ht
1+ mc*/ 2hf

hf 2(hf)’
E =520keV = - 520keV = ——~—2
1+ (511keV )/ 2hf 2hf +511keV

Thus, (hf ) —520(hf )—(520)(511)/2 =0

2
520 £ (520) +(2)(520)(511
Solving with the quadratic formula: hf = [( ) +(2)(520)( )}

= 708keV
2
(only the + sign is physically meaningful). Energy of the incident gamma ray
hf =708keV.
6.63x107* J.s)(3.00x10°m /s
%:708kev = }L:( )( )

~1.76x10""m =176
(708keV ) (1601073 /keV ) M

3-59. (a) E, =50keV and A, = 4, +0.095nm

hc hc 1

4

he hc covigtey - 1,1 50x10%eV

Ao A % 2.+0.095 he
22,+0.095 5.0x10%V
A% +0.0954, hc

0.095nm ) hc
ﬂf+[o.095nm— 2he j ( ! )he
5x10%eV 5x10%eV

A2 +0.045411, —2.36x10° =0
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(Problem 3-59 continued)
Applying the quadratic formula,

~0.04541:+ (0.04541)" +4(2.36 xloS)T'z
2
A, =0.03092nm and A4, =0.1259nm

A =

hc 1240eVenm
(b) E="r=" o

= =40.1keV — E
A, 0.03092nm

= 9.90keV

electron

3-60. Let x=-2 = hf in Equation 3-15:
KT KT

ifn :Aie‘nX :A[eo+e‘x+(e‘x)2+(e‘x)3+--}=A(1+y+ yr+yS ) =1

n=0 n=0

Where y =e ™. This sum is the series expansion of

(1-y) ,ie, (1-y) =l+y+y*+y +--~Then > f =A(l-y) =1lgivesA=1-y.

Writing Equation 3-16 in terms of x and .

E= i E Ae ™' = Ai nhfe ™ /X" = Ahf ine‘nX
n=0 n=0 n=0
Note that > ne™ =—(d/dx)> e™. But > e™=(1-y) ", sowe have
Cx d Cx d = 2( dy -2
- ——t(1-y) =1y - | =y (1
Srem -t e -t 1y) =a-y) (-2 )=y )

dy _d(e”)
dx  dx

—-X

Since =—e " =-V.

Multiplying this sum by hf and by A=(1-y), the average energy is

E . 2 hfy  hfe™
E = hfA ™ = hf (1- 1-y) =2 =
2 ne " =hf(1-y)y(-y) =0 =17 =

Multiplying the numerator and the denominator by e *and substituting for x, we obtain
hf

e /T _q

E-= , Which is Equation 3-17.
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a1, Lo R[ 1 1 j where R =1.097x10'm™ (Equation 4-2)

‘M2 2
A m> n

The Lyman series ends on m =1, the Balmer series on m =2, and the Paschen series on

m =3. The series limits all have n =0, so E =0
n

1 R(izj =1.097x10'm™*
A 1
2, (limit) =1.097 x10'm™ =91.16 x10°m = 91.16nm
1 R(%) =1.097x10'm™ /4

A5 (limit) = 4/1.097x10"m™ = 3.646 x10™"m = 364.6nm

3

1_ R( 1J=1.097><1o7m1/9

2o (limit) =9/1.097 x10"m™ =8.204 x10™" m = 820.4nm

4-2. . R(iz - iz] where m = 2 for Balmer series (Equation 4-2)
m° n

1 _1.097><107m_1(i_i]
379.1nm  10°nm/m (2> n?

9
i1l Lm/m_____ g 5405
4 n 379.1nm(1.097x10 m )

=0.2500 —0.2405 = 0.0095

7=

3|H

nt =
0.0095

n=10—->n=2

— n=(1/0.0095)"*=103 — n=10
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4-3. 1 = (% - %j where m =1 for Lyman series (Equation 4-2)

1 _1097x10'm*(, 1
164.1nm 10°nm/m n®

9
14 10°nm/m —1-0.5555 = 0.4445

n " 164.1nm (1.097x10'm?)

1/2

n= (1/0.4445) =15

No, this is not a hydrogen Lyman series transition because n is not an integer.

4-4, 1 R[i —ij (Equation 4-2)

A m? n?
For the Brackett series m = 4 and the first four (i.e., longest wavelength lines have n = 5,
6, 7, and 8.

i:1.097 x10"'m™ iz—iz =2.468x10°m™
45 4 5

1
A = =
® 268x10°m™

1 1
®3.809x10°m™

=4.052x107°m = 4052nm. Similarly,
=2.625x10°m = 2625nm

1 1
Y 4.617x10°m™

4 1
® 5142x10°m™

These lines are all in the infrared.

=2.166x10°m = 2166nm

=1.945x10°m =1945nm

4-5.  None of these lines are in the Paschen series, whose limit is 820.4 nm (see Problem 4-1)

and whose first line is given byL f = R[?’iz—él—lz) — A, =1875nm.  Also, none are in
A

the Brackett series, whose longest wavelength line is 4052 nm (see Problem 4-4). The

Pfund series has m = 5. Its first three (i.e., longest wavelength) lines have n =6, 7, and 8.

80



Chapter 4 — The Nuclear Atom

(Problem 4-5 continued)

1 1007x107m* (iz—izj =1.341x10°m™
5 5

6

Asg = W =7.458x10°m = 7458nm. Similarly,
.341x10°m
1
= = = 4.653%x10°m = 4653nm
& 2.155x10°m™ *
1 -6
Asg =3.740x10"°m = 3740nm

T 2.674x10°m’*
Thus, the line at 4103 nm is not a hydrogen spectral line.

4-6. (a) f=nb’nt (Equation 4-5)
For Au, n =5.90x10*atoms/m® (see Example 4-2) and for this
foil t =2.0um =2.0x10"°m.
2)(79)ke? 2)(79)(1.44eV «nm
s KLQ o0 _ (U9 50 _ (2)(79)(144ev-nm)
myv: 2 2K, 2 2(7.0x10%V )

=1.63x10°nm =1.63x10"m

f = 7(1.63x10m)’ (5.90x10% /m*)(2.0x10 °m) = 9.8x10°®

()  For@=45°, b(45°)=Db(90°)(cot45°/2)/(cot90°/2)
=b(90°)(tan90°/2)/(tan45°/2)
=3.92x10°nm =3.92x10"m

and f (45°) =5.7x10"
For 0 =75°, b(75°)=b(90°)(tan90°/2)/(tan75°/2)
=2.12x10°nm =2.12x10"m
and f (75°) =1.66x10™*

Therefore, Af (45°—75°)=5.7x10"*-1.66x10"* =4.05x10™*
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(Problem 4-6 continued)
(c) Assuming the Au atom to be a sphere of radius r,

i;zr"“ M 197g/mole
3 N, p (6.02x1023atoms/mole)(19.39 /cm3)
1/3
3 197g/mole

i e (6.02 x10% atoms/mole)(lg'3g /cm3)

r=1.62x10°cm=1.62x10""m =16.2nm

N oc 1 B A
sin*(6/2) B sin*(6/2)

(From Equation 4-6), where A is the product of the two

quantities in parentheses in Equation 4-6.
AN (10°)  A/sin(10°/2) sin®(0.5°)
AN(1°)  A/sin*(1°/2)  sin*(5°)

(a) =1.01x10"
AN (30°) sin*(0.5°)

= =1.29x10°
AN(1°)  sin*(15°) 910

(b)

ka,Q

m v2

a

ke2eeZe 0 (1.44MeVefm)Z ¢
= COtE: COtE

ke

4-8. b=

cotg (Equation 4-3)

2
m,v

_ (144MEV ° fm)(79) Cotz =8.5 x10713 m
7.7MeV 2

kg,Q  ke®e2.79

r. = = Equation 4-11
TW2)my E. (Ed )

4-9.

_ (1.44MeV- fm)(2)(79)
5.0MeV

ForE,, =5.0MeV : r, =45.5fm

ForE,, =7.7MeV: r, =29.5fm
ForE,, =12MeV : r, =19.0fm
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2
r, = kq,Q > = ke”+2-79 (Equation 4-11)
(1/2)m,v E,,

. (L44MeV-fm)(2)(13) _ o 000,
4 fm

4-10.

411, x,, =N (8) 10°=+N(0.01°) > N =(10°/0.01°)" = 10°collisions

t 10°m
n=—

=—_ =10* layers
At 10m y

10* atomic layers is not enough to produce a deflection of 10°, assuming 1

collision/layer.

4-12. (a) f =zb°nt (Equation 4-5)
For @ = 25° (refer to Problem 4-6).

(AT 25Tt om) 25
2K 2 2(7.0x10%V) 2

a

b=

=7.33x10°nm =7.33x10""m
2
f =7z(7.33x10*1“m) (5.90><1028/ mg)(2.0x10’6m)=1.992><10’3

Because AN = f x N =1000 — N =1000/1.992x10° =5.02x10°

(2)(79)(1.44eV «nm) Cot£45°j _3.92%10*m
2(7.0x10%V )

For 8 =45°, b=

f = 7(3.92x10m)’ (5.90x10% /m*)(2.0x10°m) = 5.70x10"*
Because AN (6 >45°)=f xN =5.70x10"(5.02x10°) = 286

(b) AN (25° — 45°)=1000— 286 = 714

(c) For #=75°, b=b(6>25°)(tan25°/2)/(tan75°/2)=2.12x10"m
f =1.992x10°(2.12x10*m) /(7.33x10%m)’

=1.992x107(2.12/7.33)" =1.67x10™*
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(Problem 4-12 continued)
For =90° b=b(#>25°)(tan25°/2)/(tan90°/2)=1.63x10"m

f =1.992x10°(1.63x10m) /(7.33x10m)’
=1.992x10°(1.63/7.33)" =9.85x10°
AN = f xN =9.85x10"°(5.02x10° ) = 49
AN =(75° —90°) =84 -49 =35
n’a, :
4-13. (@) r, = — (Equation 4-18)

6°(0.053nm)
r, = — 1 1.91nm

2
(b) r,(He')= 6°(0.053nm) _ 0.95nm

2

4-14. a, = m}Iz<e2 (Equation 4-19)

hinc fic 1 1 h 1 A

C

= 2: 2)( 2 = — X — X 2 =
mcke mc- ke“/hc 27 mc ke“/hc 2na

mk%e*

HZW

(from Equation 4-20)

2(7&0)2 2

2 2)2 2
_met(ke?) me (ke 1,
hic 2
A, 0.00243nm

™= 2ma " 22(11137)

5
—00530m  |E,|= tmetg? = 21110V
b2 2(137)’

2 2
n; n

4-15. % = ZZR[i —ij (Equation 4-22)
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(Problem 4-15 continued)

1 1 1 n?-1
= —R| -~ |=R| 1
ﬂ“ni (12 nizj ( ni2 J

n2 n?_ 2

i = R(nfi -1) :(1.0968x10i7m)(ni2 -1) :(91'17nm)(n?ni—1j

2, :%(91.17nm) =121.57nm 4, :2(91.17nm) =102.57nm

Ay = 2(91.17nm) =97.25nm  A_=91.17nm

None of these are in the visible; all are in the ultraviolet.

8

IN
w
N

| | A, nm

o
o
o ——
o
[EEN
o
o
[EEN
= —
o
[EEN
N
o
[EEN
w
o

4-16. L=mvr=nA (Equation 4-17)
m, =5.98x10%*kg Vg =271 /1y =27113.16x10"s
n=m(27r/3.16x107s)r/h=2zmr*/(3.16x10"s) A

_ 27(5.98x10"kg) (150 x10"m)" _ a1
3.16x10"5(1.055x10* J+s)

mv=nihlr — E-= (mv)2/2m =(nn/ r)2 /2m  (from Equation 4-17)

3 7.0\ 74
()] st
r) 2m (1.50x10"m) (5.98x10"kg)

This would not be detectable.

=0.210x107J

’ 1.055x10°% J.s) (2.54x10™)" (A
ag - () (—ZN]J - s) [254x107) r)=5.34><1033(—Ar)

2m \ r (1.50x10%m)’ (5.98 x 10%kg)
or —Ar=0.210x10"%J/5.34x10*J /m=3.93x10"m
The orbit radius r would still be 1.50 x10"m.
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_ mk®Z?%*

T 2ahn?

mczzz(kez)z cz? (ke*) cz%?

B 27hn’ (he)’ ~ (h/mc)n® (%j A0
(3.00x10°m/s)(1)’

1 2
= =8.22x10"H
(0.00243x10°m))(2)’ (137j S

N = f,t=(8.22x10"Hz)(10®s) =8.22x10° revolutions

4-17. (Equation 4-29)

4-18. The number of revolutions N in 108 s is:

N =10"*s/(time/revolution) =10"*s/(circumference of orbit/speed)
N =10"°s/(C/v)=10"s/(2xr/v)
The radius of the orbit is given by:

_n’a, 47(0.0529nm)
Sz 3

so the circumference of the orbit C = 2xr is

r

C = 27| 47(0.0529nm)/3] =1.77nm =1.77x10°m
The electron’s speed in the orbit is given by

(8.99%10° Nem?/C?)(3)(L.60x10°C)’

2 _ 2 _
v =(kze? fmr) = (9.11x10kg )(1.77x10°m)

V=6.54x10°m/s
Therefore, N :10‘85/(C/v) =3.70x10° revolutions

In the planetary analogy of Earth moving around the sun, this corresponds to 3.7 million

“years”.

2 2 -31
4-19. (a) a, = h = = pe, N 5 =L g ZW(O.OSZ%m):Z.%xlOJ‘nm
wke™ p, pket  p, 1.69x10"kg

1.69x10 *kg
(b) E, = = = LE =

=T _2(13.6eV ) = 2520eV
20w, 20 ou, 9.11><10’31kg( )
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(Problem 4-19 continued)

(c) The shortest wavelength in the Lyman series is the series limit (n, =, n, =1). The
photon energy is equal in magnitude to the ground state energy —E, .

_ hc _1240eV.nm
° E 2520eV

17

=0.492nm

(The reduced masses have been used in this solution.)

e ? [—22(-5.39ev) "
4-20. E=-Z"E,/n? Z'{”—E} =[ (-5. )} ~1.26

E, 13.6eV
4-21.
Energy (eV) 4
0 : n=040
s —
29 (d)
A 2 / n=2
-4 b)) (o)
64 |
84
104 !
-12 E
L n=1
()
-14

(@) Lyman limit, (b) H ,line, (c) H,, line, (d) longest wavelength line of Paschen series

1 1 1
4-22. (@) ==R| = -—
@ A (nf n.2]

For Lyman o 1 1097373x107m (% —izj — A, =121.5023nm
A r 2

_ hc _ 1240eV+nm E

L =————— =10.2056eV and p, = —= =10.2056eV /¢
A 121.5023nm c
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(Problem 4-22 continued)

Conservation of momentum requires that the recoil momentum of the H atom

py = P, and the recoil energy E,, is:

(10.2056eV /c)’

E. - “12m, =(p,c)’ /2m,c? =
v =(Pu) /2my = (p,c) /2m, 2(1.007825uc” )(931.50 x10°eV /uc?)

=5.55x10"%eV

E, _55x10°V

~ =5x107°
(EL.+E,)  10.21eV

(b)

2
4-23. (a) ForC**(Z=6) E, = —13.62—2 = —&2'6
n n
0 n=oo
n=5
n=4
n=3 E,=0eV
-100 1 Es=-19.6 eV
E, (eV) n=2 E;=-30.6 eV
Es =-54.4 eV
-200 7 E,=-122.4 eV
E, = -489.6 eV
-300 T+
-400 +
n=1
-500 +
(b) A= E hc 1240eV .nm _18.2nm

AE E,~E, [-544-(-1224)]ev

(c) 18.2nm lies in the UV (ultraviolet) part of the EM spectrum.
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4-24. (a) The reduced mass correction to the Rydberg constant is important in this case.

R=R, 1t ) R, 1) _5.4869x10°m (from Equation 4-26)
1+m/M 2

E, =-hcR/n? (from Equations 4-23 and 4-24)
E, = —(1240eV -nm)(5.4869x10°m™)(10-°m/nm)/(1)” = -6.804eV

Similarly, E, =-1.701eV and E, = —-0.756eV

(b) Lyman o is the n=2— n=1 transition.

hc “E,~E — 4 - hc _ 1240eV +nm _ 243nm
A E,—E, —1.701eV —(-6.804eV)

Lyman f is the n =3 — n =1 transition.

A, = hc 1240eV «nm _ 2050m

E,—E, -0.756eV —(~6.804eV )

4-25. (a) The radii of the Bohr orbits are given by (see Equation 4-18)
r =n”a,/Z where a, = 0.0529nm and Z =1 for hydrogen.

For n =600, r =(600) (0.0529nm) =1.90x10"nm =19.0um

This is about the size of a tiny grain of sand.

(b) The electron’s speed in a Bohr orbit is given by
v =ke’/mr withZ =1
Substituting r for the n = 600 orbit from (a), then taking the square root,
v’ =(8.99x10° N-mz)(1.609><10‘19C)2 /(9.11x10*'kg )(19.0 10 °m)
V2 =1.33x10'm*/s* — v=3.65x10°m/s

For comparison, in the n = 1 orbit, v is about 2x10°m/s
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1 2 1 1
4-26. (@) —=R(Z-1)| >-—=
(@) A ( )(nf an

1

2y =| (1.097x10'm™*)(42-1)° (12

-1
_3_12ﬂ — 6.10x10"m = 0.0610nm

- -1

= (1.097><107m-1)(42—1)2[lz_izj — 5.78x10 *m = 0.0578nm
? 4

-1
(0) A ={(1.097><107m_1)(42—1)2 (112—0 } =5.42x10"*m = 0.0542nm

1 1 1
4-27. z=R(Z—1)2[n—12——j:R(Z—l)Z(l—z—?J forK,

1/2
71|t | - 1
/IR(l_ LlJ (0.0794nm)(L.097 10 /nm)(3/4)

Z =1+39.1~=40 Zirconium

4-28. (a) Z =43, fY*=21x10°Hz"* — f =4.4x10"Hz
Z =61 fY?=30x10°Hz"> — f =9.0x10"Hz
Z=75 f"?=37x10°Hz"? — f=1.4x10"Hz
Note: f*? for Z =61 and 75are off the graph 4-19; however, the graph is linear and

extrapolation is easy.

(b) Forz=43 1= L 1 (Equation 4-37)
R,(Z-1) (1—2j
n
where R, =1.097x10'm™ and n =2
A= L =6.89x10"'m = 0.0689nm

(1.097x10"m™*)(43-1)° (1— 411)
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(Problem 4-28 continued)

4-30.

4-31.

Similarly,
ForZ=61,A=0.0327nm
ForZ=175,A=0.0216nm

2

r = nzao (Equation 4-18)

The n =1 electrons “see” a nuclear charge of approximately Z —1, or 78 for Au.

f, =0.0529nm/ 78 = 6.8x10“nm(10°m/nm)(10** fm/m) = 680 fm , or about 100 times

the radius of the Au nucleus.

2
E, = —13.6i—zev (Equation 4-20)

(26)°
For Fe (Z = 26) E, =-13.6-—" =-9.194keV
1
The fact that E; computed this way (i.e., by Bohr theory) is approximate, is not a serious
problem, since the K, x-ray energy computed from Figure 4-19 provides the correct
spacing between the levels.
The energy of the Fe K, x-ray is:

E(Fe K,)=hf where f*? =12.2x10°Hz""?

E(FeK,)=(6.626x10J.5)(12.2x10°Hz"? ) =0.862x10%* J = 6.156keV
Therefore, E, = E, + E(K, ) =(—9.194 + 6.156) = —3.038keV

The Auger electron energy E(K,)—|E,| =6.156—3.038 = 3.118keV

E = ym,c? = SllkeV = 772.6keV

\/1—(2.25><108/3.00><108m/s)2

After emitting a 32.5 keV photon, the total energy is:
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(Problem 4-31 continued)

E=740.0keV = 22XV g2 o2y 21 (511/740)

«/1—,82

12
v=1-(511/740)' | "c=217x10°m /s

4-32. (a) —-E, =E,Z*/n’> (Equation 4-20)
=13.6eV (74-1)°/(1)" =7.25x10%eV = 72.5keV
() —E =E,(Z-0) /n*=69.5x10%V =13.6eV (74-c) /(1)
(74— o)’ =69.5x10%V /13.6eV
1/2
o =74-(69.5x10°eV /13.6eV ) ~ =25

4-33,
Element Al Ar Sc Fe Ge Kr Zr Ba
Z 13 [ 18 | 21 | 26 [ 32 | 36 | 40 | 56

E (keV) 156 | 3.19 | 4.46 | 7.06 | 10.98 | 14.10 | 17.66 | 36.35

f¥2(10°Hz"%) | 6.14 | 8.77 | 10.37 | 13.05 | 16.28 | 18.45 | 20.64 | 29.62

f 1/2 (108 HZl/Z)
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(Problem 4-33 continued)

slope =

slope (Figure 4-19) =

(30-4.8)x10°
30-13

(5-7)x10

=1.90x10%Hz Y2

- =2.13x10"°Hz /2

The two values are in good agreement.

4-34. (a) The available energy is not sufficient to raise ground state electrons to the n =5 level
which requires 13.6 — 0.54 = 13.1eV. The shortest wavelength (i.e., highest energy)
spectral line that will be emitted is the 3" line of the Lyman series, the

n =4 - n =1 transition. (See Figure 4-16.)

(b) The emitted lines will be for those transitions that beginonthen=4,n=3,0orn=2

levels. These are the first three lines of the Lyman series, the first two lines of the

Balmer series, and the first line of the Paschen series.

4-35. 60

50

(eV) 40—

30

20

10

60

15.7eV
44.3
14.7eV
Average transition energy = 15.7 eV
29.6
16.6eV
13.0
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4-36.

4-37.

4-38.

4-39.

AE = m _ 1240eV «nm
A 790nm

voltage reaches 1.61V.

=1.610eV. The first decrease in current will occur when the

Using the results from Problem 4-24, the energy of the positronium Lyman o line is

AE =E, —E, =—1.701eV —(-6.804eV ) =5.10eV. The first Franck-Hertz current
decrease would occur at 5.10V, the second at 10.2V.

In an elastic collision, both momentum and kinetic energy are conserved. Introductory

physics texts derive the following expression when the second object (the Hg atom here)

T m, —m : L
is initially at rest: v, =( L2 ]vli. The fraction of the initial kinetic energy lost by
m, +m,

the incident electron in a head-on collision is:

2
—-m
KE, —KE, V2-V Vlz‘_(ml 2]"12‘
ei ef V1 Vif m, +m,

i
KE, % Ve

ei i 1i

2 2 2 2
:1_[m1_m2j _1[0.511Mev —200uc® (931.5MeV /uc )J

m+m, ) | 0.511MeV +200uc? (931.5MeV /uc? )

=1.10x107°

If the collision is not head-on, the fractional loss will be less.
() Equation 4-24: E, =-E,/n*=-13.6/n*eV

E

n+1

-6 -1a8) Lo L v a6 Lo L levezenaotey
n+ n

(b) lonization energy = |E, | =13.6/n* =13.6/ 45° =6.72x10° eV
(c) E=hf =hc/A = f =E/h=(2.89x107*eV)(1.60x10™" J/eV)/6.63x10* J-s

f =6.97x10"° Hz
A=c/ f =(3.00x10° m/s)/(6.96x10" Hz) = 4.30x10°* m=4.30mm
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(Problem 4-39 continued)
(d) Equation 4-18: r =n’a,/Z
For hydrogen:  r,=45%a,/1=107nm=1.07x10"*mm, or 2025x the radius of the
hydrogen atom ground state.

4-40. (a) Equation 4-26: R = Rw( where R, =1.0973732x10" m™

1+m/M)

1
Ri=R. 31 27
1+9.1094x10" kg /3.3436 x10" kg
R, =1.0970743x10" m™

R =R, 31 : 27
1+9.1094 %10 kg /5.0074x10" kg
R, =1.0971736x10' m™

(b) Equation 4-22: %: R[%—%J with Z =1.
nf i

The Balmer o transition is n=3—=n=2. Li—iJ = (— ——j =—

nz n’

Ay —A _38( L 1 53978%10 " m=5.3978x102 nm
5({R, R

(c) Computed as in (b) above with R, =1.096762x10" m™,

3

Ay — A, L )2 4627107 m = 2.4627x10" nm
H 5 Rt

RH
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4-41. N=1,(27zb)db whereb= kq“? cotg (Equation 4-3)
m v

and db = kanz (—CSCQ]dH
2m.v 2

a

2
N =1,27 kq“? Elcotgj(csc2 dee
m.v 2 2 2

Using the trigonometric identities:

) 1 and cotgz sing sing sing

“sin?0/2 2 1-cos® 1-cos’(0/2)+sin’(0/2) 2sin’(6/2)

N= '02”[%I @[zsi:i?z/z)][smz (19/2)](19

and inserting 2e =g, and Ze =Q,

2
kze’ ) singdo
N =127 —— | —
m,v? ) sin*(6/2)

CSC

4-42. Those scattered at & =180° obeyed the Rutherford formula. This is a head-on collision
where the o comes instantaneously to rest before reversing direction. At that point its
kinetic energy has been converted entirely to electrostatic potential energy, so

k(2e)(79)

r

%mav2 =7.7TMeV = where r = upper limit of the nuclear radius.

2
o k(2)(79)e* _2(79)(1.440MeV.fm) _ 29,5 fm
7.7MeV 7.7MeV

_ 2 2,4
4-43. (a) i=qf = e% (from Equation 4-28)
2zh°n

:emCZ(kez)z(l)z i oc (ET=%
2zh(hc)’ (1)°  (h/me)\ fc A

C

(1.602xlO‘lQC)(&OOxlO”nm/s)( 1

2
=1.054x10°%A
0.00243nm 137

96



Chapter 4 — The Nuclear Atom

(Problem 4-43 continued)

(b) L, (emkze“] (hz j_ eh
u=1A=ira; = T

27’ mke? | 2m
(1.602 xlO’lgC)(1.055x10’S4J-s)
2(9.11x10 kg )

=9.28x107** Aem?

or

=(L.054x10°A) 7(0.529x 10" m)’ =9.27x10 % Am’

4-44. Using the Rydberg-Ritz equation (Equation 4-2), set-up the columns of the spreadsheet to

carry out the computation of A as in this example (not all lines are included here).

m n C=m’ D=n* 1/C-1/D 1/A A (nm

1 5 1 25 0.96 10534572 94.92

1 4 1 16  0.9375 10287844 97.20

1 3 1 0.888889 9754400 102.52
1 2 1 4 075 8230275 121.50
2 6 4 36 0.222222 2438600 410.07
2 5 4 25 021 2304477 433.94
2 4 4 16  0.1875 2057569 486.01
2 3 4 9  0.138889 1524125 656.11
3 7 9 49  0.090703 995346.9 1004.67
3 6 9 36  0.083333 914475 1093.52
3 5 9 25  0.071111 780352 1281.47
3 4 9 16  0.048611 533443.8 1874.61

1 4
4-45, Z:{Riniz—n—lzﬂ Ai:d—ﬂAy:(—Rz)iiz_in AR A
f i f

-1
Because R c 1, dR/du =R/ . A/lz(—Rz)( —~ J(R/,u)A,uz—l(A,u/,u)
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(Problem 4-45 continued)

4-46.

. mm, m,m,
Hy =———— -
m, +m,

%:M:ﬁ_lz memd/(me+md)_1: my /(me+md)_1 me(md_mp)

7 Ay ey m,m, /(m, +m,) m,/(m, +m,) m, (m, +m,)
If we approximate m; =2m_ and m, < m,, then A M and
M 2m
AA =—A(Apl pr) =—(656.3nm) 0SLIMeV __ 4 170nm

2(938.28MeV )

For maximum recoil energy for the Hg atoms, the collision is ‘head-on’.

(@)

Before collision After collision
E, = 1mvjf
L 1, 2
Kinetic energy E, ==-mv;
2 E, = 1 Mv?
Hg E Vho
pef = mvef
momentum P, =Mmv,
Prg Mng

Conservation of momentum requires:
m
mv,; =—mv, +Mv,, —V,, = M(V” +Vy )

Therefore, the maximum Hg recoil kinetic energy is given by:

2 2
%Mv,ﬁg =%M (%] (Ve + Vi )2 = ;—M(vj + 2V, Vy + V)
mZ
~o—(A) sincem <M, v, &
2M el el €
Lam(1 L) ang
M {2 M
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(Problem 4-46 continued)

(b) Since the collision is elastic, kinetic energy is conserved, so the maximum Kinetic
energy gained by the Hg atom equals the maximum kinetic energy lost by the
electron. If Ex = 2.5eV, then the maximum lost is equal to:

9.11x10"*kg (2.5eV)

=2.7x10°eV
(201u)(1.66x10"kg /u) "

4%(2.5ev) —4

4-47. (a) E,=-E,Z*/n* (Equation 4-20)

n__

For Li"™",Z=3and E, =-13.6eV (9)/n* =-122.4/n’V

The first three Li*™ levels that have the same (nearly) energy as H are:
n=3 E,=-13.6eV n=6 E,=-3.4eV n=9 E, =-1.51eV
Lyman o corresponds to the n =6 - n =3 Li*" transitions. Lyman B corresponds

Tothen=9 - n =23 Li"" transition.

(b) R(H)=R,(1/(1+0.511MeV /938.8MeV )) =1.096776 x10'm™*
R(Li)=R, (1/(1+0.511MeV /6535MeV )) =1.097287 x10'm*

For Lyman a:

% =R(H )[1—2—12j =1.096776x10"m"*(10°m/nm)(3/4) — 121.568nm

For Li** equivalent:

1 (11 A 1 1),
= R(L.)(BT—?JZZ =1.097287x10'm*(10 9m/nm)(§—£j(3)

A=121.512nm AA =0.056nm

2 2
4-48. AN :[IOASCmJ(kze j 1 (Equation 4-6)
Si

r? 2B, ) gin* ¢

where A =0.50cm® r=10cm t=10"°m
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(Problem 4-48 continued)

(10.59 /cms)(6.02 x10*atoms/ mol)
n =
( g) 107.5g /mol
=5.88x10%atoms/cm® =5.88 x10%atoms/m?

1
2(1.60><10-19c)

E, =6.0MeV I,=1.0nA= (109C/s){ J— 3.18x10%lphas/s

(a) At0=60°

AN =

(3.13><109a/s)(0.50cm2)(5.88><1028/ms)(10‘6)
10%cm?
(9x10°N-m?/C?)(L60x107°C) (47) || 1

= =468a /s
2(6.0MeV )(L60x10 23 /MeV) | gt 60° “

(b) At6=120° AN = AN (60°)(sin4 %j/(sin“ 1220 j =52a/s

4-49. E,=-E,Z*/n* (Equation 4-20)

For Ca, Z =20 and E, =-13.6eV (20)°/(1)" = -5.440keV

The fact that E; computed this way is only approximate is not a serious problem because

the measured x-ray energies provide us the correct spacings between the levels.
E, = E, +3.69keV = -5.440 + 3.69 = —1.750keV

E, =E, +0.341keV =-1.750+0.341=—1.409keV
E, = E; +0.024keV =-1.409 +0.024 = —1.385keV
These are the ionization energies for the levels. Auger electron energies AE = —|E,|
where AE =3.69keV.

Auger L electron: 3.69keV —1.750keV =1.94keV
Auger M electron: 3.69keV —1.409keV = 2.28keV
Auger N electron: 3.69keV —1.385keV = 2.31keV

100



Chapter 4 — The Nuclear Atom

4-50.

4-51.

4-52.

(@) E, =hc/A=1240eV.nm/0.071nm =17.465keV
E,= hc/ A =1240eV +«nm/0.063nm =19.683keV

(b) Select Nb (Z = 41)
The K Mo x-rays have enough energy to eject photoelectrons, producing 0.693 keV

electrons. The Ka Mo x-rays could not produce photoelectrons in Nb.

() b=Rsing = Rsin(18oo_0j o

= Rcos—
2

(b) Scattering through an angle larger than 6 corresponds to an impact parameter smaller

than b. Thus, the shot must hit within a circle of radius b and area nb®. The rate at

which this occurs is 1, zb* = Iochoszg

2
(© a:nb(f:;z(Rcosgj = 7R?

(d) An a particle with an arbitrarily large impact parameter still feels a force and is

scattered.

For He: E, =-13.6eV Z?/n* =-54.4eV /n*>  (Equation 4-20)

(@)
0 o
5
4
3
_10 .
Energy (eV) 2 E;=-54.4eV
E,=-13.6eV
20 + E; =-6.04 eV
E;=-3.04eV
Es=-2.18 eV
-30 E.=0eV
_40 .
50 +
1
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(Problem 4-52 continued)

(b) lonization energy is 54.5eV.

(¢) H Lyman a: A =hc/AE =1240eV -nm/(13.6eV —3.4eV ) =121.6nm
H Lyman B: A =hc/AE =1240eV -nm/(13.6eV —1.41eV ) =102.6nm
He" Balmer a: A =hc/AE =1240eV-nm/(13.6eV —6.04eV ) =164.0nm
He" Balmer p: A4 = hc/AE =1240eV+.nm/(13.6eV —3.40eV ) =121.6nm
Aa =42.4nm AL =19.0nm
(The reduced mass correction factor does not change the energies calculated above

to three significant figures.)

(d) E, =—13.6eV Z*/n? because for He", Z = 2, then Z® = 2°. Every time n is an even
number a 22 can be factored out of n? and cancelled with the Z % = 2% in the
numerator; e.g., for He",

E, =-13.6eV+2°/2° =-13.6eV  (H ground state)
E, =-13.6eV+2°/4> =-13.6eV /2*> (H —1" excited state)
E, =-13.6eV+2°/6° =-13.6eV /3 (H —2™ excited state)

etc.

Thus, all of the H energy level values are to be found within the He™ energy levels, so
He" will have within its spectrum lines that match (nearly) a line in the H spectrum.

4-53.

Element P Ca Co Kr Mo I
Z 15 20 27 36 42 53
La AMnm) | 1041 | 405 | 179 | 0.73 | 051 | 0.33

f”2<108HZ) 1.70 | 272 | 4.09 | 6.41 | 7.67 | 953

where 2 :[(3.00xlof*m/s)(lcﬁnm/m)/ﬂt]“2

50-15

Slope =
o (9.15-1.58)x10° Hz

=4.62x10°%Hz*

74 -46

Slope (Figure 4-19) = (14 “8)~ 12

=4.67x10°%Hz™*
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(Problem 4-53 continued)

The agreement is very good.

50 +
40 +
Z

30 +

20 +

10 4.~
2 N N N N N N O O f“2(><108Hz“2)
C

The Y2 =0 intercept on the Z axis is the minimum Z for which an Lo X-ray could

be emitted. Itis about Z = 8.

ke’ ke’ B ke?

L E -~
2r, 2n’r, " 2(n —1)2 I

N —E E - ke’ | ke?
n n-1 2n2r0 z(n _1)2 ro

ke? [ 1 1]_ ke? nz—(n2—2n+1)

4-54. (@) E, =-—

=2hr0 (n_l)z_n2 ~ 2hr, nZ(n_1)2
ke 2n-1 ke’
= 5~ ; forn >1
2hr, nz(n—l) r.hn
0 fo= " f2_v2_ 1 mv? 1 ke’ ke’
o 2xr ' A47%r* Ax’mr v A7°mr r® Az’meln®
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(Problem 4-54 continued)

(c) The correspondence principle implies that the frequencies of radiation and revolution

are equal.

o (ke Y _ ke ke (Y nt
r.hn® 4z°mrin® ° 4z°mn®| ke? 4z°mke*  mke’

which is the same as a, in Equation 4-19.

2 2 2 mv )
kze” _mv - kze” _ (7 ) (from Equation 4-12)
r r r

kze? ) v
mr 1-3°

2 02 2 2 2
c'p S = kze Therefore, £%| ¢ + kze” || _[ kee
1-p5 mr mr mr

2
ﬁzziz[kzej — [=0.0075Z2"% — v=0.0075cZ"% =2.25x10°m/sx Z"?

4-55.

c”{ ma

0

2 2
E:KE—kZezlrzmcz(;/—l)—kze _mc{ ! _l}_kZe

r jl_ﬂZ r

And substituting #=0.0075and r =a,

E =511x10%eV ! —1|-28.8Z eV

1-(0.0075)°

=14.4eV —-28.8Z eV =-14.4Z eV
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4-56. (The solution to this problem depends on the kind of calculator or computer you use and

the program you write.)

4-57.
A Energy (eV)

2r Levels constructed from Figure 4-26.

20

O\T

4-58. Centripetal acceleration would be provided by the gravitational force:

Mm  mv’ GM }*
Fo=G——= M = proton mass and m = electron mass, so v = (—j

r? r r

L=mvr=ni2 — r=nh/mvor

nh ) nzhzrn n?h? K
W=y — = and, L =——- — a4 =77
m(GM /r,) GM GMm GMm
The total energy is: E == ( GM j (GM j = _GMm
r 2r
. __GMm _ GMm (GMm ) G M 2m
" 2r 2n*n’ 2n°H?

n

The gravitational Ha line is: AE =E, - E; = GI\/I—2m iz —iz
ot |2 3
(6.67x10°*N+m? /kg?) (L.67x107'kg) (9.11x10*'kg)’(0.1389)

AE = .
2(1.055x10*34)

105



Chapter 4 — The Nuclear Atom

(Problem 4-58 continued)
=5.85x10"*J =3.66x10""eV

—-98
¢ AE_ 58510 ) g 08,105 H,
h ~ 6.63x10% 3+

For the Balmer limit in each case,

AE =3.66x10"°eV (0.250/0.1389) =6.58 x10 eV

f =6.58x10"°eV /h =1.59x10% Hz

These values are immeasurably small. They do not compare with the actual H values.

4-59. Refer to Figure 4-16. All possible transitions starting at n = 5 occur.
n=5ton=4,321
n=4ton=3,2,1
n=3ton=2,1
n=2ton=1

Thus, there are 10 different photon energies emitted.

N Ng fraction no. of photons
5 4 1/4 125
5 3 1/4 125
5 2 1/4 125
5 1 1/4 125
4 3 1/4x1/3 42
4 2 1/4x1/3 42
4 1 1/4x1/3 42
3 2 1/2[1/4+1/4(1/3) ] 83
3 1 1/2[1/4+1/4(1/3) ] 83
2 1 [(1/2(174+1/4)(1/3))+1/4(1/3) +1/4] 250
Total = 1,042

Note that the number of electrons arriving at the n = 1 level (125+42+83+250) is 500, as it
should be.
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z? m k’e*
4-60. E,=-E,— whereE, =——
n 2h

m, =1.88x10"kg — E, =4.50x107°] =2.81x10%V

2

Thus, for muonic hydrogen-like atom: E, = —(2.81><103ev) z

2

n
(a) muonic hydrogen
0 A =00
n=5
n=4
n=3
-500 +
En (eV) n=2
E.=0eV
-1000 —+ Es =-112 eV
E,s=-176 eV
E;=-312 eV
-1500 — E, =-703 eV
E;=-2.81x10° eV
-2000 —
-2500 —+
n=1
-3000
nZhZ hZ n2 2

() r

" T mkze?  mke? Z

ForH,Z=1: r, =2.56x10""nm

— 2.56x10™ ”7 nm  (Equation 4-18)

For He',Z=2: r, =1.28x10™*nm
For AI**, Z=13: 1, =1.97x10°nm

For Au™,Z=79: r, =3.2x10°nm
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(Problem 4-60 continued)

(c) Nuclear radii are between about 1 and 8x10°m, or 1—-8x10°nm. (See Chapter

11.) The muon n = 1 orbits in H, He'*, and AI*** are about roughly 10nm outside the

nucleus. That for Au"®" is very near the nucleus’ surface.

2
(d) hf =hc/A=E,~E, — A=hc/(E,~E,) where En=—(2.81><103eV)Z—2
n

hc

Fori: 4= (1°)(2.81x10°) (1-1/4)

=5.89x107m = 0.589nm

Similarly,

For He'*: 1 =0.147nm

For AI'**: 1 =0.00349nm
For Au®: 1=9.44x10"°nm
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5-2.

5-4.

Chapter 5 — The Wavelike Properties of Particles

-34 7
@ ﬂ:£212(6.63x10 J+s)(3.16x10 S/y):2.1x10’23m
p mv (10°kg)(1m/y)

-34
(b) V=L= 6.63x10 st =6.6x10°m/s=2.1x10""m/y
mA  (10°kg)(10°m)

g h _hc_1240MeV-fm _,, \ 0
p E/c E 100MeV

£ —ev =p_2= (hc)2 v - 1 (124OeV.nm)2 _ a0y

¢ 2m 2metA’ " e 2(5.11x10%V )(0.04nm)’

_hooh o fe (from Equation 5-2)

P 2mE, \/chzEk
(a) Foran electron: 4= 1240eV-nm - = 0.0183nm
[(2)(0.511x10%V ) (4.5x10%V ) |
(b) For aproton: A= 1240eV -nm — =4.27x10"nm
[(2)(983.3x10%V ) (4.5x10%V ) |

(c) For an alpha particle: A = 1240eV-nm — =2.14x10"nm

[(2)(3.728x10%V )(45x10%V ) |

1/2 .
A=h/p=h/2mE, = hc/[ch2 (1.5kT)] (from Equation 5-2)

Mass of N, molecule =
2x14.0031u (931.5|v|ev /ucz) =2.609%x10*MeV /c? = 2.609x10"eV /c?
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(Problem 5-5 continued)

A= 1240eV-nm _ =0.0276nm

[(2)(2.609x10°V )(1.5)(8.617x10""eV / K ) (300K) |

h _ he _ 1240eV «nm
V2ME,  J2mcE,  [2(939.57x10%V )(0.02eV ) |

5-6. A= h_ 75 = 0.202nm
P

5-7.  (a) If there is a node at each wall, then n(4/2)=L wheren=1,2,3,...or A =2L/n.

(b) p=h/A=hn/2L E= pz/2m:(hn/2L)2/2m:h2n2/8mL2
(hc)’ n?
E =
" 8mctl?
(1240eV «nm)’ (1)’
Forn=1: E = > = 2.05eV
8(938x10%€V )(0.01nm)

Forn=2:E, = 2.05eV (2)° =8.20eV

5-8. (a) A/, =107 isanonrelativistic situation, so

215, (/o) ) 2,

_ mc? :0.511><106ev
2(4/2)  2(10?)

= 25.6eV

k

(b) 212, =0.2 is arelativistic for an electron,so A =h/ymu — yu=h/Am.
h A,

u/c _ A
\/1—(u/c)2 mcA 4

M:(ijz L ue=— Al2
1-(ure) (4 [1+(AC//1)2T/2
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(Problem 5-8 continued)

(10.2)
|1+(v0.2)]

E, =mc?(y —1)=0.511MeV (y —1) = 2.10MeV

u/c = ~=0.981 — y=5.10

(c) A/A, =107
(110%)
[l+(l/103)2}

E, = mc?(y —1) = 0.511MeV (999) = 510MeV

u/c =

_—-0.9999 — »=1000

59. E,=mc’(y-1) p=ymu
(@ E, =2GeV  mc® =0.938GeV

y—1=E,/mc? = 2GeV/0.938GeV =2.132 Thus, y =3.132

Because, y :]/,fl—(u /c)2 where u/c = 0.948
h

B hc
ymc(u/c) - ymc?(u/c)

ﬂ:ﬂz
p

_ 1240eV-nm = 4.45x107 nm = 0.445 fm

(3.132)(938x10%eV )(0.948)

(b) E, =200GeV
y—1= Ek/mc2 = 200GeV/0.938GeV =213 Thus, y =214 and u/c = 0.9999

A= L240eV-nm =6.18x10° fm
(214)(938MeV )(0.9999)

5-10. nAi=Dsing (Equation 5-5)

. ni n hc
Sing=—=————=(see Problem 5-6)
D D, [2mc’E,
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(Problem 5-10 continued)

1 12408V +nm (5.705eV )"

0-215”mx[2(5.11x105ev)]1'245: JE

1/2

(5.705eV )

\75eV

1/2

(@) sing = =0.659 ¢ =sin"(0.659)=41.2°

(5.705eV)

(b) Sin¢ = W

=0570 ¢ =sin(0.570)=34.8°

h
,mepEk

Squaring and rearranging,

=0.25nm

5-11. A =D=
P

h? (hc)’ (1240eV «nm)’
== L 5 =0.013eV
2m, A% 2(m,c®)A*  2(938x10%V )(0.25nm)

nl=Dsing — sing=nA/D=(1)(0.25nm)/(0.304nm)
sing=0.822 — ¢$=>55°

5-12. (a) ni=Dsing .. D

_ nA _ nhc
sing  sing,2mc’E,
_ (1)(1240eV +nm) _ 0.210nm

(sin55.6°)[ 2(5.11x 10V )(50ev) |

(1)(1240eV «nm)
(0.220nm)[ 2(5.11x10%eV ) (100eV ) |

(b) sin¢:%: - = 0.584

¢ =sin™(0.584) =35.7°
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5-13.

5-14.

5-15.

5-16.

M d =tcos42°
42° Nl =t+d =t(1+cos42°) = 0.30nm(1+cos42°)
/ For the first maximumn =1, so A =0.523nm
t \
\\\ 2 hC 2

\ pho b ()

P 2mE, 2mA®  2mc?A
d
(1240eV snm)’

=3.0x107%eV

E, = -
2(939x10°eV )(0.523nm)

Dsing

A= (Equation 5-6)

For 54eV electrons A =0.165nm and sing =(0.165nm)n/0.215nm = 0.767n
For n =2 and larger sing > 1, so no values of n larger than one are possible.

sing=nA/D (Equation 5-6)

A=h/p=h/J2mE, =hc/\2mc’E, = 1240eVenm ____ 0,0656nm
| 2(0.511x10%V ) (350eV ) |

sing = n(0.0656nm)/(0.315nm) = 0.208n
Forn=1, ¢=12°. Forn=2, ¢=24.6°. Forn=3, ¢=38.6°. Forn=4, ¢=56.4°.

This is the largest possible¢ . All larger n values have sing > 1.

1

1
Q) Al<rte— T  _10%s=10us
(@) f 100,000 H
b) AfAt~—L - Afr—t o1 159x10°Hz
5
27 27At 27 x107°s
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5-17.

5-18.

5-19.

@ y=y, +Y,
=0.002m cos(8.0x/ m — 400t / s) +0.002m cos(7.6x/ m— 380t/ s)

= 2(0.002m)cosB(8.0x/ m—7.6x/m)— %(400t /s—380t/ S)}

x cosB(S.Ox/m +7.6x/m) —%(400t/s +380t/s)}

=0.004m cos(0.2x/m—10t/s)x cos(7.8x/m—390t/s)

) v=2 -39S _gom/s
k 7.8/m

v _%_ 20/s
ST Ak 0.4/m

(© =50m/s

(d) Successive zeros of the envelope requires that 0.2Ax/m = r, thus

AX == = 57zm with Ak =k, —k, =0.4m™ and Ax = 27 5,
0.2 Ak
2
@ v=ta Thus, & =t 29 muttiplyingby 2, 22 a2 90—y A de
di di da di 27 dA
2
_Ado W Becausek = 2712, dk =—(27/2%)dA and
27 dA di
d—a):vs :v—/1ﬂ
dk di

(b) v decreases as A decreases, dv/dA is positive.

@c=fl=AIT —> T=A/c=2x102m/3x10°m/s=6.7x10"s/wave

The number of waves = 0.25,us/(6.7><10‘“slwave) =3.73x10’
Length of the packet = (4)(# of waves) = 2x10?m(3.73x10° ) = 74.6m
(b) f=c/a=(3x10°m/s)/2x10"m=1.50x10""Hz

() AwAt=1 — Aw=1/At=1/0.25x10"°s=4.0x10°rad /s =637kHz
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5-20. AwAt=1l — Aw=1/At=1/0.25s=4.0rad/s or Af ~0.6Hz

5-21. AwAtx1 — (27zAf)At=1 Thus, At~1/(27x5000Hz)=3.2x10"s
522. (&) A== = . 12A0eV-IM____ _ 0.549nm
P \2mE,  \2mc’E, [2(0.511x10%V )(5eV )]
dsingd=A4/2 For first minimum (see Figure 5-17).
= A = 0.54.19nm = 3.15nm slit separation
2singd  2sin5°
. . 0.5cm
(b) sin5°=0.5cm/L where L = distance to detector plane L = einge - 5.74cm
sin5°
5-23.

(@) The particle is found with equal probability in any interval in a force-free region.
Therefore, the probability of finding the particle in any interval Ax is proportional to
AX. Thus, the probability of finding the sphere exactly in the middle, i.e., with
Ax =0 is zero.

(b) The probability of finding the sphere somewhere within 24.9cm to 25.1cm is
proportional to Ax =0.2cm. Because there is a force free length L = 48cm available
to the sphere and the probability of finding it somewhere in L is unity, then the
probability that it will be found in Ax = 0.2cm between 24.9cm and 25.1cm (or any
interval of equal size) is: PAx = (1/48)(0.2cm) = 0.00417cm.

L L
5-24. Because the particle must be in the box _[yx *pdx=1= _[ A’sin’ (zx/L)dx =1
0 0

Let u=7zx/L; x=0—->u=0, x=L-—>u=randdx=(L/z)du,sowe have
[ A?(L/7)sin® udu = A* (L/ z) [ sin udu =1
0

0

(L/x) Azfsin2 udu = (L/ 7 )A? E— SiT”T = (Lix) A (r12) = (LA?)/2=1
0

0

A*=2/L—>A=(2/L)"
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5-25.

5-26.

5-27.

5-28.

5-29.

5-30.

5-31.

(2) At x=0: Pdx =|y(0,0)[ dx=|Ae’[ dx = A%dx

2 2 2
(b) At x=c: Pdx= ‘Ae“’ 49| dx = | Ae [ dx = 0.61A%x

2 2 2
(€) At x=20: Pdx= ‘Ae“ 7| dx=|Ae | dx = 0.14A%x

(d) The electron will most likely be found at x = 0, where Pdx is largest.

(@) One does not know at which oscillation of small amplitude to start or stop counting.
NNt

f=— = ~—

At At At
(b) ﬂzg andk=2—7T=—27rN,soAk=2”An zz—”
N A AX AX AX

-34
AEAt=h —»> AE~A/At= 1.055x10 7 J-s ~6.6x107%eV

107s (1.609 x10™°J JeV )

AXApzﬁ — Ap=mAv=l
2 2AX

h 1.055x107* Jes

_ _ _ —27
©2mAX (2x10°kg)(x10* x10°m) =5310%m/s

AV

-16
AEAt~7 —> AE~n/At=_ 098x1077eVes ) 991026y

~3.823d (8.64x10°s/d)

The energy uncertainty of the excited state is AE, so the a energy can be no sharper than
AE.

AXAp=h — JAAp=~h — Ap=h/A. Because A=h/p, p=h/4 thus, Ap=p.

For the cheetah p = mv = 30kg (40m/s) =1200kg-m/s. Because Ap = p

(see Problem 5-30), Ax =~ 7/Ap =50J+5/1200kgem/s ~ 4.2x107°m = 4.2cm
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5-32. Because c = f A for photon, A=c/f =hc/hf =hc/E, so

E_ hc _ 1240eV.<nm
A 5.0x10°nm

5
and p=E =280V g5 107evesim
c 3x10°m/s

For electron:

=2.48x10°eV

o= h  4.14x10™eVes
AX 5.0x10%*m

Notice that Ap for the electron is 1000 times larger than p for the photon.

=8.3x10%eVes/m

5-33. (a) For ®Ti:

-34
AE (upper state) = /- 1.055x10* Jos

= ~ 4.71x10"°MeV
At 1.4x1o-“s(1.60><10-133/Mev)

~2.20x10°MeV

AE (Iower state) N 1.055x10"J-s
At 3.0><10‘123(1.60 x103J/ Mev)

AE (total) = AE, + AE, =6.91x10"°MeV

AE,  6.91x10""MeV
E 1.312MeV

1.055x107* Jes
10°%s (1.60 %107 /ev)

=5.3x10™%

b) For Ha: AE, ~ ~ 6.59x10°%eV
(b) U

and AE, ~6.59x10°eV also.

AE, =1.32x107"eV is the uncertainty in the Ho. transition energy of 1.9eV.

5-34. AwAt=1 — 27AfAt=1
For the visible spectrum the range of frequencies is Af =(7.5—4.0)x10" =3.5x10"Hz

The time duration of a pulse with a frequency uncertainty of Af is then:

1 1

t= = T = 45x10 s =0.45fs
27Af 27 x3.5x10"Hz
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5-35. The size of the object needs to be of the order of the wavelength of the 10MeV neutron.

5-36.

5-37.

5-38.

A=h/p=h/ymu. y andu are found from:

E, =m.?(y-1) or y—1=10MeV /939MeV

1/2
y =1+10/939=1.0106 =1/(1-u’/c’) ~ or u=0.14c

Then, 1= h _ hc _ 1240eV «nm _933fm
ymu - [yme*(u/c)] | (1.0106)(939x10%V )(0.14)|

Nuclei are of this order of size and could be used to show the wave character of 10MeV
neutrons.

(a) AE =135MeV, the rest energy of the pion.

(b) AEAt~"
2
-16
At=_Tt _6:58x10 iv S _2.44x10%s
2AE  2x135x10°eV
L=rp, ¢="
;

AL=rAp A¢=§

"
ALAg = (rAp,)(As/r)=Ap,As > h

In the Bohr model, L =n#% and may be known to within AL = 0.17.

Then A¢ > 7/(0.12) =10rad. This exceeds one revolution, so that ¢ is completely

unknown.

E=hf — AE=hAfE

AEAt=h — Af At =1 where At = 0.85ns
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(Problem 5-38 continued)
Af =1/0.85ns =1.18x10°Hz

_3.00x10°m/sx10°nm/m
0.01nm

For 4 =0.01nm f=clA =3.00x10"Hz

Af 1.18x10°Hz

- AU HZ 5910
f  3.00x10° Hz
539 AEAt~" 5 at=_T
2 2AE

‘o 6.58x10°eV «s

= > _1.32x10%s
2x 250 x10%eV

5-40. In order for diffraction to be observed, the aperture diameter must be of the same order of

magnitude as the wavelength of the particle. In this case the latter is

34
_h__ 663x107Js 4 eei10®m

" P (4x107 kg)(100m/s)
The diameter of the aperture would need to be of the order of 10°**m. This is many,

many orders of magnitude smaller than even the diameter of a proton or neutron. No

such apertures are available.

5-41. The Kinetic energy of the electron needed must be no larger than 0.1 nm. The minimum

kinetic energy of the electrons needed is then given by:

2
:h :>E=h

J2m.E 2m,A°
_ (6.63%J-s)°
2(9.11x107* kg)(0.1x10°° nm)?

A=

o=

=2.41x10" J=151eV
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5-42. (a) For a proton or neutron:

AXAp ~ 5 and Ap = mAv assuming the particle speed to be non-relativistic.

o 1.055x107* Jes

A X 2(1.67x10 ?'kg) (10 *m)

=3.16x10"m/s ~ 0.1c (non-relativistic)

27 7 2
[ (1.67x10%"kg)(3.16x10"m/s)
2
(c) Given the proton or neutron velocity in (a), we expect the electron to be relativistic,

in which case, E, =mc®(y—1) and

(b) E, ~

=8.34%x10™"J =5.21MeV

Ap=—~=ymv — V &~
P 2AX 4 4 2mAX

For the relativistic electron we assume v = ¢

oo 1.055x107* Jes

"~ 2meax ” 2(9.11x10 kg ) (3.00x10°m /) (10 m)

=193

E, =mc? (y —1) = (9.11x10 *'kg)(3.00x10°m/s)" (192) =1.58x10"**J = 98MeV

5-43. (a) E* = p*c® +m*c* E=hf =ho p=h/A=h/k n’o® = h’k*c* + m*c*

2
v_g_— hkc +me’ = c1+m%c?/ k2 > ¢
k 7k

k2c2+m c*
(b) v, =— «’
k c? +m 2t

c’k c’nk cip

= = =—=u (by Equation 2-41)

7 ho E
o’y 1 0% .
5-44. oo (Equation 5-11) Y, =Cy,+C,Y,
0%y 2y o’y 1 0% 1 0%
o G ax21+c > Glva Sl e
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(Problem 5-44 continued)

10

1 0%y
_V_QE(ClleFCZyZ): :

v ot?

5-45. The classical uncertainty relations are
AwAt — 27Af At =1 (Equation 5-18)

2

and AXAA = ;— (Equation 5-20)
T

1 1

A==
@ 27At - 272(3.05)

= 0.0541Hz

(b) Length of the wave traing L =VAt, where v = speed of sound in air = 330m/s.
L =(330m/s)(3.0s) =990m

2

A
(c) ALl= 5

" where Ax = length of the wave train = 990m from (b)
TTAX

(0.13m)’
and 2 =0.13m from (d). Al=————"2_=2.72x10"° =2.72um

27(990m)

d v=~f1 — A:X:M:O.Bm:mcm
f  (2500Hz)

5-46. (a) n(A1/2)=L —A=2L/n. Because A=h/p=h/2mE, then

2 2 2n? 2,2
E= n > = h 2:hn2 If E, = h?/8mL?, then En:hnzzanl
2mA®  2m(L/n)" 8mL 8mL:
e (hc) (1240eV snm)’

(b) For L=0.1nm, E = = =
©8ml’ 8mc’L’  §(0.511x10%V )(0.1nm)’

E, =37.6eV and E, =37.6n°%V
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(Problem 5-46 continued)

A n
E

(eV) 1000 [ .
800 |
600 |

4

400 F 3
200 [

2

1

0 >
0 L
X

hc

(co f=AE/h —> c/A=AE/h —> A=—

AE

Forn =2 — n=1transition, AE =112.8eV and 1 = 1240ev-nm =11.0nm
112.8eV
(d) Forn=3-—n=2 transition, AE =188eV and A = 1240eV-nm =6.6nm
188eV
() Forn=5-—n=1transition, AE =903eV and 1 = 1240eV -nm =1.4nm
903eV

hc)’
5-47. (a) For proton: E, = ( )2 ~ from Problem 5-46.
8m,c
(1240MeV « fm )’ )
= > = 205MeV and E, = 205n°MeV
8(938Mev)(1fm)

E, =820MeV and E; =1840MeV

(b) Forn=2— n=1transition, = ¢ _ 1240MeV. fm
AE 615MeV

(c) Forn=3-—n=2 transition, E:E = 1240MeV - fm =1.22fm
AE 1020MeV

(d) Forn=3— n=1transition, /I:E = 1240MeV - fm =0.76 fm
AE 1635MeV

=2.02fm
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5-48. (a) E>#"/2ml* (Equation5-28) and E =7/ /2mA?
(b) For electron with A=10"m:

(rc) (197.3eV-nm)’
2mc*A? 2(0.511x106ev)(10‘1nm)2
For electron with A=1cmor A=10°m:

“1)\2 7 2 16
E =3.81eV (10 ) /(10 nm) —3.81x10 eV

=3.81eV

2 1.055x107* Jos)’
© E=_" = ( ) - =1.39x10"'J =8.7x10%eV
2mL" - 2(100x10°g x10°kg/ g)(2x107)

5-49. Ap =mAv =m(0.0001)(500m/s) = 0.05m
For proton: AxXAp = 7
Ax~ T/ Ap =(6.58x10**eV+s)/(0.05m/s)(938x10%V
~1.40x10?m =1.40x10"° fm

For bullet: Ax ~(1.055x10*J+5)/(0.05m/s)(10x10°kg ) ~ 2.1x10*m

o’y 1%

5-50. v (Equation 5-11) where y = f (¢) and ¢ = x—vt.
o _of 0p g N _O ¢ o Of 04
oXx O¢ OX 2 0p X T o4% ox
@ — ﬂ X % and %2 af 82¢ a¢ 82 8¢
ot op ot o op ot ot of ot

2 2
Noting that % =0, 9 _ 1 8_;215 =0, and 9 —v, we then have:
ox’ OX ot ot

2 2
i><O+1><a Exlzlz ﬂ><O+(—V)><a ];x(—v)
o¢p o¢p ve\ 0@ o¢p

ot o'f
8¢2 8¢2
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Chapter 5 — The Wavelike Properties of Particles

5-51. (a) A=h/p The electrons are not moving at relativistic speeds, so
A=h/my=6.63x10"*J-s/(9.11x10 kg )(3x10°m/s) = 2.43x10"**m = 0.243nm

(b) The energy, momentum, and wavelength of the two photons are equal.

E :lmv2 +mc? =£mc2 (v2/c2)+mc2 = mc? 1(VZ/c2)+1
2 2 2

=0.511x10%V [1(3x106)/(3x108 )2 +1} ~0.511MeV
2

(c) p=E/c=0.511MeV/c

(d) A=hc/E =1240eV+.nm/0.511x10%V = 2.43x10°nm

5-52. (a) Q=mgc’-mc*-m.c’

=1.007825uc” —1.008665uc” —139.6MeV
=038.8MeV —939.6MeV —139.6MeV =-140.4MeV
AE =-140.4MeV

(b) AEAt~ —> At~h/AE =6.58x10 %6V +s/140.4x10%V ~ 4.7x10 s
(c) d=cAt= 3><108m/s(4.7><10‘24s) =1.4x10"m=1.4fm

5-53. hf =ymc*> — y= ht ___1

sauancl

Expanding the right side, assuming mc® < hf,

1/2

2\? 2\
le—%(r:;’ j _%{mc j +--- and neglecting all but the first two terms,
c

2
% =1- %( T]:j j Solving this for m and inserting deBroglie’s assumptions that
¥'>0.99and 2 = 30m, m is then:
c
1/2
1-0.99)2 | " (6.63x10* Jes
m:[( ) ] ( )=1.04><104‘4kg

(3.00x10°m/s)(30m)
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Chapter 5 — The Wavelike Properties of Particles

5-54.

(a)

(

e M
AXAp~h — MAXAV, i — AV, ~ i/ mAX
'.' 1 5 1/2 1 9 1/2
,’ Yo == gt* > t=(ﬁj ZAX = Av,et = AV, ﬁj
! 2 g g
! 1/2
oo | v Zh(zyj
: AX =2Av, (ﬂj -\ 9
! g MAX
[ ax —>
(b) Ifalso AyAp, ~h — Av, ~nh/my and %AX = AX(t+At) where Av, = gAt or
At=Av, /g ="nImgAy so, AX = %[(Zyolg) 2 +h/mgAy}
X
5.55. Sy = SkT
2
1/2

1.381x10%J /K (300K
=366m/s

2
BT | 3(
Vv = =
e m 56u(1.66x10*"kg /u)

f'=1f,(1+vic) — hf'=hf (1+v/c)
(lev)(366m/s) 19,10%eV

3.0x10°m/s

AE =hf'—hf =hfy/c=

This is about 12 times the natural line width.
(10°eV )(366m/s)
AE =hfv/c= 5 =1.2eV
3.0x10°m/s

This is over 10’ times the natural line width.

125



Chapter 5 — The Wavelike Properties of Particles

2 2
(precoil) E
5-56. Precoil = Py = E}' Ic B econ = 2m - Zm};:

2

2
leV 2
(a) Erecoil = ( ) ue 5 =9.6><10_128V
2(56uc2) 931.5x10°eV

This is about 10 times the natural line width estimated at 107eV.

C(AMev) oy

- —9.6eV
recoll 2(56uc2)931.5x106eV

(b) E

This is about 108 times the natural line width.
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6-1.

Chapter 6 — The Schrodinger Equation

2
9¥ _aet — kp and T =
dx dx

Also, av =—w¥. The Schrodinger equation is then, with these substitutions,

K2y

—7’k*¥/2m+VW¥ = —ihiw'¥. Because the left side is real and the right side is a pure

Imaginary number, the proposed W does not satisfy Schrédinger’s equation.

o 4

X2

For the Schrodinger equation: %{I =ik¥ and =-k*¥. Also, %P =—iwV.

Substituting these into the Schrdodinger equation yields:
kY [2m+VW¥ = hoW, which is true, provided i =r’k*/2m+V, ie., ifE=E +V.

For the classical wave equation: (from Equation 6-1)

2 2

¥ k2w and also oY _ —o’¥. Substituting into Equation 6-1

From above: > 5
X ot

(with ¥ replacing Eand v replacing c) —k*\ = (1/v*)(~e"¥), which is true for
v=wl/k.

dy ) d?y X x) 1 x? 1
a) — =—(x/L" )y and -—— - |l-Slv=—v-—=
@ dx ( )W dx? L2 ) v L v L2 v
Substituting into the time-independent Schrodinger equation,

nxt
- +—— lw+V(X)=Ey =
( 2mL* 2mL2}// () =By =5z

hZXZ hZ hZXZ
- i 2 |~
2mL" 2mL j

2
Solving for V(x), V (x) = 2h = _(
m

2

Comlt

1
2
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Chapter 6 — The Schrodinger Equation

(Problem 6-3 continued)
where k =#?/mL*. This is the equation of a parabola centered at x = 0.

V(x)

0 X

(b) The classical system with this dependence is the harmonic oscillator.

6-4.  (2) E (x)=E-V(x)=7"/2mL® —7*x*/2mL* = (#*/2mL* )(1-x*/ )
(b) The classical turning points are the points where E =V (x) or E, (x) = 0. That occurs
when x? /L% =1, or when x = £L.

(c) Foraharmonic oscillator V (x) = me’x* /2, so

h2x?
W:COZXZIZ —> 0)2=h2/m2|_4 —> a)=h/mL2
m
2
Thus, E = h > = hz Eziha)
2mL mL=)2 2

6-5. (a) W(xt)=Asin(kx—at)

%P =—wAcos(kx—at)
iha—\P =—inwAcos(kx— at)
ot
2
aaxlf =—k*Asin(kx— at)
—#ﬁ?szA o¥

> sin(kx — wt) = ih—
2m oX 2m ot
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Chapter 6 — The Schrodinger Equation

(Problem 6-5 continued)
(b) ¥(xt)=Acos(kx—at)+iAsin(kx—at)

ih%P = inwAsin(kx — ot) —i’hoAcos (kx — at)

= hwAcos(kx — at) + irwAsin(kx — t)

2 2 21,2 251, 2
o E’ Tk Acos(kx—a)t)+h Ik ASin(kX—a)t)
2m Ox 2m 2m

h’k?
N 2m

[ Acos(kx —at ) +iAsin(kx — at) |

21,2
= iha—\P if ik = hw it does. (Equation 6-5 with V = 0)
ot 2m

2 2 2
6-6. (a) Forafree electron V(x) =0, so _h_d_VZ/ —Ey — d 1/2/ _
2m dx dx

(25x10°) v
Substituting into the Schrédinger equation gives: (2.5x10* )2 (#*/2m)y = Ey
and, since E = E, = p?/2m for a free particle, p? = 2m(2.5><101°)2(h2 /2m) and
p=(2.5%10" )7 = 2.64x10*'kgem/s

(b) E=p?/2m=(2.64x10kgem/s) /(2)(9.11x10 kg ) = 3.82x107]

=(3.82x107°3)(1/1.60x107°J /eV ) = 23.9eV

() A=h/p=6.63x10"Jss/2.64x10*kgem/s = 2.51x10"°m = 0.251nm

6-7. z//(x):Ce’Xz’Lz and E=0
n* dy

a) ————+V(X)w=0
(@) 2m dx® (x)y
dy  2x d’w  (4x* 2
——=—-—w(x) and = —-—
g - v () g [L“ )V
R (4x? 2 K [ 2x?
And —| ——— lw+V(X)w =0 s0 V(X)=—| — -1
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Chapter 6 — The Schrodinger Equation

(Problem 6-7 continued)

6-8.

6-9.

6-10.

(b) V(x)

LT

_[ wrpdx = A? j e et gllallgy = 1

= Aszx = A’

—a

n=A(2a)=1

1
(Za)llz

Normalization between —oo and +o0 is not possible because the value of the integral is
infinite.
(@) The ground state of an infinite well is E, = h*/8mL* = (hc)2 /8mc?L?

(1240MeV « fm )’
8(938.3x10%V )(0.1nm)

Form=m, L=0.1nm: E = > =0.021eV
(1240MeV « fm)’

> = 205MeV
8(938.3x10%eV ) (1fm)

(b) Form=m, L=1fm: E =

The ground state wave function is (n = 1) y; (x) =2/ Lsin(zx/L) (Equation 6-32)

The probability of finding the particle in Ax is approximately:

P(x)Ax:gsin2 X Ax=%sin2 X
L L L L
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Chapter 6 — The Schrodinger Equation

(Problem 6-10 continued)

2(0.002L
(a) For x:% and Ax = 0.002L, P(X)Ax:¥sin (Z'L‘j 0.004sin E_0004

(b) For x:z—; and P(x)Ax =

2(0.002L
gsin [Z”Lj 0.004sin? 2?—00030

(c) For x=L and P(x)Ax =0.004sin* z =0

6-11. The second excited state wave function is (n = 3) y, (x)=+2/Lsin(3zx/L)

(Equation 6-32). The probability of finding the particle in AX is approximately:
P(x)Ax = 2 sin? (%]Ax

L L
(@) For

2(0.002L
:% and Ax = 0.002L, P(x)Ax (f)sin (3;_") 0.004sin 3;—0.004

(b) For x:z—; and P(x)Ax = 0.004sin [637?‘} 0.004sin*27 =0

(c) For x=L and P(x)Ax = 0.004sin’ (373') 0.004sin*37 =0

232 2 2
612 E==mv = h (Equation 6-24) n? = 1mvzj 2T|‘2 - (va)
mvL  (10°kg)(10°m/s)(10°m)

= =3x10%
rh 7[(1.055 %107 ] -s)

6-13. (a) Ax=0.0001L =(0.0001)(10°°m)=10"°m
Ap =0.0001p = (0.0001)(10 °kg )(10°m/s) =10 **kg-m/s

AXAP (10°m)(10"°kg+m/s)
B 1.055x10*Jes

(b) —9x10"
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Chapter 6 — The Schrodinger Equation

6-14 (a) This is an infinite square well with width L. V(x) =0, and E = E, = p*/2m. From
uncertainty principle: E, — p,,, * Ap=n/Ax=h/L and
E.. =P, /2m=~n*/2m® = h?/87°mL®

(b) The solution to the Schrodinger equation for the ground state is:
v, (x)=(2/L)" sin(zx/L)

g2 2 5 1/2 2
and d)igl =—(%j (E] sin(ﬂx/L)z—[%j v,

2 (z\ h?
So, —| = =Ew, or E =——
Zm[Lj ¥ ¥, E m

The result in (a) is about 1/10 of the computed value, but has the correct

dependencies on h, m, and L.

6-15. (a) Forthe ground state, L=1/2, so 4 =2L.
(b) Recall that state n has n half-wavelengths between x =0 and x = L, so forn = 3,
L=34/2, 0orA=2L/3.
(c) p=h/A=h/2L inthe ground state.

(d) p®/2m=(h?/4L%)/2m =h?/8mL*, which is the ground state energy.

h?n? h?
6-16. E,=_—— and AE, =E,,—E, = ——(n*+2n+1)
8mL 8mL
2
or, AE, =(2n+1) h - _he
8mL A
1/2 1/2 vz
3(694.3nm)(1240eV «nm
S0, L:(%J :(3%2) = ( )( ) =0.795nm
8mc 8mc 8(0511xufev)

2
for any particle in any one-dimensional

6-17. The uncertainty principle requires that E> Zh B

box of width L (Equation 5-28). For a particle in an infinite one-dimensional square well:

nh?
" 8ml?
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Chapter 6 — The Schrodinger Equation

(Problem 6-17 continued)

6-18.

6-19.

6-20.

2
For n =0, then Ey must be 0 since

> 0. This violates Equation 5-28 and, hence, the

L2

exclusion principle.

(a) Using Equation 6-24 with L = 0.05 nm and n = 92, the energy of the 92" electron in

the model atom is Eg, given by:

242 -34 2
T h2 £ = (92) (6.§§1x10 J-s) _
2mL: 8(9.11x10" kg)(0.05x10™ m)
Eg, = 2.04x107) XL_N =1.28x10%eV =1.28 MeV
1.60x10J

(b) The rest energy of the electron is 0.511 MeV. E,, =2.5x the electron’s rest energy.

This is an infinite square well with L = 10cm.

e 1, (20x10%kg)(200m/y)

"Teml 2 2(3.16x107s/ y)’

8(2.0x10°kg) (20x10°m) (0.1m)’
2(3.16x107s) (6.63x10* J+s)’

2

~ 2(2.0x10°kg)(20x10°m)(0.1m)

- 14
(3'16X1075)(6.63x10’343.S) =3.8x10

@ ws(x)=(2/ L)l/2 sin(5zx / L) dx

0.4L
P= I(Z/L)sinz(Snx/L)dx

0.2L
Letting 5zx/L =u, then 5zdx/L=duandx=0.2L >u=r

and Xx=0.4L > u=2r, so
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(Problem 6-20 continued)

2z

2 l—sinZX
=8 )a ) omtwn=(2)5 ) 22— | -
L )\ 5x . L )\ 5x 4

T

gl

(b) P=(2/L)sin’ L::/Z)(O.OlL) =0.02 where 0.01L = Ax

(1240MeV « fm)’ .
6-21. (a) Foranelectron: E, = > =3.76x10°MeV
8(0.511Mev)(10 fm)
(1240MeV « fm)’
(b) Foraproton: E, = = 2.05MeV

8(938.3Mev)(10 fm)’
(c) AE, =3E, (SeeProblem 6-16)
For the electron: AE,, = 3E, =1.13x10*MeV

For the proton: AE,, =3E, =6.15MeV

6-22. F =-dE/dL comes from the impulse-momentum theorem FAt =2mv where At ~ L/v.

So, F ~mv?/L ~E/L. Because E, =h*/8mL*, dE/dL =—h?/4mL® where the minus

(6.63><10‘34J-s)2

- =1.21x10"N
4(9.11x10*kg )(10*°m)

sign means “on the wall”. So F =h?/4mL® =

The weight of an electron is mg =9.11x10*"kg (9.8m/ 52) =8.9x10®N which is

minuscule by comparison.

2 . nxX
6-23. X)=,—sin—-
v (x)= [T sin=
L
To show that J‘sin(nﬂxjsin(mﬂx)dx =0
3 L L

Using the identity 2sin AsinB =cos(A—B)—cos(A+ B), the integrand becomes

%{cos[(n —m)zx/L]-cos[(n+m)zx/ L]}
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(Problem 6-23 continued)

sin(n—m)zx/L
The integral part of the first term is L ( )ﬂ
r (n—m)

Term with (n + m) replacing (n —m). Since n and m are integers and n # m, the sines both

and similarly for the second

vanish at the limits x = 0 and x = L.

L
Isin(mxjsin(mﬂxjdx =0 forn=m.
0 L L

6-24. (a) Wy
4

(b) P

6-25. Refer to MORE section “Graphical Solution of the Finite Square Well”. If there are only

two allowed energies within the well, the highest energy E, =V,, the depth of the well.

1/2mE
From Figure 6-14, ka=/2,i.e., ka= . Zxa=rn/2

where a =1/2(1.0 fm) =0.5fm and m =939.6MeV /c? for the neutron.

Substituting above, squaring, and re-arranging, we have:

E,=V —(EJZ A
© 7 (2) 2(939.6MevV /c?)(0.5m)’

(7 (nc)’ B () (197.3eV enm)’

8(939.6MeV )(0.5fmx10°nm/ fm)”  8(939.6x10%V )(0.5x10°nm)’

V, =2.04x10%V = 204MeV
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6-26. Because E, =0.5eV and for a finite well also E, ~ n’E,, then n =4 is at about 8eV, i.e.,

near the top of the well. Referring to Figure 6-14, ka ~ 27.

J2mE L

x—= 1.24x10°m*'xL =27
h 2

L=27/7.24x10° =8.7x10°m = 0.87nm

ka =

6-27. ForV,>E >V, :x iswhereV =0—V, and x, and X, is where V, >V,

Wi

/

@] X4 Xo X

From —o to 0 and x, to +:  is exponential
0 to x;: w is oscillatory; Ex is large so p is large and A is small; amplitude is small because

Ex is large, hence v is large.

X1 t0 Xo: / is oscillatory; Ey is small so p is small and A is large; amplitude is large

because Ey is small, hence v is small.

6-28. (a)

EVANANS
§ VA

-10
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(Problem 6-28 continued)

(c) Pi

6-29. (p,)= _fz//s X (ﬁ(gj% s dx (Equation 6-48)
i OX
Y2 37rx(h8) 2 . 3xx
:_[ —sin—-/| —— |, /[— sin——dx
LT L Lioox VLo L

2 h Lf( . 37zxj( 37rxj(37rj
=—— || sin—- || cos—— || — |dx
Lij L L L

Letgil_xzy Thenx=0—>y=0, x=L—>y=3r and 3T7rdx:dy—>dx:3idy
7T

Substituting above gives:

hLCT 37
<px>_f?§ Jsmycosydyx(Tj

2h%
=—— |sinycosyd
Lioj ycos ydy

_2n(sin’y
Lil 2

Reconiliation: py is a vector pointing half the time in the +x direction, half in the —x

3z

=£E 0-0 =0
Li

0

direction. E is a scalar proportional to v, hence always positive.

6-30. Forn=3, y,= 2/L "*sin 37x/L

L
@ (x)= jx 2/L sin* 3zx/L dx
0
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(Problem 6-30 continued)

Substituting u =3zx/L, thenx=Lu/37z anddx = L/3z du. The limits become:

X=0—-u=0andx=L —>u=3r

3r
x)= 2/L L/3x 1/37 |usin®udu
(%) J

0

2/l L/3n? ﬁ_usinZu_cosZu 3”
4 4 8

0

= 2/L 13z ° 3z /4=L/2
L
() (x*)=[x* 2/L sin® 3zx/L dx
0

Changing the variable exactly as in (a) and noting that:

3 3 2 3z
juz sinudu = u_ U__} sin2u — ucosz2u
0 6 4 8 4

0

We obtain (x*) = (% - 181”2

j ? =0.328L°

6-31. (a) Classically, the particle is equally likely to be found anywhere in the box, so

L
P(x) = constant. In addition, IP X dx=1so P x =1/L.
0

(b) <x>=ij/L dx=L/2and <x2>=ij2/L dx=L?/3
0 0

_Kdy
2m dx®

1(nd\(hd
N U (U _[E-V
Zm(i dx)(i dx]‘” x = X Jw X

% pop popl// =|:E -V X :ll//

6-32. +V x w x =Ey x  (Equation 6-18)

Multiplying by y * and integrating over the range of X,
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(Problem 6-32 continued)

+0 2 +0
jy/‘%wdx= .[z//*[E—V X ](//dx

p2
<ﬂ> =([E=V x ]) or (p*)=(2m[E-V x )
For the infinite square well V(x) = 0 wherever v x does not vanish and vice versa.

forn=1

2 L2

2 2h2 2h2
Thus, (V x )=0and (p*)=(2mE) :<2m n27r:1L >: d

NI L
6-33. (X’)=—- (See Problem 6-30.) And (x) = 3
T

(p2)= ”LZ and (p)=0 (See Problem 6-32)

242 1/2
o, = <p2>—<p>2 {” L _o} =”—Lh. And 0,0, = 0.181L 7zh/L =0.568%h

6-34. w, X =A% where A = mo/hz
(x) = _[Afxe‘m’“xz’hdx Letting u? = mwx? /7 andx= A/me = U
2udu= me/h 2xdx . Andthus, mo/A ~ udu = xdx; limits are unchanged.

<x> =A nlmo Iue‘“zdu =0 (Note that the symmetry of V(x) would also tell us that

(x)=0.)
(x*) = +Tijze‘m“’xz”"dx

=A nimo " juze‘“zdu =2A2 himo juze‘“zdu

=2A nimo **rl4= molhz "* nime **zi2=nl 2me
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2

6-35. 2p—+%ma)2x2 = n+1/2 he. For the ground state (n = 0),
m

2
(x*) = 22 hol2—-p?/2m  and <x2>=<i— b 2>:h/2ma) (See Problem 6-34)
Mo mo Mo
2 2
RPN A S or (1--P :1—><p2>:lmha)
Mo mhw 2Mao mhw 2 2

6-36. (a) \PO Xt = mw /! hix l/4€—m(ux2/2he—i(gt/2

+00 2
h o 2 . h o
(b) pxop :T& <p >:_;[\P0 Xlt (T&j \IJO X,t dX
a;PXO = A, mox/hx L4 g-mox? 1 2hg-iot/2
2
aa;‘) = A| —Mox/h —mox/h —ma)/h]e‘”“”xz’2"?e“‘”“2

<p2>:—h2A02 ma [ 7 T mox? /h—1 e ™ "dx

=N molh [J' meox? [ h e ™ "dx — J’e‘m‘”xz’z”dx}
. 1/2
Letting u= max/h X, then

<p2>:—h2A\f molh moh _1/2{Tuze‘“zdu—jie‘“zdu}
=-h'A molh H2 Zﬁuze‘uzdu —O]‘e‘”zdu}
0 0

=1 molhr "
4 2

it

=h* mwlh 1/2 =mhwl2
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6-37. w, x =C,e™"'* (Equation 6-58)

@) T\% x| dx=1= T|co|2 e "™ /dx

=|C,[ x 21, =|C,[ xzx%\/% with A =ma /7

|C| 7Z'h
me

1/4
o L
° (nhj
(b) (x*)= jx o] dx_j / e/ dlx
/m_j_l’xm = / ><2><—\/: with 4 =me/h
T
21 /ma) /ﬂhs _1ln
AR mao

2
(c) <V x>:<%mw2x2>:%mw2<x2>:1ma)x1i:lha)

6-38. y, x =Cxe™*'# (Equation 6-58)
(@) T‘% X ‘2 dx=1= +T|Cl|2 x?e™™ X hdx = |C,[" x 21,

:|C1|2><2><% z with A =mae/h

/13

1 | xn®
e o

ame® )
c —| Mo

3 3 1/2
(b) (x)= jx|l//1| dx—jx (4 o ] e ™ /idy = 0

i’

—00
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(Problem 6-38 continued)

—max? /hXZdX

amie?® 2 4am’e® 1 3 |
z( 7 j X2|4=( P j ><2><§ f; where A =mw/#h
T T

—~
(¢
~
—
>
i)
~———
Il
'—;18L
>
N
S
o
>
Il N
—3
>
N
7\
D
33
SRS
N——
2
N
@D

6-39. (@) AXAp~h —>Ap~hl/Ax~hl2A

(b) E, =p?/2m=~ h/2A °/2m~ h?/8mA?

2 2 2 2
Q) E=imoad| 1 |[2)-E2mA (4] &
2 7\ 2  \4)” 4E,

Because E, =7 /2 also E, = 4E,

(2) 0*¥,/ox* is computed in Problem 6-36(b). Using that quantity,

2
(E)=-2 (-T2 _jpa=2E,
2m\ 2n
6-40. E,= n+1/2 ho E,..= N+3/2 ho

E..,—E,=AE, n+3/2-n-1 ho=ho
AE,/E, =ho n+1/2 ho=1/ n+1/2

. . 1
llmn—»w — = Ilmn—m
E, n+1/2

J =0. In agreement with the correspondence principle.
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Chapter 6 — The Schrodinger Equation

6-41. (a) Harmonic oscillator ground state is n = 0.

w, X =Ae ™%  (Equation 6-58)

Therefore, for x: (x) = A; Txe‘m‘”xz’hdx

—0

Let mox*/h=y> > x=h/moy
dx = \/i/me dy
Substituting above yields: (x) = A} #/me jye‘yzdy =0
by inspection of Figure 6-18, integral tables, or integration by parts.

+o0
2
For x%: <x2>= AN sze‘mwx " dx

Substituting as above yields: <x2> =~ h/mo J.yze‘yzdy

The value of the integral from tables is \/;/2
Therefore, <x2> =N Jz/2 nmeo
(b) For the 1% excited state, n = 1,

w, X =A~molhxe™ % (Equation 6-58)
<X> — A12 IXS m(O/h e—m(ulehdx
Changing the variable as in (a),

(x)=A> ma/h j Bimo 'y n/me M dy

=A h/mo ije‘yzdy =0
by inspection of Figure 6-18, integral tables, or integration by parts.
<X2>= A12 J'X4 mw/h g~ mex gy

changing variables as above yields:
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(Problem 6-41 continued)
(X)=A mo/n | B/mo *y'e” njmo " dy
= A nfmo > _[y“e‘yzdy
The value of the integral from tables is 3\/;/4.

Therefore, <x2>:Af 3Jz/4 njmo *?

6-42. (3) w=2xf =27/T =27/1.42s =4.42rad /s
E, = %ha) =1.055%x10* Jes 4.42rad /s /2=2.33x107*J

500.0 mm

(b) A=, 500.0° - 499.9 ° =10mm N
E= n+1/2 ho=1/2me?A? A%
n+1/2=1/2 0.010ky 4.42rad/s 107m "~ /1.055x10Jes

=2.1x10%® or n=2.1x10%

(c) f=w/27=0.70Hz

—mox? [ 2h

6'43. l//o X :A)efa)xz/Zh l//l X =A1 %Xe

From Equation 6-58.
Note that i/, is an even function of x and v, is an odd function of x.

It follows that _[l//ol//ldx =0
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Chapter 6 — The Schrodinger Equation

6-44.

6-45

6-46.

(@) Forx>0, #°kZ/2m+V, = E = 1’k?/2m = 2V,
So, k, = 2mV, llz/h. Because k, = 4mV, 1/2/h, thenk, = kl/\/f
(b) R=k —k, °/ k.+k, * (Equation 6-68)
2 2
= 1-1/\2 / 1+1/2 © =0.0294, or 2.94% of the incident particles are

reflected.
(c) T=1-R=1-0.0294 =0.971
(d) 97.1% of the particles, or 0.971x10° = 9.71x10°, continue past the step in the +x

direction. Classically, 100% would continue on.

(a) Equation 6-76: T zlGVE[l—VEje‘Z“a where o =2,/2m (V,—E) / h

0 0

and a = barrier width .

e —2[\/2(938 MeV/c?)(50— 44)MeV /6.58 102 MeV ~s} «107%5 = ~1.075

_1gXMeV (| 44MeV) o
50MeV | 50MeV

T ~0.577

(b) decay rate ¥ N xT where

\ Voo _ {2x44 MeV x1.60x107% J/MeVTZ 1

- s X e = 4.59x10% 5
2R 1.67x107 kg 2x107™° m

decay rate ~ 0.577x4.59x10% s = 2.65x10%s™*
(c) In the expression for T, e = e?* and so T ~0.577 =T ~0.197. The decay

rate then becomes 9.05x10%'s™, a factor of 0.34x the original value.

(@) Forx>0, n’ki/2m-V, = E = i’k /2m = 2V,

So, k, = 6mV, l/z/h. Because k;, = 4mV, llz/h, then k, = +/3/2k,
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Chapter 6 — The Schrodinger Equation

(Problem 6-46 continued)
(b) R= k -k, °/ k+k, °

2 2
R=k -k °/ k+k,* = 1-3/2 / 1++/3/2  =0.0102
Or 1.02% are reflected at x = 0.
() T=1-R=1-0.0102=0.99
(d) 99% of the particles, or 0.99x10° =9.9x10°, continue in the +x direction.

Classically, 100% would continue on.

6-47. (a)

E =4eV 9eV =V, a=\2mV,-E /h

=\/2 0.511x10%eV /c? 5eV /%

=+/5.11x10%V ﬂ/h
C

_2260eV
197.3eVe+enm

0.6nm=a

=11.46nm™"
and ca=0.6nmx11.46nm™ =6.87
Since «aa is not <1, use Equation 6-75:

The transmitted fraction

.1 -1 -1
T=|14_ SN aa _ 1+(ﬁJsinh2 6.87
4 EN, 1-EN, 80

Recall that sinhx = e*—e™* /2,

6.87 -
e —

81 o687 2"
T= 1+%(#j =4.3x107° is the transmitted fraction.

(b) Noting that the size of T is controlled by ca through the sinh? ¢a and increasing T

implies increasing E. Trying a few values, selecting E = 4.5eV yields T =8.7x10°°
or approximately twice the value in part (a).
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Chapter 6 — The Schrodinger Equation

1/2
~ El/2_ E_VO
- 1/2
EY?+ E-V,

6-48. A For E<V, E-V, s imaginary and the numerator and

denominator are complex conjugates. Thus, |B|2 = |A|2 and therefore R = |B|2/|A|2 =1,

hence T=1-R=0.

6-49. A+B=CandkA-kB=k,C (Equations 6-65a & b)
Substituting for C, Kk A-k B =k, A+B =k,A+k,B and solving for B,

kl_kz

k, +k

B= A, which is Equation 6-66. Substituting this value of B into Equation 6-65(a),

2

A+_kl_k2 A=C=A k +K, +k kK, orC = 2k, , Which is Equation 6-67.
k +k, k +k, k +k,

6-50. Using Equation 6-76,

T~ 165(1—E]e2“a where E = 2.0eV, V, =6.5eV, and a = 0.5nm.

0 0

T zﬁ(%j(l—g}ez 108705 ~6.5%x107° (Equation 6-75 yields T =6.6x107°.)

2

kl_kz

> and T=1-R (Equations 6-68 and 6-70)
k, +K,

6-51. R=

(a) For protons:

k, =~+2mc’E / hc = \/2 938MeV 40MeV /197.3MeV.«fm =1.388

k, =2mc* E-V, /hc= \/2 938MeV 10MeV /197.3MeVsfm =0.694

0.694
2.082

(1.388—0.694}2

2
o =0.111 AndT =1-R=0.889
1.388 + 0.694
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(Problem 6-51 continued)

(b) For electrons:

1/2 1/2
k, =1.388 0511+ _ 0.0324 k, =0.694 0511 _ 0.0162
938 938

R (0.0324 —-0.0162

2
=0.111 AndT =1-R=0.889
0.0324 +0.0162

No, the mass of the particle is not a factor. (We might have noticed that ~/m could

be canceled from each term.

2112
6-52. (a) E, = g k:_z The ground state isn =1, so
he 2 1240MeV .+ fm °
El = 2 2 = 2 = 204.8M€V
8 mc® L° 8 938.3MeV 1fm
(b) 2000 - 1844 MeV (c) AE, =hc/ 4,
n=3
A, = 1240MeV « fm _2.02fm
i 1500 819 - 205 MeV
(Men\/) .
@ 4, = 1240MeV « fm _1.21fm
1844 —-819 MeV
1000 819 MeV
1240MeV « fm
_ e = =0.73fm
500 ©) =842 205 Mev
205 MeV
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6-53. (a) The probability density for the ground state is P x =* x = 2/L sin® zx/L.
The probability of finding the particle in the range 0 < x < L/2 is:

L/2 L7r/2 2 T 1
P= jP X dx=—— Isinzudu:—(——OJz— where u = zx/L
5 Lz g 7\ 4 2
L/3 /3 -
() P= [P x ax=2L jsinzudu:E(Z—szl—ﬁzo.ws
5 Lz 7\ 6 4 A

(Note: 1/3 is the classical result.)

3L/4 3714 H
() P= J'P x dx=2L jsinzudu:gtsﬂ MJ:§+L:O.909
5 Lz § 2r

7\ 8 4

(Note: 3/4 is the classical result.)

2
n2h? n+1"h?
6-54. a) E = and E  =———
( ) n 8mL2 n+1 8mL2
B 2 1-n? _ -
So, E..—E _n +2n2 1= _ 2n2 1_2 1/n For large n,1/n <« 2 and
E, n n n
En+1 B En ~ 3
E n

(b) For n=1000 the fractional energy difference is ﬁ =0.002 =0.2%

(c) It means that the energy difference between adjacent levels per unit energy for large

n is getting smaller, as the correspondence principle requires.

6-55. The n =2 wave functionis y, x = \/%sinZLLX and the Kinetic energy operator

2 2
L = —h—8—2 Therefore,
op 2m Ox

T n* o
(E)= J“/b X [—%yj% X dx
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(Problem 6-55 continued)

2( w2\ . 27Z'X(27l'j2( . Zﬂxj
=—|—-— jsm— — | | =sin—— |dx
LU 2m); L LL L
2 2L
_2 h 2_7r IS 227r 27X 4
Lli2m )\ L ; L

LetzT_y,thenx O—>y=0andx=L—>y= Zﬂand”Td_dy—>dx_2—dy

2 2 2z
Substituting above gives: (E,) = %[h—](z—”J (ZLJ f sin® ydy
a 0

2m )L L
J'sm yely = (y sm2yj

=2 [0 o]

2 2 232 2
Therefore, (E,) = %(S_](ZT”} [ZLJ” _ % - %
m w m m

6-56. (a) The requirementisthat > x =w® —x =w —x w —x . This can only be true if:

W =X =W X O y =X =—/ X .

2
(b) Writing the Schrddinger equation in the form d—l/z/ = —Z;n—zEl//, the general solutions

of this 2" order differential equation are: 7 x = Asinkx and iy x = Acoskx

where k =+/2mE / h. Because the boundaries of the box are at x =%L/2, both

solutions are allowed (unlike the treatment in the text where one boundary was at
x = 0). Still, the solutions are all zero at x =+L/2provided that an integral number
of half wavelengths fit between x =—L/2 and x =+L/2. This will occur for:

W, X = 2/L Y*cosnzx/L whenn=1,35,--. And for

v, X = 2/L "% sinnzx/L whenn =2,4,6,--
The solutions are alternately even and odd.

() The allowed energies are: E =#%k?/2m =74’ nz/L °/2m=n’h?/8mL>.
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6-57. 1, =Ae X'

(a) —d(;/)/(‘) = —x/12 Ae™'? and y, = L—d(;/)/(o =L —x/12 Ae™'% = —x/L y,
dy,
SO, d_:_ 1/L Wy — x/L d(//O/dX
X

2
And %:— 1/L dy,/dx— 1/L dy,/dx— x/L d?,/dx?
X

= 2XIC wy+ xXIC y,+ XL y,
Recalling from Problem 6-3 that V. x = #°x*/2mL*, the Schrodinger equation
becomes —#*/2m 3m/L+x* /L w,+ Km*x*/2mL w,=E —x/L y, or,
simplifying: —3#°x/2mL® y, =E —x/L y,. Thus, choosing E appropriately
will make y, a solution.

(b) We see from (a) that E = 3#%/2mL?, or three times the ground state energy.
(c) w, plotted looks as below. The single node indicates that v, is the first excited state.

(The energy value in [b] would also tell us that.)

L2y

= ¥

L
6-58. <x2>: J‘%xzsinznil_xdx Letting u =nzx/L, du= nz/L dx

0

2 nz
<x2> = E(LJ (LJ fuzsinz udu
L\ nxz nz);
_2(L : u_3_ E_E SinZu_ucosZu
L\ nx 6 4 8 4
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Chapter 6 — The Schrodinger Equation

(Problem 6-58 continued)
2 L ’ Nz : nx L2 L2
“Llnz 00 =0
L\nz 6 4 3 2n

6-59. T zlGVE[l—\%JeZ“a where E =10eV, V, =25V, and o =1nm.

0 0
@) a=\2mV,~E [h=\2mc V,-E /c

:\/2 0.511x10%V 15eV /197.3eV-nm:19.84nm’l

And a@a= 19.84nm™* 1nm =19.84; 2ca =29.68

T ~16 10 1—E e %% ~4.95x107"
25 25

(b) For a=0.Inm: c«a= 19.84nm™*

0.1nm =1.984
T ~16 E 1—£ e 2% ~0.197
25 25
6-60. (a) For ¥ x,t = Asin kx—wt
d’y ) 0 o . _
e =—-k“¥ and E:—wAcos kx —wt so the Schrédinger equation becomes:
h2k2

5 Asin kx—ot +V Xx Asin kx —ot = —-1hwcos kx —wt
m

Because the sin and cos are not proportional, this ¥ cannot be a solution. Similarly,

for ¥ x,t = Acos kx—wt , there are no solutions.

(b)

For ¥ xt = A[cos kx — ot +isin kx— ot ]= Ae' ™ we have that

2
O(lj \f =—-k?¥ and %P =—iw¥. And the Schrédinger equation becomes:
X

h*k?
2m

Y +V X ¥ =-hoV for hiw=hk?/2m+V.

152



Chapter 6 — The Schrodinger Equation

Classically allowed:
0<z<z

6-61.
V 1 mgz
E
\\\\\ /:/Ek:E-mgz
0 Zo z
The wave function will be concaved toward the z axis in the classically allowed region
and away from the z axis elsewhere. Each wave function vanishes at z =0 and as z — oo.
The smaller amplitudes are in the regions where the Kinetic energy is larger.
Tk
2
o |
W |
= |
_é Zpy Z
(]
!.P_I
2
i
=
VRN z
5 \/ z
2 I
L
o Vo
=
i :
3 !
[ H]
= Z Z
§ \/ 2
)
w

6-62. Writing the Schrodinger equation as: E, iy X +V X w x =Ey X from which we

have: Egr x =[E-V x |y x = —h*/2m d%y/dx’
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(Problem 6-62 continued)

E, is <Ek>= .'.Ekl// X w X dx. Substituting E,i» x from above and reordering

- s e 1 d’y
multiplied quantities gives: (E, ) = X | — X dx.
plied g gives: (E,)= [y [ ol }/f

6-63. (a) APAX ~h —> MAVAX = &
AV~ h/mAa = 1.055x10 % Jes / 9.11x10* 10%2m
AV ~1.6x10®m/s =0.39c
(b) The width of the well L is still an integer number of half wavelengths, L=n A/2 ,

and deBroglie’s relation still gives: L =nh/2p. However, p is not given by:

1/2
p= /2mE , but by the relativistic expression: p =[E2 — mc? 2} /C-

nhc

2 22 2
oz > ET-met = nhc/2L
Z[Ez— mc? }

Substituting this yields: L =

1/2

2 2

1240eV «nm

(c) E = h_c2 + mc? ’ =|l—+ 0.511x10%eV ’ =8.03x10°eV
4L 4 10°3nm

(d) Nonrelativistic:
h? hc ° 1240eV enm °

= - = = - =3.76x10%eV
8mL™ 8 mc® L g8 0.511x10%V 107°%nm

E; computed in (c) is 2.14 times the nonrelativistic value.
6-64. (a) Applying the boundary conditions of continuity to y and dy//dxat x = 0 and x = a,

where the various wave functions are given by Equation 6-74, results in the two pairs

of equation below:
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(Problem 6-64 continued)
At x=0: A+B=C+D and ikA—ikB =—aC +aD
At x=a:Fe" =Ce ™™ +De”® and ikFe"® = —aCe ™ + aDe™

Eliminating the coefficients C and D from these four equations, a straightforward
but lengthy task, yields: 4ikezA = [ a+ik 2e — g—ik ? eﬂ Fele

The transmission coefficient T is then:

2
I dika
A7 e”@[ a+ik ‘e - a-ik Zeﬂ

Recalling that sinh@:% e’ —e’ andnotingthat «+ik and o —ik are

complex conjugates, substituting k = v2mE /% and « = J2m VvV, —-E /h, T then

-1

sinh? «a
JE[, E
VO VO

(b) If aa> 1 then the first term in the bracket on the right side of the * equation in part

can bewrittenas T =|1+

(@) is much smaller than the second and we can write:

F o dikge “™® FI° 6ok’
—R and T=|—| ~ —
A a—ik A a® +k?
orT zlG[Ej[l—Eje’Z“a
VO VO
2 2 _2¢a H
6-65. |w,| =[C| e (Equation 6-72)
2 2
12 2 0.5V 12
wnere (o =2 fpe | 20967 [, o
EV+ E-V, 7| 0.5v, ¥+ —0.5v, |

a=mmV,~E [n=[2 mc 20Mev /i
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(Problem 6-65 continued)

= \/2 938.3MeV  20MeV /197.3MeV-fm =0.982fm™

x (fm) e v |2 = |C|2 e

1 0.1403 0.5612

2 0.0197 0.0788

3 2.76x107 1.10x10%

4 3.87x10™ 1.55x10°

5 5.4x10™ 2.2x10™
A
0.6 -
0.5
Y 0.4
043
0.2 -
0.1 |

0 | | . ' e

1 2 3 4 5
x(frm)
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2_2
7-1. E,.. = %(nf +n + n§) (Equation 7-4)
hzﬂ'z h272_2

E311 = W(BZ +12 +12) = 11E0 where EO — W

Ep =, (22 +2°4+2%)=12E, and E,, =E, (3 +22+1°)=14E,

The 1%, 2" 3 and 5™ excited states are degenerate.

A
14 321
E 12 222
(xEo) 311
10 |
221
o I
6 211
4 |-
111
2 |-
0
W n2 hr? n? n? )
2. = == P2+ 2 Equation 7-5
n1”2 Ny [ 2] 2m|_i nl 4 9 ( q )
=1 is the lowest energy level.
hr?
E.=E (1+1/4+1/9) =1.361E, where E, = m

The next nine levels are, increasing order,
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(Problem 7-2 continued)

7-3.

7-5.

n, n, n, E (xE,)
1 1 2 1.694
1 2 1 2.111
1 1 3 2.250
1 2 2 2.444
1 2 3 3.000
1 1 4 3.028
1 3 1 3.360
1 3 2 3472
1 2 4 3.778

X . nxy . Nz
! sin—2 ysm 3
L L

(b) They are identical. The location of the coordinate origin does not affect the energy

@) ¥, (X%Y,2)=Acos

level structure.

Ty L Yy . 272
X,V,Z Asm—sm—sm— XY,z Asm—sm—sm—
'//111( y ) L 5 3L, '//112( y ) L > 3L,
. X . 7wy . 7L wy
X,¥,Z)=Asin—sin—Ssin— XY,z :Asm—sm—sm—
'//121( y ) L 3L, '//122( y ) L L 3L,
. X . ;Y . 7l
Wis (X ,2) = Asm:smz—sm:

2_2 2 2 2 2_2 2 2
B, = " n_12+ k 2T L 7|~ I [nf +n—2+n—3J (from Equation 7-5)
2m (L (2h)  (4L) 16

n. n?
E...=|n+2%+2| whereE,=——
Ml 4 16 2
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(Problem 7-5 continued)

@
n, n, n, E (xE,)
1 1 1 1.313
1 1 2 1.500
1 1 3 1.813
1 2 1 2.063
1 1 4 2.250
1 2 2 2.250
1 2 3 2.563
1 1 5 2.813
1 2 4 3.000
1 3 1 3.313
(b) 1,1,4and1,2,2
. X . 7wy . 7l . X . 7wy . 7l
7-6. X,¥,2)= AsSin—sin—-sin— X,¥,2)= AsSin—sin—-sin—
'//111( y ) L oL, aL, '//112( y ) L oL, oL,
. X . 7wy . 3wz . X . 7wy . 7wl
X,V,2)= Asin—sin—sin—— X,¥,2)= Asin—sin—sin—
'//113( y ) L oL, aL, '/’121( y ) L aL,
. X . 7wy . 7l . X . 7wy . 7l
Wia (x, y,z) = Asm:smz—sm: Wiz (x, y,z) = Asm:sm—smz
. X . 7wy . 37z . X . 7wy . Smz
Wix (x, y,z) = Asm—sm—smE Wiss (x, y,z) = Asm:smz—smm
Wi (X Y,2) = Asin =X sin Y sin 72 Vis (X Y,2) = AsinZX sin ZY.sin 372
Lo 2L 2L
2 2 1.055x10°% Jos )’ 72
7.7, E =17 _ ( ) — 37.68eV

2mL* - 2(9.11x10*'kg)(0.10x10°m)" (1.609x10*J /eV )

E,, — E,,, = AE =11E, — 3E, = 8E, = 301eV
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(Problem 7-7 continued)

E,,, — E,,, = AE =12E, —3E, = 9E, = 339V

E,,, — E,, = AE =14E, —3E, =11E, = 415eV

7-8. (a) Adapting Equation 7-3 to two dimensions (i.e., setting ks = 0), we have

. nzX . Ny
= Asin—t—sin—+—
l//”l“z L L
2_2
(b) From Equation 7-5, E,, = %(nf + nzz)

(c) The lowest energy degenerate states have quantum numbersn; =1, n, =2,and n; = 2,

n, = 1.

7-9. (@ Forn=3,(=0,12
(b) For t=0,m=0. For (=1 m=-1,0,+1. For (=2,m=-2,-10,+1+2 .
(c) There are nine different m-states, each with two spin states, for a total of 18 states for
n=3.

7-10. (a) For (=4

L=Je(t+1)h=[4(5) h =20

m, = 4n
4
6. =cos't— — 6. =26.6°
min M min
(b) For (=2

L=J6n  m,=2h

Oin = cost L 0., =35.3°

=5

7-11. (a) L=lo=(10"kg-m*)(27)(735min™*)(1min/60s) = 7.7 x10 *kg+m* /s

(b) L=J(({+1)h=7.7x10""kgem* /s
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(Problem 7-11 continued)
(7.7x10"*kgem? /)

((0+1)= -
(1.055><10*34J-s)

‘ 7.7x107*kgem*/s

~ 2 ~7.3x10%
1.055x107" Jes
7-12. (a)
Sl
(=1
L= 21
0 >
-1 |-
(b)
(=2
|L| = /61 >
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(Problem 7-12 continued)
(©)

(=4

IL| = /20n

v

d) U=, /ﬁ(ﬁ +1)h (See diagrams above.)

713, P=L+L+L 5L+ =L =(¢+1)n* —(mh) =(6-m*)1’
@ (L+ |_2y)min =(6-2%)n* =2n’
(b) (L+ |_2y)max =(6-0)n* =6’
() L+L =(6-1)a*=5r" L andL, cannot be determined separately.
d) n=3

7-14 (@) For(=1 L= /ﬁ(g+1)h:\/5;-1:1_49“0734‘].5

(b) For(=1, m=-1,0+1
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(Problem 7-14 continued)
(©) z

+1h A

IL| = v2n

—1h

(d) For¢=3 L=Jo(¢+1)h=12n=3.65x10*Jesandm=-3-2,-1012,3
Y4

3n -

2h [~

1h

v

0

7-15. L=rxp d—L=£xp+rx%
dt dt dt
dr dp

a>< p=vxmv=mvxv=0 and rxa=er. Since for V =V(r), i.e., central forces,

F is parallel tor, then rxF =0 and ((jj—lt'zo

7-16. (a) For (=3, n=4,5,6,...andm=-3,-2,-1,0,1,2,3
(b) For (=4,n=5,6,7,...andm=-4,-3,-2,-1,0, 1,2, .3 .4
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(Problem 7-16 continued)
(c) For (=0,n=1andm=0
(d) The energy depends only on n. The minimum in each case is:

E, =-13.6eV /n* =-13.6eV / 4° = —0.85eV
E, =-13.6eV /5° = -0.54eV
E, =-13.6eV

7-17. (a) 6f state:n=6,(=3
(b) E, =-13.6eV /n’ =-13.6eV /6 =—-0.38eV

© L=e(t+1)n=B(3+1)h=127=3.65x10*Jes

d) L =mh L, =-3h—2h—1h,0,11,2h, 3%

7-18. Referring to Table 7-2, R3p = 0 when

2
-2, 2 o
3a, 27a,

Letting r/a, = x, this condition becomes x* —9x+13.5=0

Solving for x (quadratic formula or completing the square), x = 1.90, 7.10.
Therefore, r/a, =1.90,7.10. Compare with Figure 7-10(a).

2 2
7-19. Equation 7-25: E, =—(kze j .
h 2n

Using SI units and noting that both Z and n are unitless, we have:

2 12 22
J:((N-m /C*)xC J (kg

J-s

2 2
Cancelling the C?and substituting J = N-m on the right yields J:(I\ITI m ) xkg.
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(Problem 7-19 continued)
m 2
Cancelling the N and m gives J :(—j xkg=1J, since kg-m?/s*are the units of kinetic
s

energy.

7-20. (a) Forthe groundstaten=1, (=0, and m=0.

2 e 1 2 2e™
W0 =R, Y = e’ = e = atr =
100 RlO 00 yag 4472_ \/4ﬂ_a§ 47z-a03 a'0
1 1
b) y?=—7%e?*=—"1e? atr=
®) v nag 72'8.3 %

(c) P(r):z//2><47rr2:ie’2 atr=a,
&
2 2 4r*
7-21. (a) For the ground state, P(r)Ar =y (4zr?)Ar = —-e "' Ar

2

For Ar =0.03a,, at r =a, we have P(r)Ar = 413%‘2 (0.03a,) =0.0162
8

4(2a,)’

3

(b) For Ar=0.03a,, at r = 2a, we have P(r)Ar = e*(0.03a,)=0.0088

7-22. P(r)=Cr%™"'® For P(r) to be a maximum,

d_P:C r2 _Z e—ZZr/ao +2re—22r/a{, =0 > ng(ﬁ_rjezzﬂ% -0
This condition is satisfied withr =0 orr =ag/Z. Forr =0, P(r) = 0 so the maximum

P(r) occurs for r = ay/Z.
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7-23. jlyzdr = Tﬁ[wzrz sinédrd@dg =1
000

= 4ﬂjly2r2dr = 47rC2210I(ZrJ ree *’*dr =1
2

0

© 2.4
:47rc§10j(z d ]e‘z”af’dr -1
o\ &
Letting x = Zr/a,, we have that r =a,x/Z and dr = a,dx/Z and substituting

these above,

24 _ 47[3-302210 T ydamx
Il// dT = ?!X e dX
Integrating on the right side

Tx“e‘xdx =6
0

| 2 23 23 1/2
Solving for C;,, yields: Cj, = 2478 = Cao = (247ra§]

3/2
1 (Ej [l_Lje—r/Z% (Z =1 for hyrdogen)
2

124 Wy = Nz

2
1 1(, rY
2 -r
P(F)Ar=|y/200| (4ﬂr2)Ar:E¥(l—gj e 1% (47[!’2)AI’

(a) For Ar=0.02a,, atr =a, we have

P(r)Ar:;—Zi(l 1) o (0.028,) =7 (0)e™(0.02) =0

(b) For Ar=0.02a,, atr =2a, we have

4 1 _ 1 _
P(r)Ar :é%(_ 1)’ e %23 (0.028,) = 5 (1)e * (0.02) 3.4 x10”

166



Chapter 7 — Atomic Physics

7-25. y,,, =Cyy %ez” % cos@ (Equation 7-34)

2 2 2 2Z2%r% 2
P(r) =W (47zr ):47zr Coo] ?e % cos? @

= 47|C,y[ (z%1a])r'e'* cos® 0
= Ar‘e"'® cos’ @

where A=47|C,[*(2?/a}), a constant.

3/2
1 1 r -r/2
7-26. = — 2——— |e""“® (Z =1 for hyrdogen
20 ,-szﬂ(aoj [ ZaoJ ( yrdogen)

-

3/2
1 0.606( 1
At = f = — 2—1 -1/2 = — | —
(a) r=3a, ¥y Ron [ag ]( )e Ror [aoj

2 1 1), 03681
) Atr=a :—4327(5}1:%%

4 0.368a; 0.368
© Atr=a, P(r)=|wm| (47r7)= % _

R2r & 8a,

7-27. For the most likely value of r, P(r) is a maximum, which requires that (see Problem 7-25)

d_P — ACOSZ 0|:r4 (_iJe—Zr/ao +4rse—2r/ao} -0
dr a,

For hydrogen Z = 1and Acos’0(r°/a, )(4a, —r)e'* =0. This is satisfied for r = 0

and r = 4ay. For r =0, P(r) = 0 so the maximum P(r) occurs for r = 4ay.

7-28. From Table 7-1, Y, , (6,¢) =, /;—5 sindcos e
T

4 r2

_e’r/e’a{)
2
81,/30a; &

From Table 7-2, Ry, (r)=
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(Problem 7-28 continued)

7-29.

Wi (1,0,0) = L% ‘ /E r2e"*% sin@cos P
81,/30a} & V87

To be sure that  is normalized, we do the usual normalization as follows, where C is the

normalization constant to be compared with the coefficient above.

2z

Cs‘ZZ—l = T]E _[ y ydr = C§21T
000 0

27

I r‘e /% sin? @cos? Or? sin@drdodep =1
0

Oy

2z

Noting that J de =27, we have
0

27rC§HI rae‘zr/s""ﬂdrj‘sin3 @cos?0do =1
0 0

Evaluating the integrals (with the aid of a table of integrals) yields:

22C3, [ (1.23x10%) aﬂ{i} =1

15
Cy., =0.00697/ [

This value agrees with the coefficient of ., , above.

Vi =

Because y,,, is only a function of r, the angle derivatives in Equation 7-9 are all zero.

dy 2

— e_r/a()

dr 4ra,

i(rzd—‘/lj: 2| L Lliar|ems
dr dr 4rad\ 8 a,

%i(rzd—"”j: 2 [—iJF—i}e”aﬂ Substituting into Equation 7-9,
redr roa,
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(Problem 7-29 continued)

i1 2
_Z[g_a}ﬂm +V = By

2 21,2
Thus, _r iz_i _Ik and we have that
2p\ 8, &r) 2u

n?k?
2p

+V = E, satisfying the Schrédinger equation.

7-30. (a) Every increment of charge follows a circular path of radius R and encloses an area
7R?, so the magnetic moment is the total current times this area. The entire charge
Q rotates with frequency f = w/ 27, so the current is
i =Qf =qw/2r
1 =iA=(Qu/27)(7R*)=QuR’ /2

L= Ia):%MRza)

_2Mu _2MQuR’/2 _,
QL  QMR?w/2

(b) The entire charge is on the equatorial ring, which rotates with frequency f =w/2r.
i=Qf =Qw/2x
1 =iA=(Qo/2x)(7R*)=QuR’ /2

_2Mu  2MQwR?/2

= = > =5/2=25
QL QMR @ /5
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7-31. Angular momentum S =l =(2/5)mr?(v/r) or

1/2

v=(5/2)S(1/mr)=5S/2mr =5(3/4) " a/2mr

5(3/4)" (1.085x10™ Js)

_ 11 _
= 2(9.11><10‘31kg)(10‘15m) =2.51%x10"m/s=837c

7-32. (a) The K ground state is ¢ =0, so two lines due to spin of the single s electron would
be seen.
(b) The Ca ground state is ¢ = 0 with two s electrons whose spins are opposite resulting
in S =0, so there will be one line.
(c) The electron spins in the O ground state are coupled to zero, the orbital angular
momentum is 2, so five lines would be expected.

(d) The total angular momentum of the Sn ground state is j = 0, so there will be one line.

7-33. |F,|=m.g u;(dB/dz)=m,a, (From Equation 7-51)

and a, =mgg, 4, (dB/dz)/m,,

Each atom passes through the magnet’s 1m length in t = (1/250)s and cover the additional
1m to the collector in the same time. Within the magnet they deflect in the z direction an

amount z; given by: z, =(1/2)a,t* = (1/2)[msgLyB (dB/dz)/mAg](ll 250)" and leave
the magnet with a z-component of velocity given byv, =a,t. The additional z deflection
in the field-free region is z, =vt=at’.

The total deflection is then z, +z, =0.5mm =5.0x10"*m.

5.0x10*m=1z, +z, =(3/2)at? =(3/2)[m.g, x, (dB/dz)/m,, |[1/250] or,
1 2 z sIL/MB Ag

a8 (5.0x10m)(250)" (m,, )(2)

dz Mg 4

~ 1\2 _
_(5:0x10*m)(250s )" (L.79x10 kg )(2) _ 0.805T /m
3(1/2)(1)(9-27x10%3/T)
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7-34.

7-35.

7-36.

7-37.

7-38.

(@) There should be four lines corresponding to the four m, values —3/2, —1/2, +1/2, +3/2.

(b) There should be three lines corresponding to the three m, values —1, 0, +1.
(a) For the hydrogen atom the n = 4 levels in order of increasing energy are:
4 281/2’ 4 2|:3./2’ 4 ZF??»/Z' 4 2D3/2’ 4 2D5/2’ 4 2F5/2’ 4 2F7/2

(b) 2j+1

For (=2, L=[o(¢+1)h=-[6n=2.45n j=(+1/2=3/2,5/2andd = [j(j+1)h

For j=3/2, J=[(3/2)(3/2+1)h=+A5/4%=1.94n

For j=5/2, J=./(5/2)(5/2+1)h=1[35/4h=2.96h

@) j=(+1/2=2+1/2=5/20r 3/2

() 3=i(j+1)n= /2(5/2+1)h:2.96h or /g(3l2+1)h:1.94h

() J=L+S J,=L,+5S, =mi+mha=mh where m; =—J,—J+L...,j-1 j. For
J = 5/2 the z-components are -5/2, —3/2, -1/2, +1/2, +3/2, +5/2. Forj=3/2
the z-components are -3/2, —1/2, +1/2, +3/2.

(a) d5/2 L 4
1/2
6 =cos™ =54.7°
\J3/4
S = \/3/4
A
(b) dg, L
0 =cos™ (-1/2) —125.3°
\J3/4
M S= x/3/4
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7-39.

n ( m, m,
3 -3,-2,-1,0,1,2,3
2 -2,-1,0,1,2

> s Vo Lo +

4 1 10,1 +1/2 for each m, state
0 0
2 -2,-1,0,1,2

3 1 -1,0,1 +1/2 for each m, state
0 0

2 é _1’00’ ! +1/2 for each m, state

7-40. (a) L=L +L,

C=(0,+0,), (0+0,-1),...0, - ,|=(1+1), (1+1-1), (1-1)=2,1,0

(b) S=S,+S,

S=(5,+5,), (5,45, —1),muls =5, =(1/2+1/2), (1/2-1/2)=1,0

(c) J=L+S
j=(0+s), ((+5-1),....[C—5|
For (=2ands=1 j=3 2,1
(=2ands=0,j=2

For (=1ands=1 j=2,10
(=lands=0,j=1

For (=0ands=1 j=1
(=0ands=0,j=0

d) I, =L +S, j=0+1/2=3/21/2
J,=L,+S, j2=0,+1/2=3/2,1/2

€ J=J,+J, j:(j1+j2)’ (j1+j2 _1)""’“1_

For jy=3/2andj,=3/2, j=3,2,1L0
j,=3/2andj,=1/2, j=2,1

For jy=1/2andj,=3/2, j=2,1
j=1/2andj,=1/2, j=10

These are the same values as found in (c).
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7-41.

7-42.

7-43.

7-44.

(@)
E=hf = f =E/h=(4.372x10"° eV)(1.602x10 ™ J/eV) / 6.63x10** J -5=1.056 x10° Hz
(b)c=fA=A=c/f =(3.00x10° m/s)/(1.056x10° Hz) =0.284m = 28.4cm

(c) short wave radio region of the EM spectrum

(@ E;), = % Using values from Figure 7-22,

= 1239.852eV .nm _ 2105056V E, - 1239.852eV «nm
588.99nm 589.59nm

(b) AE=E,,,—E,, =2.10505eV —2.10291eV = 2.14x10°eV

=2.10291eV

-3
() AE=2uB—>B=2E _ 2'14X1O4 &V _igsT
241, 2(5.79x10- eV/T)

v, =y (X,%)=C sin%sinZ”—LX2 Substituting into Equation 7-57 with V =0,

n %y, Oy, n? r*
N RSN 1+4 _E
Zm( o ok om |44 2 ve =Evae

5h° 7
2mL?

Obviously, y,, isasolution if E =

nh?r?
n 2

oL Neutrons have antisymmetric wave functions, but if spin is ignored then
m

one is in the state n = 1 state, but the second is in the n = 2 state, so the minimum energy

is: E=E, +E,=(1"+2°)E, =5E, where

(hc)’z*  (197.3)" ?
Sl S > =5LIMeV  E =5E, = 255MeV
2me’L” 2(939.6)(2.0)

E,
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7-45. (a) For electrons: Including spin, two are in the n = 1 state, two are in the n = 2 state, and

one is in the n = 3 state. The total energy is then:

n2h2 2
E=2E +2E,+E, whereE, = TE E =2E, +2(2°E, ) +(3°E,) =19E,
(hC)2 7? B (197.3)2 7’

where E, = =0.376eV E =19E, =7.14eV

2me’L” 2(0.511x10°)(LO)

(b) Pions are bosons and all five can be in the n = 1 state, so the total energy is:
0.376eV

E=5E, whereE, = =0.00142eV  E =5E, =0.00712eV

7-46. (a) Carbon: Z =6; 1s°2s*2p°
(b) Oxygen: Z=8; 1s°2s°2p*
(c) Argon: Z =18; 1s*2s°2p°3s*3p°

7-47. Using Figure 7-34:
Sn (Z = 50)
1s* 2s* 2p°® 3s® 3p® 3d™ 4s® 4p° 4d™ 5s® 5p°
Nd (Z = 60)
1s* 2s* 2p°® 3s® 3p® 3d™ 4s® 4p° 4d™ 5s° 5p° 4f* 65°
Yb (Z = 70)
1s* 2s* 2p°® 3s® 3p® 3d™ 4s® 4p° 4d™ 4" 55 5p° 6s?
Comparison with Appendix C.
Sn: agrees
Nd: 5p® and 4f* are in reverse order

Yb: agrees

7-48. Both Ga and In have electron configurations (ns)2 (np)outside of closed shells

(n —],s)2 (n-1, p)6 (n —Ld)m. The last p electron is loosely bound and is more easily

removed than one of the s electrons of the immediately preceding elements Zn and Cd.
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7-49.

7-50.

7-51.

7-52.

7-53.

7-54.

7-55.

The outermost electron outside of the closed shell in Li, Na, K, Ag, and Cu has ¢ =0. The
ground state of these atoms is therefore not split. In B, Al, and Ga the only electron not in
a closed shell or subshell has ¢ =1, so the ground state of these atoms will be split by the

spin-orbit interaction.

ZZ
E =——" 5 (Equation 7-25)

n n2

7. —n -E, :3\/5.14ev _1e4
E, 13.6eV

(a) Fourteen electrons, so Z = 14. Element is silicon.

(b) Twenty electrons, so Z = 20. Element is calcium.

(a) Foradelectron, (=2, soL, =-2h, 11, O, 1A, 2A

(b) Foranfelectron, (=3, soL, =-3a, —2h, 14, O, 1h, 2A, 3h

Like Na, the following atoms have a single s electron as the outermost shell and their
energy level diagrams will be similar to sodium’s: Li, Rb, Ag, Cs, Fr.
The following have two s electrons as the outermost shell and will have energy level

diagrams similar to mercury: He, Ca, Ti, Cd, Mg, Ba, Ra.

Group with 2 outer shell electrons: beryllium, magnesium, calcium, nickel, and barium.

Group with 1 outer shell electron: lithium, sodium, potassium, chromium, and cesium.

Similar to H: Li, Rb, Ag, and Fr. Similar to He: Ca, Ti, Cd, Ba, Hg, and Ra.

175



Chapter 7 — Atomic Physics

7-56.

1/2
1/2
3/2
1/2
3/2
5/2
1/2
3/2
3/2
5/2
1/2
5/2
712

Energy is increasing downward in the table.

B A O M B~ O] O W W O B M M| S
W W O N N | P N N O P P O

7-57. Selectionrules: Al=+1 Aj=110

7-58. (a) E, =-13.6eV(Z 1)’ =-13.6eV (74-1)" =-7.25x10%V = —72.5keV

Transition AL Aj Comment
4S1, —3S1, 0 0 ¢ - forbidden
4Sy;, —» 3Py, +1 +1  allowed
4Pz — 3Sy, -1 -1 allowed
4Dspp — 3Py, -1 -2 j—forbidden
4Dzp — 3Py, -1 -1 allowed
4D3p — 3S1, 2 -1 ¢ - forbidden
SD3p— 48y, 2 1 ¢ - forbidden
5Py, —>3S1, -1 0 allowed

(b) E,(exp)=-69.5keV =-13.6eV (Z — o) =-13.6eV (74 1)’

3 1/2
74— = (69.5><10 eV /13.6ev) —71.49

o=74-7149=251
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7-59. Aj=%1,0 (noj=0- j=0) (Equation 7-66)
The four states are °P,,,, °P,,, ‘D, ‘D;,
Transition AL Aj Comment
Ds2 — P3p -1 -1 allowed
Ds2 — P12 -1 -2 j-forbidden
D32 — Pap -1 0 allowed
D32 — P12 -1 -1 allowed
7-60. (2) AE=hc/A
1240eV«nm
E(3R,,)—-E(3S,,,)=———=2.10eV
(3R12) ~E(35:2) 589.59nm

E(3R,,)=E(3S,,)+2.10eV = -5.14eV +2.10eV =-3.04eV

E(3D)-E(3R,,)=

(b) For3P: Z, =3

_ 1240eV+nm
818.33nm

E(3D)=E(3R,,)+1.

=1.52eV

52eV =-3.04eV +1.52eV =-1.52eV

3.04eV

=1.42

) 13.6eV

1.52eV

For3D: Z, =3

€

=1.003

13.6eV

(c) The Bohr formula gives the energy of the 3D level quite well, but not the 3P level.

7-61. (a) AE=gm,yB (Equation 7-73) wheres=1/2,(=0givesj=1/2and

(from Equation 7-73) g =

2. m; = +1/2.

AE =(2)(£1/2)(5.79x10 eV /T )(0.55T ) = +3.18 x10 eV

The total splitting between the m, = +1/2 states is 6.37 x107eV.

(b) The m, =1/2 (spin up) state has the higher energy.

() AE=hf > f =AE/h=6.37x10"eV /4.14x10 eV+s =1.54x 10" Hz

This is in the microwave region of the spectrum.
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2
7-62. E=E—>AEzd—EM=—E—>Mz_ﬁ_AE
C

A di A?

eh

763 (2) AE=_ B-= (5.79%10°eV /T )(0.05T ) = 2.90x10 °eV

(579.07nm)’ (2.90x10 V)
1240eV «nm

12
(b) |A4]= T AE =

=7.83x10*nm

(c) The smallest measurable wavelength change is larger than this by the ratio

0.01nm/7.83x10*nm =12.8. The magnetic field would need to be increased by this

same factor because B oc AE oc AA. The necessary field would be 0.638T.

7-64. E,=-13.6eV(Z /n°)
E, =—13.6eV (25 /2°) =-5.39%V

Z. =2(5.39/13.6)"° =1.26

3/2
7-65. w,, = i(ij e '»  (Equations 7-30 and 7-31)

Jz 3

P(r)=4xr’yw (Equation 7-32)

3 3
2 Z —Zrla, 47 2,—2Zr 1 q,

=4rr ﬂ—age :gr e
0 0 3
£) = [rP(r)dr = [*£" reragr
3
0 0

47 47

8
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((+1)n? (:0 1 2 3 4 5
7-66. (@) B =—— " (+1:1 2 3 4 5 6 ..
E[Z 0 1E1 6E1 12E1 20E1 3OE1
30E1 T A E5:30E1
20E; + — % ¥ E, = 20E;
\4
E; = 12E
105, T 1 ST
il y'y ¥ E, = 6E;
L E,= A%/
A
0 —+ Y Eo=0

2

() E.a—E =5 [(+1)(£+2)-£(£+1)]

_¥ (e+1)(c+2-10)] :hT2(13+1):(€+1)E1

The values of (=0, 1, 2, ... yield all the positive integer multiples of E;.

2 2 2(nc)
() Izlmpr2—>E1:h_= thz ( 2)2
2 | m,r m,cr

2
_ 2(197.3eV+nm) 1 52x10 2V

(938.28x10°V ) (0.074nm)’

-6
(@) 4= e L2010 eVenm _g 10, 10%5m - g1.8um
E,  152x107%eV

7-67. (a) |F,|=m,g s (dB/dz) (From Equation 7-51)
From Newton’s 2" law, |F,|=m,a, =m,g, s, (dB/dz)
a, =m,g, (dB/dz)/m, =(1/2)(1)(9.27x10* J/T)(600T /m)/(1.67x10*"kg)

=1.67x10°m/s?
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(Problem 7-67 continued)
(b) At 14.5km/s=v=1.45x10"m/s, the atom takes t, = O.75m/(l.45><104m/ s)

=5.2x10°s to traverse the magnet. In that time, its z deflection will be:
2,=(1/2)(a, )t =(1/2)(1.67x10°m/s?)(5.2x10°°s) = 2.26x10°m = 2.26mm

Its v, velocity component as it leaves the magnet is v, = a,t, and its additional z

deflection before reaching the detector 1.25m away will be:

Vi, = (aztl)(l.25m/[1.45x104m/ s])

ZZ
= (1.67x10°m/s”)(5.2x10s)(1.25) /(1.45x10*m/s)

=7.49x10°m = 7.49mm
Each line will be deflected z, + z, =9.75mm from the central position and, thus,

separated by a total of 19.5mm = 1.95cm.

7-68. 6. = cos‘l[méh/ﬂff(ﬁ +1) h} with m, = ¢.
COS By, = (,J(((+1) . Thus, cos’ 6, = (*/[ ((L+1)]=1-sin* G,

02 ) 2 2 2
or, sing, =1— ¢ :f(““l) et
o(e+1) (e+1)  e(e+D)

1/2
And, sing,,, = 1 For large ¢, 4, is small.
(+1

1/2
Then Sinemin ~ emin = i ~ 11/2
(+1 (5)

7-69. (a) E, =hf =hc/ A =1240eV+nm/766.41nm =1.6179%V
E, =hf =hc/ A, =1240eV .nm/769.90nm =1.6106eV

(b) AE =E,—E, =1.6179%V —1.6106eV =0.0073eV

AE 0.00738V
2gm;uy - 2(2)(1/2)(5.79x10°eV /T)

(c) AE/2=gm ;B —>B=
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3
7-70. P(r)= % rle?'»  (See Problem 7-65)

0

For hydrogen, Z = 1 and at the edge of the proton r = R, =10"°m. At that point, the

exponential factor in P(r) has decreased to:

2(10*15 ) / (0.529x10*1° m) (3.7sx10*5)

e R/ =g =e ~1-3.78x10° ~1
Thus, the probability of the electron in the hydrogen ground state being inside the nucleus,

to better than four figures, is:

2 Ry 12 Ry 3P
P(r):A'L3 P= J.P r)dr = —3:i rzdr—iSr—
EN 0 & A% 3 3|,

4 ( Rg ] 4(10_15m)3 -15
=2 2| ~=9.0x10
3 3(0.529x10*l°m)

a
j(j+1)+s(s+1)—¢(0+1)
2j(j+1)

For °R,,: j=1/2, (=1 ands=1/2

7-71. (a) g=1+ (Equation 7-73)

1/2(1/2+1)+1/2(1/2+1)-1(1+1) 1, 3/4+3/4-2

- =2/3
2x1/2(1/2+1) 3/2

g=1+

For °S,,: j=1/2, (=0,ands=1/2

1/2(1/2+1)+1/2(1/2+1)-0 _q, 344314
2x1/2(1/2+1) - 32

The °P,, levels shift by:
2( 1 1 .
AE = gm, 1B = §(ifjﬂBB = igﬂBB (Equation 7-72)

The °S,, levels shift by:

N

AE =gm; 1B = Z(i ijB =+.1,B
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(Problem 7-71 continued)

To find the transition energies, tabulate the several possible transitions and the

corresponding energy values (let E, and Es be the B = 0 unsplit energies of the two

states.):

Transition

P

V212 > Sz

Pl/Z,—1/2 - S1/2,1/2

P

V212 = Siya a2

Pl/Z,—l/Z - S1/2,71/2

Ep+

E, -

Ep+

E, -

1
gﬂBB

1
§,UBB

1
gﬂBB

1
§,UBB

Energy
~(E +mB)=(E, -E,)
~(E.+uB)=(E,~E,)
(.- 1B)=(E, -E)
(B mB)=(E,-E)

4
_gﬂBB

4
+§ﬂBB

2
+§ﬂBB

Thus, there are four different photon energies emitted. The energy or frequency

spectrum would appear as below (normal Zeeman spectrum shown for comparison).

anomolous

(b) For ?R,,,:

+

j=3/2, (=1 ands=1/2

3/2(3/2+1)+1/2(1/2+1)~1(1+1)

normal

+15/4+3/4—2 _4/3

2x3/2(3/2+1)

These levels shift by:

AE =gm; ;B =%(i—

1
jﬂBB:

2

2

+— 1B

3
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(Problem 7-71 continued)

Tabulating the transitions as before:

Transition Energy
Pa/z,s/z - S1/2,1/2 (Ep + Z#BB)—(ES +,uBB) = (Ep - Es)"',uBB
P23 = Sia a2 forbidden, Am, = 2
2 1
P22 _>S1/2,1/2 Ep_gluBB _(ES+ﬂBB)=(Ep_E5)_§ﬂBB
2 5
o212 = Suz o Ep+§/lBB _(Es_ﬂBB):(Ep—ES)‘Fg#BB
2 5
P3/2,—l/2 _)81/2,1/2 Ep —E,UBB _(Es+ﬂBB):(Ep_ES)—§ﬂBB
2 1
I:)3/2,71/2 _)51/2,71/2 Ep_E'uBB _(ES_uBB):(Ep_Es)"'gﬂBB
Pa/z,fa/z - S1/2,1/2 forbidden, Amj =2
P3/2,73/2 - S1/2,71/2 (Ep —2,LIBB)—(ES _,UBB) = (Ep — Es)_ﬂBB

There are six different photon energies emitted (two transitions are forbidden); their
spectrum looks as below:

‘ ‘ ‘ ‘ ‘ ‘ anomolous

normal

7-72. (a) Substituting a//(r,a) into Equation 7-9 and carrying out the indicated operations

yields (eventually)
n’ "

_Z,/,(r,g)[z/r2 —1/4a§]—Zw(r,e)(—znz)ww(r,e) =Ey(r,0)
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(Problem 7-72 continued)
Canceling y(r,6)and recalling that r* = 4a; (because y given is for n = 2) we
n? )
have ———(-1/4a})+v=E
2u

The circumference of the n = 2 orbit is: C = 27(4a,) =24 — a, = A/ 4z =1/ 2k.

2 21,2
Thus,—h—— 12+V=E—>hk+V=E
2u\ 414k 24

2

(b) or zp—m+v = E and Equation 7-9 is satisfied.

© 2
Iwzdx = I A? [L] e "% cos? Or?singdrdddg =1
0 8

) 2 V3 2z
AZJ'(LJ e‘”aﬂrzdrfcos2 sin <9d¢9_|' dg =1
0 ao 0 0

Integrating (see Problem 7-23),
A’ (6a3)(2/3)(27) =1

A’ =1/8air — A= [1/8ax

7-73. u=-g,u;L/h  (Equation 7-43)
(@) The 1s state has ¢ =0, so it is unaffected by the external B.

The 2p state has ¢ =1, so it is split into three levels by the external B.

(b) The 2p — 1sspectral line will be split into three lines by the external B.

(c) InEquation 7-43 we replace g with g4 =en/2m,, so
1 =—(1)(1)(en/2m, ) = -y (m,/m,)  (From Equation 7-45)
Then AE =z, (m,/m)B
= (5.79x10%eV /T )| (0.511x10°MeV /c*)/(497.7MeV /¢ ) | (L.0T)

=5.94x10"%eV
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(Problem 7-73 continued)

At = —hiAE (From Problem 7-62) where A for the (unsplit) 2p — 1s transition
C

A
is given by

A=hc/AE, and AE, =E, —E, =-13.6eV (mk /me)(1—1/4) =9.93x10%eV
and A =1240eV+nm/9.93x10°eV = 0.125nm

AL 0.125nm(5.94><10’8eV)

and —
A 1240eV «nm

=5.98x107"

ke?

r3m(mcz)S-L where, forn=3, r =a,n* =9a,

7-74. AE =—peB =

For 3P states SeL ~ #°

14406V +nm(3.00x10°m /s xlognm/m)2 (6.58x10 eV .s)2

. 5 =1.60x10"eV
9(0.053nm)’(0.511x10%V )

AE

For 3D states SeL ~ /#%/3
AE ~1.60x10*eV /3~0.53x10%eV

7-75. (@ J=L+S p=—p(L+2S)/h  (Equation 7-71)

ped [~ (L+2S)/n]x[L+S]
J J

U, = z—%(l_-l_+2s-5+3s-|_)

:_&(L2+232+3s.|_)
hJ

(b) J*=JeJ =(L+S)s(L+S)=LeL+SeS+2SeL .'.S-L:%(JZ—LZ—SZ)
U 3 4
©) u, =—h—§{L2+232+E(J2—Lz—sz)}z—ﬁ(w%sz—ﬁ)

J Y7 J Y7
d =pu, L =-LB(3)%+S°-1*) 2 =-LB(3)2+S5° -7
@ s =p == )T = am )
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(Problem 7-75 continued)

32487123
”B( 237 jh

(e) AE=—x,B (Equation 7-69)

=+u38{1+ j(j+1)+s.(s+1)—£(ﬁ+1)}nj

2j(j+1)
=gm;x,B  (Equation 7-72)

j(i+1)+s(s+1)—0(0+1)
2j(j+1)

where g = [1+ } (Equation 7-73)

7-76. The number of steps of size unity between two integers (or half-integers) aand b is b — a.
Including both values of a and b, the number of distinct values in this sequence is
b-a+1. ForF=1+J,thelargest value of fis | +J=b. If | <J, the smallest value of
fisJ—1=a. The number of different values of f is therefore (I +J) - (J - 1) +1=2] + 1.
For I > J, the smallest value of fis | —J = a. In that case, the number of different values
offis(I+J)—(1-J)+1=2J+1. The two expressions are equal if | =J.

777, (a) w, = % —5.05x10%J /T

p

2k, 2k, (2.8uy) 2k, (2.8uy)
- 3 3 - 3

r r d,y

2(107H /m)(2.8)(5.05x10*"J/T)
- . = 0.0191T
(0.529x10°m)

B

(b) AE = 24.B=2(5.79x10"eV /T)(0.0191T ) = 2.21x10 °eV
B

_hc  1.24x10°eVem

LA 7 =0.561m = 56.1cm
AE  2.21x10°eV

(c) 4
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8-1.

8-2.

8-3.

8-5.

Chapter 8 — Statistical Physics

1/2

313 /mole-K )(300K
(a) vrmsa/?’;T —[3(83 2/ mole-K)(300K) | _ 1o30m/s

2(.0079x10 kg / mole)

Mv2. 2(L.0079x10 kg /mole)(11.2x10°m/s)’

b) T=—="= =1.01x10*K
3R 3(8.31J /mole-K )
_ E 2(13.6eV
(@ E, IV = ( ) —1.05x10°K
2 3k 3(8.617x10’5eV/K)

(b) E, = ng = 2(8.67 x10°eV /K )(10"K ) =1.29keV

f 3RT
VI’I’T'IS =
M

@ ForOy v - \/3(8.31J/K-mo|)(273K) a6/

32x107kg / mol

3(8.31J / Kemol )( 273K
(b) ForHz: v, = ( = ) ) =1840m/s
2x107kg /mol

Eah {(J/mole-K)(K)}“z {m} s

M - kg /mole kg

(@) E, =nx g RT =(1 mole)g(S.le / mole«K )(273) = 3400J

(b) One mole of any gas has the same translational energy at the same temperature.
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» 3/2 »
8-6. <v2> = % jvzn vV dv= 47{%} J'v“e‘“zdv where 2 =m/2kT
0 s 0

3/2
<v2> — 4z D I, wherel, is given in Table B1-1.
27KT

|4 =§7Z_1/2/1—5/2 =§7[1/2 m/ 2kT -5/2
8 8

() =t (3) e 2KT Y _3KT _3RT _3RT
- 2kt ) \8 m) m mN, M

1/2
8 1.381x102J/K 300K
8-7. <v>: /8kT = =2510m/s
7m | 7z 1.009u 1.66x10%kg/u

12
kT | 2 1.381x10%J/K 300K |
Vin = B =2220m/s
m |z 1.009u 1.66x10%kg/u

nv =4zN m/2zkT **vZ%e™ 'K (Equation 8-28)

At the maximum: ?=0=47Z'N m/22kT 22 2v+v?: —mv/KT e ™ /%7
v

0=ve ™% 2_mv?/kT
The maximum corresponds to the vanishing of the last factor. (The other two factors give

minimaatv=0andv=o.) So 2—mv?/KkT =0andv, = 2kT /m 2
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8-8.

A
a5 | Vp, = 3.5m/s
30 (v) = 1.13v,, = 4.0m/s
Vims = 1.22v,, = 4.3m/s
25

< 20
15
10

o o,

I I l I I I l I I |
10 2.0 3.0{4.0/5.0 6.0 70 8.0 9.0 10.011.0

Vm I Vims

(v)

v m/s

m
27KT

3/2
8-9. nv dv:47rN( j vie ™ /%dy  (Equation 8-8)

N _ alve[ =2 ) Loy e ™27 The v for which dn/dv=0isv,.
dv 2KT

3
A _ 2mV + 2V e7mV2/2kT — O
2KT

Because A = constant and the exponential term is only zero for v — oo, only the quantity

3
LMD W
=

or v2 = 21T -V = ,IE (Equation 8-9)
m m

8-10. The number of molecules N in 1 liter at 1 atm, 20°C is:

in [] can be zero, so —

N =1¢ 1g.mol/22.4¢ N, molecules/g-mol

Each molecule has, on the average, 3kT/2 kinetic energy, so the total translational kinetic
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(Problem 8-10 continued)

energy in one liter is: KE =

6.02x10%| 3 1.381x10°J /K 293K
22.4 2

] =163J

g1l M g,e =’ _ %
: - —E /KT
n g€ 0
eam G g /kT:m[&x&]
gl n2 gl n2
T E, - E, ~ 10.2eV _ 790K
kin[ g,/9, n/n, | 8.617x10%eV /K In 4x10°
~ 4x107%eV
8-12. n, :&e_ E,~E, /KT :§e 8.617x10°eV /K 300K 957

n o 1

8-13. There are two degrees of freedom, therefore,

C,=2R/2 =R, C,=R+R=2R,andy=2R/R=2.

8-14. ¢,=3R/M

3 1.99cal / mole-K
(@ Al c, =
27.0g/mole

=0.221cal / g-K 0.215cal / g-K

3 1.99cal / mole-K
(b) Cu: c, = =0.0955cal / g-K 0.0920cal / g-K

! 62.5g/mole

B 3 1.99cal / mole-K

(c) Pb:c, = =0.0288cal / g-K 0.0305cal / g-K
207g/mole

The values for each element shown in brackets are taken from the Handbook

of Chemistry and Physics and apply at 25° C.
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8-15.

n(E) = _ 27N EY% T (Equation 8-13)

kT 312

At the maximum: -0 O:ZLNM2 lgwe gef L )lgem
dE kKT 2 KT

— E—l/Ze—E/kT (%_E/ij

The maximum corresponds to the vanishing of the last factor. (The vanishing of the other
two factors corresponds to minima at E =0 and E = «.)
1/2—E/KT =0—> E =1/2kKT.

3/2
8-16. (@) n v =47rN( m ) vie ™ /2 (Equation 8-8)

27KT

3/2 e

3/2
_47TN( m J 2V M2kt

~1.36x102 vfy, ‘e VI
(b) AN =1.36x10% 0 “e® =0
(©) AN =1.36x10% 1 °e™* =5.00x10%
(d) AN =1.36x10% 2 e ® =9.96x10?

() AN =1.36x10% 8° e ® —1.369x10" (or no molecules most of the time)
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2,4
8-17. For hydrogen: E =- mk’e iz —Mev using values of the constants accurate

" 2h° n n
to six decimal places.

E, = —13.605687eV
E, =-3.401422eV  E,—E, =10.204265¢V
E,=-1511743V  E,—E, =12.093944eV

(@) & — &e— E-E /KT _ §e—10.20427/0.02586 —4e3% —4x10? 2~ 0
n o 2
& — &e— Ey-B /KT _ @e—12.09394/0.02586 —0e78 — 9102 ~ 0
n g 2
n, _ _ 1,-10.20427/KT -10.20427 /KT __
(b) b= 0.01=4e > e =0.0025
1
-10.20427 /KT =In 0.0025 =-5.99146
T 10.20427eV _19.760K
5.99146 8.61734x10°%eV.K ’
(C) E _ 98—12.09394/ 8.61734x107° 19,760 — 0.00742 = 0.7%
n, ' '
8-18 B field
' m=+1
no field AE
m=0
] o
- m=-1
E =hf

ground state

Neglecting the spin, the 3p state is doubly degenerate: ¢ =0,1 hence, there are two m =0

levels equally populated.

E=hf =hc/A4A=1.8509V A1 =670.79nm
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(Problem 8-18 continued)

AE = @ =2.315x10"%eV
2m

e

(&) The fraction of atoms in each m-state relative to the ground state is: (Example 8-2)

n _ - - -
4l _ o L8511/0.02586 _ 07158 _ 1)3108 _ g 18 %10~
n

— 2 % e—1.8509/0.02586 — 28—71.57 — 2 x10—31.08 — 164 ><10—31

> |03

n - _ _ _
0 _ e 1.8507/0.02586 - 71.56 =10 31.08 =8.30x10 32

n,

(b) The brightest line with the B-field “on” will be the transition from the m = 0 level, the
center line of the Zeeman spectrum. With that as the “standard”, the relative
intensities will be: 8.30/16.4/8.18 — 0.51/1.00/0.50

3
8-19. (a) e’“:ﬁh— (Equation 8-44)

V 2 27mkT ¥?
N2 27mkT Y72 27zmekT
v ¢ T T 3

hc
1/2
27 5.11x10%°eV  2.585x107%eV 7 3
=1><2[ : } (10 nmJ - 2.51x10° /om’®
1240eV «nm Icm

h3
57 (Equation 8-44)

8'20 (a) e_“ 02 =gm
T

N, he °

Vu 27MckT

6.022x10% / mole 1.24%10™ eV cm
22.4x10°cm® / mole [27[ 32uc? 931.5x10%V /u 8.617x10%eV /K 273KJ

=1.75%x10"’
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(Problem 8-20 continued)

3/2

(b) Attemperature T, e O, =1.75x10" 273 " /T¥?

1= 1.75x107 273K Y?/T¥? 5 T%2 = 1.75x107 273K **

ST = 1.75x107 °° 273K =8.5mK

N (E
8-21. Assuming the gasses are ideal gases, the pressure is given by: P = %% for classical,

FD, and BE particles. Pep will be highest due to the exclusion principle, which, in effect,
limits the volume available to each particle so that each strikes the walls more frequently
than the classical particles. On the other hand, Pge will be lowest, because the particles
tend to be in the same state, which in effect, is like classical particles with a mutual

attraction, so they strike the walls less frequently.

1

= LZaE/KT 1

822 (@) foe =

For ¢ =0andf,. =1 at T =5800K

1 E/5800k
E /5800k _1:1—>e =2

€

E/ 5800K 8.62x10%eV /K =In2

E =0.347eV
(b) ForE=0.35V, « =0andf, =0.5

1 .
WT_l=O.5_>eoss/kT _3

€
O.35eV/ 8.62x107°eV/K T =In3

0.35eV

= =3700K
In3 8.62x10°eV /K

h h _h

h
P J2m(E) 2m3kT/2  3mkT ™’

The distance between molecules in an ideal gas V /N % s found from
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(Problem 8-23 continued)
PV =nRT =nRT N,/N, =NkT — V/N "*= kT/P **

h

and equating this to A above, kT /P g —
3mkT

3 3
KT _ h—m and solving for T, yields: T*'? = Eh—m
P 3mkT k' 3mk

2/5

5/2

2/5 2 3
PR ] 101kPa  6.63x10°* Jes

P LA — 4.4K
k 3mk 3 2x1.67x10%kg 1.38x10*J/K

0
N T

Cc

3/2
8-24. N zl—(lj (Equation 8-52)

3/2
(@) ForT=3TC/4—>%zl—(£j =0.351

C

3/2
(b) ForT=T./2>No <1 [ T | _oes6
N o
N T 3/2
(c) ForT=T./4—>—2~1-|—| =0.875
N T,
N T 3/2
@) ForT=T,/8>~0~1-| 1 | _o.056
N 8T

8-25. For small values of «, &* =1+a+ &*/2! +--- and N0=0{i1—>N0 e“ -1 =1
e —

which for small « values becomes: N, 1+a+:--—1 =N, =1 or N, _1
(24

h2 N 2/3
8-26. T.= (Equation 8-48)
2mk | 2z 2.315 V

The density of liquid Ne is 1.207 g/cm®, so
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(Problem 8-26 continued)
N 1.207g/cm® 6.022x10”molecules/mol 10°cm?®/m?®

=3.601x10%*/m®

\Y 20.18g/ mol
6.626x10°% Jos * 3.601x107m? |
T = Ak — 0.895K
2 20ux1.66x107kg/u .381x102J/K | 27 2.315

Thus, T, atwhich *Ne would become a superfluid is much lower than its freezing

temperature of 24.5K.

8-27. Power per unit area R arriving at Earth is given by the Stefan-Boltzmann law: R=oT*

where o is Stefan’s constant. For a 5% decrease in the Sun’s temperature,

RT —R0.95T oT*-0c 0.95T"° .
= =1- 0.95 =0.186, or a decrease of 18.6%.

RT oT*

8-28. <E>:%l (Equation 8-60)
e J—
(a) For T =10hf /k; hf =KT /10 —»(E) = ﬂ _ K10 _ 4 g5kt
e’ -1 0.1051
(b) For T=hf/k; hf =kT —(E)=—" = T _¢5goT
e -1 1718
(c) For T =0.1hf /k; hf =10kT — (E) = 1E'f __L0kT - =4.54x10"KT
e®-1 220x10
According to equipartition (E) =KT in each case.
hf 2 ght /T
8-29. C, :3NAk(—j ——— AsT —oo, hf /KT gets small and
kT ehf /T _q
e" T~ 1+ hf /KT +---
2 1+hf /KT +---
CV:BNAk(mj * T 3Nk =3N, R/N, =3R
KT hf /KT

The rule of Dulong and Petit.
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hf 2 ght /KT
8-30. C, :SR(—j —— (Equation 8-62)
kT ehf /KT _q

Writing hf /KT = Af where A=h/KT =2.40x10""° when T = 200K,

Af
- —eR Af *— ! _
eAf _ZeAf +1 e -2+ 1/e

C, =3R Af °

Because Af is “large”, 1/e* ~ 0 and e dominates Af °, so
C, ~3R/e" e ~3R/C, » f ~In 3R/C, 1/A

For Al, C, 200K =20.1J/Kemol (From Figure 8-13)

38.31
f:ln[ 501 ]1/2.40x10—13 =8.97x10" Hz

For Si, C, 200K =13.8J/Kemol (From Figure 8-13)

3831 » Y
f=in| = 5 | 1/240x107 =2.46x10" Hz

hf 2 ght /KT )
8-31. C, :BR(—) ——  (Equation 8-62)
kT e /KT _q

At the Einstein temperature T, = hf /K,

1
= =3R 0.9207 =3 8.313/Kemol 0.9207
e -1

C,=3R1°

= 22.95K / Kemol =5.48cal / Kemol

3/2
n E 2 1/2
8-32. Rewriting Equation 8-69 as = 8mc2 E_EE =
\% 2| hc e- 7' +1

Set up the equation on a spreadsheet whose initial and final columns are E(eV) and

n(E)V (eVenm®)*, respectively.
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(Problem 8-32 continued)

E eV nNE/V evenm®
45 14.4
4.6 14.6
47 145
48 (=Ep) 7.46
4.9 0.306
5 0.0065
5.1 0.00014

The graph of these values is below.

v
D_f4.5 46 47 48 49 50 52

E(eV)

From the graph, about 0.37 electrons/nm® or 3.7 x10%electrons/m*within 0.1eV below

Er have been excited to levels above Eg.
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8-33. The photon gas has the most states available, since any number of photons may be in the

ground state. In contrast, at T = 1K the electron gas’s available states are limited to those

within about 2kT = 2 8.62x107°eV.K 1K =1.72x10“eV of the Fermi level. All

other states are either filled, hence unavailable, or higher than kT above the Fermi level,

hence not accessible.

8-34. From the graph.
T Au =136K T. Al =243K

T. Be =575K T. Diamond = off the graph (well over 1000K)

C, cal/mol K

-

0
0 200 400 600 800 1000
T(K)

8-35. Approximating the nuclear potential with an infinite square well and ignoring the

Coulomb repulsion of the protons, the energy levels for both protons and neutrons are

given by E, = n’h? / 8mL* and six levels will be occupied in ?Ne, five levels with 10
protons and six levels with 12 neutrons.

5% 1240MeV+fm °
E. protons = =516MeV

8 1.0078ux931.5MeV /u 3.15fm °
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(Problem 8-35 continued)

6 ° 1240MeV+fm °
E. neutrons = > = (42MeV
8 1.0087ux931.5MeV /u 3.15fm

(E) protons = 3/5 E. =310MeV

(E) neutrons = 3/5 E. =445MeV

As we will discover in Chapter 11, these estimates are nearly an order of magnitude too

large. The number of particles is not a large sample.

8-36. E, =h?/8mL%. All 10 bosons can be in this level, so E, total =10h*/8mL".

8-37. (a) f, E :ﬁ%”ﬂ (Equation 8-68)
B 1 B 1

e E-Er /0.1Ef 1 elO E-Er /Ef 1
1 1

(b) fep E

= TE_E. /05E = T2E-E /E
e F F+1 e R |

1.00
\ (@) T=01Tf

0.75 -

frp

(b) T = 0.5TF

—-2Ef —1EF O 1Ef  2Ef 3Ef 4Ef
C,forT

0.25 -
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3/2
8-38. No ~1- [TLJ (Equation 8-52)

3/2 3/2
(a) No g (Te/2) _1 (1) _o646
N 2

8-39. For a one-dimensional well approximation, E, = n*h’ /8mL2 . At the Fermi level Ef,

n=N/2, where N = number of electrons.

N/2°h?  h? (NY :
E: = = — where N / L = number of electrons/unit length,
8mL 32m

L

i.e., the density of electrons. Assuming 1 free electron/Au atom,

1/3

N _{NAPTB ~ 6.02 x10%electrons/mol 19.32g/cm® 10°cm/m ’

L M 197g/mol

6.63x10% Jos ~ 3.81x10°m™ ’
32 9.11x10 kg 1.602x107°J /eV

=1.37eV

F

=3.81x10°m™

This is the energy of an electron in the Fermi level above the bottom of the well. Adding

the work function to such an electron just removes it from the metal, so the well is
1.37eV +4.8eV =6.2eV deep.

8-40. (a) AtT =850K v, :( =183.9m/s

ZkTJ/z [2 1.3807x102J /K 850K |
<) -

6.94x10 kg

1/2 1/2
<v>: 8kT _(4 v_=207.5m/s
” m

1/2 1/2
Vo = (3” j = (g) v, =225.2m/s
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(Problem 8-40 continued)
The times for molecules with each of these speeds to travel across the 10cm diameter

of the rotating drum is:

v = 20M g5 ahc10%s
183.9m/s
t(v) = 9010 _ 4 g2x10°%s
207.5m/s
0.10m  _ 4 445105

vV o=
™ 225.2m/s
The drum is rotating at 6250rev/min = 104.2rev/s or 9.600x10°s/rev. The fraction

of a revolution made by the drum while molecules with each of these three speeds are

crossing the diameter is:

-4
forv, : —>207S 4 oeee7rey
9.600x107°s/rev
-4
for (v): 482)(1_2 > _0.05021rev
9.600x10°s/rev
-4
forv, . : 4.44>10°'s =0.04625rev

9.600x107°s/rev
Assuming that point A is directly opposite the slit s, when the first (and fastest)
molecules enter the drum, molecules with each of the three speeds will strike the plate
at the following distances from A: (The circumference of the drum C =0.107m.)
v_: 0.05667revx0.314159m/rev =0.01780m =1.780cm

m

(v): 0.05021revx 0.314159m/rev = 0.01577m =1.577cm

v._: 0.04625revx0.314159m/rev = 0.01453m =1.453cm

(b) Correction is necessary because faster molecules in the oven will approach the oven’s
exit slit more often than slower molecules, so the speed distribution in the exit beam
is slightly skewed toward higher speeds.

(c) No. The mean speed of N, molecules at 850K is 710.5m/s, since they have a smaller
mass than Bi, molecules. Repeating for them the calculations in part (a), N2

molecules moving at vy, would strike the plate only 0.4cm from A. Molecules moving

at (v) and v, would be even closer to A.
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0

8-41. <EK(escape)> = % m <Vezscape> = J.(% mvzj Fvadv

0

J‘(l mv2 jvzemv2 12KT 4y
s\ 2

1 1
= =—mM
2

S
|3

r]‘Vse—mvz /2kT dv
0
A% m 2kT

=1m = =—=m——=2KT where 2=
2 A712 A m 2kT

8-42. (3 f u du=Ce ™ du=Ce™/“du (from Equation 8-5)
1= jf u du= jCe‘A“Z’”du =2C .fe‘A“z’deu

= 2Cl, =2C/7r A7¥212 where 2 = A/KT

—CJz KT TA —C =JAIZkT
(b) <E>=<Au2>= IAUZf u du= jAuzme—Auzldeu
— AJATZKT 21, = AJATZKT 2 J7 14 2% where 2= A/KT

:% A/KT KT/AY? :%kT

8-43. f v, = m/2zKT "*e™'*T  (from Equation 8-6)

<|vx|>=__|.|vx|f v, dv,

0 +o0
1/2  _m? 172  _m?
[ v, mi2zkt e™ ™ dy, + [y, m/2akT e ™ * gy,
0

—0

1/2 —mv2
=2| m/22kT " "v,e ™ *Tdy,

(SR S—

=2 m/2zkT "1, with A =m/2KT
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(Problem 8-43 continued)

— 2 m/2kT Y2x1/2x KT _ /E
m m

1 1 E
8-44. f, = e%E/M 1 = pEE T where o = _ﬁ
For ExE., e’ »1and
f 1 1 1
D~ EE T o Er /KT o gE/KT T veE/fT =1lg
A 2m VA
8-45. N = eT [E"?%e®'dE  (Equation 8-43)
0

Considering the integral, we change the variable: E/KT =u?, then

E =kTu?, E¥2 = kT "?u, and dE = kT 2u du. So,

IE“Ze‘E”‘TdE —2 kT ¥? juze‘“zdu
0

0

The value of the integral (from tables) is Jr 14, so

Az om vokt 'r 2 amakT v
3 or e” = 3
h 4 Nh

N=¢e

8-46. (@) N=>n="f E +f E  (withg,=g,=1)

:CeO +Ce—5/kT :C 1+e—£/kT

N
50, C =1
(b) (E)- Ong+en, _eCe™™  Nee ™™ ge'
N N 1+e N 1+e/"
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(Problem 8-46 continued)

AsT >0 e“" =1/e*" 50, so <E>—>O

AsT >, e =1/e'"" 50,50 (E) >e/2

© c, - S NE)_d (Nt
dT dT dT |1+
Ne?| — gelkT 2 a e /KT
- sz 1+e—s/kT 2 1+e’5/kT

(d)
T xelk 7| 01 0.25 0.5 1.0 2.0 3.0
C, xNk 0.005 | 0.28 | 042 | 0.20 | 0.06 | 0.03
!
0.4
0.3
=
&
0.2
0.1
CvforO -
-
2 2 2 1/2
8-47. (a) p=h[ki+k2+k?]" =n [”1_”] +(”2_”J N ”s_”]
@ p=h[ki+kj+k] SR
hr 12 N
:T[nf+n22+n§] ==
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(Problem 8-47 continued)

__hezN
L

E=pc

(b) Considering the space whose axes are n;, n,, and n,. The points in space correspond
to all possible integer values of n,, n,, and n,, all of which are located in the all

positive octant. Each state has unit volume associated with it. Those states between

N and N + dN lie in a spherical shell of the octant whose radius is N and whose

thickness is dN. Its volume is 1/8 4zN*dN. Because photons can have two

polarizations (spin directions), the number of possible state is

2x 1/8 47N%dN = 7N?dN.

(c) This number of photon states has energy between E and E+dE, where N = EL/ zhc.
The density of states g(E) is thus:

g E dE = number of photon states at E € dE

number of photon states at N € dN

= 7N?dN
= EL/zhc ® L/zhc dE

8rL® 8rL®
= E2dE = -

. E%dE
27hc hc

The probability that a photon exists in a state is given by:

1 1 .
BT T N ] (Equation 8-24)

fee E

e“e

The number of photons with energy between E and E+dE is then:

87 L/hc *E2dE

eE/kT _1

nEdE=f,. E g E dE=

(d) The number of photons per unit volume within this energy range is n E dE/L°.
Because each photon has energy E, the energy density for photons is:

87 E3dE

uE dE=Een E dE/L°=——
hC eE/kT _1

which is also the density of photons with wavelength between A and A+d\, where
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(Problem 8-47 continued)

A=hc/E > E =hc/A. So,

2
di= d—idE:h—idE:’i—dE—)dE:h—Sdi
dE E hc A

87 hc/A° he/A’ d2  grheada

uAtAdi=u E dE= o AT g =~ gRIAT ]
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9-1.

9-2.

9-4.

Chapter 9 — Molecular Structure and Spectra

@ 1 eV _(1 eV j 1.609x107°J }( 6.022 x10% molecules
molecule molecule eV mole
[ 964722 leal 3 _ 3057 9@ _ 530581
mole /\ 4.184J mole mole
(b) Ed=(4.27 ev ){23'06“0""” mOIej:98.5kcaI/mole
molecule )\ 1eV /molecule
©) Ed:(106 ev J(le\” mOIeCUIejzl.OSeV/molecule
molecule )\ 96.47kJ / mole

Dissociation energy of NaCl is 4.27eV, which is the energy released when the NaCl
molecule is formed from neutral Na and Cl atoms. Because this is more than enough
energy to dissociate a Cl, molecule, the reaction is exothermic. The net energy release is
4.27eV —2.48eV = 1.7%V.

From Csto F: 3.89eV — 3.40eV = 0.49¢eV
From Li to I: 5.39¢eV — 3.06eV = 2.33eV
From Rb to Br: 4.18eV — 3.36eV = 0.82eV

2
Ed = |UC| = _ki+ Eion
rO
2
csl: K€ g, o LAAOGVIM g 00y 3,066V ) > E, = 3.448V
I 0.337nm
2
NaF: <€ g, = LAV g g p0y 3.40ev) 5 E, 5726V
r 0.193nm
2
Lit: X g = LAV agev —3.06ev) > E, =3.726V

o 0.238nm

While Eq4 for Csl is very close to the experimental value, the other two are both high.

Exclusion principle repulsion was ignored.
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2
9-5.  (a) Total potential energy: U (r)= ket +E, +E, (Equation 9-1)
r

ke’ 1.44eV.nm
r 0.267nm

0

attractive part of U (r,) = = -5.39%V

(b) The net ionization energy is:
E.., = (ionization energy of Rb)— (electron affinity of Cl)
=4.18eV —3.62eV = 0.56eV
Neglecting the exclusion principle repulsion energy Eey,
dissociation energy =-U (ro) =5.39%V —0.56eV =4.83eV
(c) Including exclusion principle repulsion,

dissociation energy = 4.37eV —U (r,)=5.3%V —0.56eV — E,,

E, =5.39%V —4.37eV —0.56eV = 0.46eV

2
06, U, =K g, - LAs0eVeIm,
I 0.282nm

0

(4.34eV —3.360V ) = —4.13eV

The dissociation energy is 3.94eV.
E, =|U, +E,|=3.94eV =|-4.13eV + E

o

E, =0.19V atr; =0.282nm

A A

9-7. E, = (Equation9-2)  0.19¢V = ———
(0.282nm)

ex n

r

At r, the net force on each ion is zero, so we have (from Example 9-2)

2
Ue(%) ke ggateviim="A 2N AN g 10ev)
rO rO 0n+ r-0 r0n rO
(18.11eV /nm)(0.282nm)
n— =269~ 27
0.19eV

A=E, 1" =(0.19V )(0.282nm)" = 2.73x10°eV .nm”

ex
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9-8.

9-9.

9-10.

9-11.

9-12.

E, =3.81eV per molecule of NaBr (from Table 9-2)
1eV /molecule = (leV /molecule)(1.609 x107°J /eV ) x
(6.02 x10%molecules/ mol)/(lcal /4.186J ) = 23.0kcal / mol

E, (NaBr) =(3.81eV / molecule)(23.0kcal /mol )/ (1eV / molecule) = 87.6kcal / mol

For KBr : Uy = ZH408VM () 346y — 3366V ) = —4.13eV

0.282nm
E, =3.94eV =\U. +E,,|=|-4.13eV +E,,
E, =0.19%V

_ 1.440eV+nm N
0.279nm

E, =4.37eV =|U. +E,,|=|-4.60eV +E

For RbCl : U, (4.1SeV — 3.626V) =—4.60eV

e><|

E, =0.23eV
H,S, H,Te, H,P, H,Sb

(@) KCI should exhibit ionic bonding.
(b) O, should exhibit covalent bonding.
(c) CH4 should exhibit covalent bonding.

Dipole moment p,,,. =er, (Equation 9-3)
=(1.609x10°C)(0.0917nm)
=1.47x10Cenmx10°m/nm
=1.47x10*°Cem
if the HF molecule were a pure ionic bond. The measured value is 6.64x102°Cem, so

the HF bond is (6.4O><10‘3°C-m) /(1.47 xlO‘ZQC-m) —0.44 or 44% ionic.
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9-13. p._. =er, = (1.609x10'°C)(0.2345x10°m) (Equation 9-3)
ionic 0

=3.757x10®C.m, if purely ionic.
The measured value should be:

Punic (Measured ) = 0.70p,,,,, = 0.70(3.757 10 Cem) = 2.630x10*C-m

9-14.  Piye =€r, = (1.609x107°C)(0.193x10°m)  (Equation 9-3)
=3.09x10%°Cem
The measured values is 2.67 x102°Cem, so the BaO bond is

(2.67><10‘29C-m) /(3.09><10-290.m) =0.86 or 86% ionic.

9-15. Silicon, germanium, tin, and lead have the same outer shell configuration as carbon.
Silicon and germanium have the same hybrid bonding as carbon (their crystal structure is

diamond, like carbon); however, tin and lead are metallic bonded. (See Chapter 10.)

9-16. p=p,+p, andp=6.46x10" Cem and p = p, c0s52.25° + p, c0S52.25°
If bonding were ionic, Py, =€, = (1.609x107°C)(0.0956x10°m)=1.532x10"**C+m
p, (actual) = p/2(c0s52.25°) = 6.46 10 *Cem/2(c0s52.25°) =5.276 10 *C+m

-30
lonic fraction = fraction of charge transferred = 0.276>x10Cem _ 0.34 or 34%

1.532x10Cem

9-17. U =ak’p?/r’> (Equation 9-10)

(@) Kinetic energy of N, =0.026eV, so when |U| =0.026eV the bond will be broken.

(1.1x10°"m+C? / N ) (9x10° Nom? /(:2)2 (6.46><10‘3°C-m)2

6

0.026eV =

r

o (1A0mC? /N )(910°N-m? /c?)’ (6.46x10°Com)’ 6 o105t
0.026eV (1.60x10™°J /eV )

r=6.7x10"m=0.67nm

212



Chapter 9 — Molecular Structure and Spectra

(Problem 9-17 continued)

2
(b) U zki—>|U|=0.026eV _ LA0RVNM - 55nm
r r

(c) H,0O-Ne bonds in the atmosphere would be very unlikely. The individual molecules
will, on average, be about 4nm apart, but if a H,O-Ne molecule should form, its
U ~0.003eV at r =0.95nm, a typical (large) separation. Thus, a N, molecule with

the average Kkinetic energy could easily dissociate the H,O-Ne bond.

9-18. (a) AE =0.3eV =hc/A=1240eV.nm/ A — A =1240eV.nm/0.3eV =4.13x10°nm
(b) Infrared
(c) The infrared is absorbed causing increased molecular vibrations (heat) long before it
gets to the DNA.

9-19. (a) NaClis polar. The Na* ion is the positive charge center, the Cl™ ion is the negative
charge center.
(b) O, isnonpolar. The covalent bond involves no separation of charges, hence no

polarization of the molecule.

9-20. For N, E,r=248x10"eV =#r*/21 wherel = %mro2 and m =14.0067u

2.48x10eV (21) = 1

2 n’

" (2.48x10™eV )(14.0067u)

1/2

(1.055x10* J+s)’
(2.48x10*eV )(1.60x107**J /eV )(14.0067u)(1.66 10 *"kg /u)

o

=1.61x10"°m = 0.161nm
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2
9-21. E, = s (Equation 9-14) where | = 1mr2 for a symmetric molecule.
or 2| 2 0

e M (nc)” (197.3eV -nm)’

~1.78x10"%eV
"oomg o me’t’ (16uc)’ (93L.5x10%V /uc?)(0.121nm)’

9-22. For Co: f =6.42x10°Hz  (See Example 9-6)
E, =(v+1/2)hf  (Equation 9-20)
(@) E,—E,=3hf/2—hf/2=hf
=(4.14x10"°eV +5)(6.42x10° Hz

=0.27eV

(b) % — e (%% (from Equation 8-2)

0

~(027)/(8.62x10°° T

0.01=e
In(0.01) = —(0.27¢V ) /(8.62x10 eV / KT

B ~(0.27¢eV)
~ In(0.01)(8.62x10eV /K )

T =680K

9-23. ForLiH: f =4.22x10%Hz (from Table 9-7)
(@) E, =(v+1/2)hf =E, =hf /2=(4.14x10"eV+5)(4.22x10° Hz)/2

E, =0.087eV

) u=—"(Equation 9-17)
+m

2

e (7.0160u)(1.0078u) _ _ 0.88124

(7.0160u)+(1.0078u)

(c) f= —\/7 (Equation 9-21)
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(Problem 9-23 continued)
K =(271) u=(27) (4.22x10"Hz)(0.8812)(1.66 <10 *'kg /u)
K=117N/m
(d) E,=n’h?/8mr? —r? =n’h?/8mE,
I, ~ h/ (8mE, )"

6.63x107>* Jes

r, =
" [8(0.8812u) (1.6 x10 kg /u)(0.087eV )(1.60x10 3 fev )|

f, #5.19x10'm = 0.052nm

m,  (1.0078u)’

: m
9-24. (a) ForH,: u= = =0.504u
@ Fork: a= = 2(L0078u)
14.0067u)’
(b) For Ng: y=¥:7.0034u
2(14.0067u)
(12.0111u))(15.9994u)
(c) ForCO: u= =6.8607u
12.0111u +15.9994u
1.0078u)(35.453u
(d) For HCI: ,u:( I ):0.980u
1.0078u + 35.453u
39.1u)(35.45
025, (a) u— MM _(390)(3545u) o

m +m,  39.1u+35.45u

2

(b) E, = z—l (Equation 9-14) | = ur?

_ W (he)’ _ ()’
Sor = 2ur?  2uc’r? k= 2uc’E,
L hc _ 197.3eV+.nm
" (2uc’E,)" [2(10.6uc%)(931.5x10%V /uc?)(L.43x10 eV )|

1/2

r, = 0.280nm
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9-26.

9-27.

9-28.

f=i K (Equation 9-21)
2w\ 1

(a) For H*Cl: n=0.980u and f =8.97x10%Hz.
K =(27f)" u=(27)"(8.97x10°Hz) (0.980u)(L.66x10"kg/u)=517N/m.

mm,  (39.102u)(78.918u)

- =26.147u and f =6.93x10"Hz
m +m,  39.102u+78.918u

(b) For K™Br: u=

K =(27f) u=(27) (6.93x10%Hz) (26.147u)(1.66x10 *'kg /u) =82.3N /m

1. f :Zi\/K (Equation 9-21) Solving for the force constant, K = (27 )% u
T\ p
2. The reduced mass u of the NO molecule is

=747u

_ mym,  (14.01u)(16.00u)
A, +m,  14.01u+16.00u

3. K=(27x5.63x10"° Hz)* x7.47ux1.66x10"* kg/u =1.55x10° N/m
( Note: This is equivalent to about 8.8 Ibs/ft, the force constant of a moderately strong

spring.)

E,, =h°/21 Treating the Br atom as fixed,

| =m, 17 =(1.0078u)(1.66 x10*"kg /u}(0.141nm)’

(1.055x10* J+s)’
2(1.0078u)(1.66 x10 %' kg /u)(0.141nm)’ (10°°m/nm)’

=1.67x10%J =1.04x10%eV
E, =(((+1)E, for(=0,12--- (Equation9-13)
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(Problem 9-28 continued)
14 +

The four lowest states have energies: 12 L (=3

E, =0 E, (xlO_SeV) 10 +

E, =2E, =2.08x10°%eV

E, =6E,, =6.27x10%eV =

E, =12E, =12.5x10°eV

9-29. AE =hf wheref =1.05x10"Hz for Li. Approximating the potential (near the bottom)

2 2
with a square well, AE(2 —>1)= (22 —1)(%} n?rz = hf
0

. 372 h 1 37 h
ForL = T T

1/2
. (3_71) 1.055x10™* Js
4 )(1.05x10"Hz)(6.939u)(1.66 <10 *"kg /u)

=4.53x10"""'m = 0.045nm

2

9-30. E, :Z—I where | = ur?  (Equation 9-14)

r

35 (39.102u)(34.969u)
For K*Cl: u= =18.46u
39.102u + 34.969u

_ (39.102u)(34.966u)
39.102u + 34.966U

r, = 0.267nm for KCI.

=19.00u

For K¥Cl: u
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(Problem 9-30 continued)

(1.055x10* J+s)’
2(18.46u)(1.66x 10 %'kg /u)(0.267 x10°°m)’

E,, (K¥Cl)=

=2.55x10%J =1.59%x10°eV

(1.055x10°* J+s)’
2(19.00)(L.66x 10 %'kg /u)(0.267 x10°°m)’

E,, (K¥Cl) =

= 2.48x10] =1.55x10"°eV
AE,, =0.04x10%eV

9-31. (a) NaF —ionic (b) KBr —ionic
(c) N2 —covalent (d) Ne — dipole-dipole

9-32. AE,, = ==

(@ For NaCl: r, =0.251nm (from Table 9-7)

m(Na)m(*Cl)  (22.9898)(34.9689)

= = =13.8707
g m(Na)+m(*Cl) (22.9898)+(34.9689) ’

(1.055x10* J+s)’
(13.8707u x1.66 x 10 *'kg /u)(0.251x10‘9m)2

AE,, =

AE,, =7.67x10%J =4.80x10°eV

7.67x107%J
6.63x107>* Jes

(b) AE,, =hf > f =AE,,/h=

f =1.16x10°Hz
A=clf= (3.00><108m/s)(1.16><101° Hz) —0.0259nm = 2.59cm
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9-33. (a) A =2400nm — E = hc/2400nm = 1240ev-nm

=0.517eV
2400nm

E,-E =380V E,-E,=0500eV E,-E,=29eV E,—E,=0.30eV
The E,—E, and E; —E, transitions can occur.

(b) None of these can occur, as a minimum of 3.80eV is needed to excite higher states.

(c) A =250nm— E =1240eV +-nm/250nm = 4.96eV. All transitions noted in (a) can
occur. If the temperature is low so only E; is occupied, states up to E3 can be

reached, so the E, —E, and E, —E, transitions will occur, as well as E, - E,.
(d) E,—E,=2.9eV =hc/A or 1=1240eV.nm/2.9eV =428nm
E, —E, =3.4eV =hc/A or A=1240eV.nm/3.4eV =365nm

E,—E =7.2eV =hc/A or A=1240eV+.nm/7.2eV =172nm

9.3, P _gmmr 4

B,u(f)

For the Ha line A=656.1nm

(Equation 9-42)

At T = 300K, hf _hc _ 1240eV .nm
KT AKT  (656.1nm)(8.62x10 °eV / K )(300K)

=73.1

ehf/kT _1: e73.1 _1z 5.5)(1031

Spontaneous emission is more probable by a very large factor!

0.35. n ( El) e EL/KT

i.e., the ratio of the Boltzmann factors.
n(EO) e—Eo/kT

For O,; f =4.74x10%Hz and

E, =hf /2 =(4.14x10""eV +s)(4.74x10Hz) /2 = 0.0981eV
E, = 3hf /2 = 0.294eV

At 273K, KT =(8.62x107eV /K )(273K) = 0.0235V
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(Problem 9-35 continued)

—0.0294/0.0235 -12.5
n(E) e =% —24x10*
n ( Eo ) e—0.0981/0.0235 e—4.l7

Thus, about 2 of every 10,000 molecules are in the E; state.

n(E
Similarly, at 77K, () =1.4x107"

n(E,)

9-36. E=(((+1)E, for(=0,12:--- (Equation9-13)

2

Where E,, = Z_I and | = ur} with g=m/2

(1.055><10’34J-s)2
E - _=1.80x10J =1.12x10eV

" 2(18.99u)(1.66 <10 *"kg /u)(0.14x10°m)

(@ E,=0
E, =2E, =224x10"eV  E —E,=2.24x10"eV
E, =6E, =6.72x10"eV ~ E,—E, =4.48x10"eV

E, =12E, =13.4x10*eV  E,—E, =6.72x10%eV

14 4
(=3
12 +
E (x10%eV) 10 +
8 —
6 I (=2
4 —_
2 =1
0 =0
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(Problem 9-36 continued)

9-37.

9-38.

9-39.

(b) Ar+1 AE =hc/A — A =hc/AE
1240eV nm
2.24x10%V

_1240eV.nm
4.48x10%eV

1240eV «nm
6.72x10%V

For E,—E,: A= =5.54x10°nm = 5.54nm

For E,—E,: 1 =2.77x10°nm = 2.77nm

For E,—E,: A= =1.85x10°nm =1.85nm
() 10MW =10"J /s — E =(10"J/5)(1.5x10°s) =1.5x10*J

(b) For ruby laser: A =694.3nm, so the energy/photon is:
E = hc/A =1240eV «nm/694.3nm =1.786€eV

(15x10°J)
(1.786V )(1.60x10°J /eV )

Number of photons = =5.23x10°

A4mW =4x103J/s

E=hc/A= 1240eVenm _ 1.960eV per photon
632.8nm

4x103J /s

=1.28x10"/
(1.960eV )(1.60x10°J /eV ) Sl

Number of photons =

(3) sind=1.221/D = 1.22(600><10’9m)/(10><10*2m) =7.32x10°

~ 6 ~ 7.32x10 °radians

0 =S /R where S = diameter of the beam on the moon and R = distance to moon.

S=RO= (3.84x108m)(7.32x10-6 radians) —2.81x10°m = 2.81km
(b) sind= 1.22(600><10‘9m)/(1m) =7.32x10"radians

S=RO= (3.84><108m)(7.32x10-7 radians) =281m
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9-40. (a) N(E) e _gmam

n(El) o E/KT

E, — E, = hc/A =1240eV «nm/420nm = 2.95eV

AtT =297K, KT =(8.61x10°eV /K )(297K ) = 0.0256eV
n(EZ) — n(El)e—2.95/0.0256 _ 2.5><1021e‘“5 _ leo_zg ~0

(b) Energy emitted = (1.8x10*)(2.95eV / photon) =5.31x10%eV =850

2

9-41. (a) Total potential energy: U (r)= ke, E +E,,
r

2
the electrostatic part of U (r) atr, is ke __LAdVenm _ g hoev

I 0.24nm

(b) The net ionization energy is:
E.., = (ionization energy of Na)—(electron affinity of Cl)

=5.14eV —3.62eV =1.52eV
dissociation energy of NaCl =4.27eV (from Table 9-2)
4.27eV =-U(r,) =6.00eV —1.52eV =4.67eV - E,,

E, =6.00eV —4.27eV —-1.52eV =0.21eV

(c) E, = rA“ (Equation 9-2)

At r, =0.24nm, E,, = 0.21eV
ke?

At r,=0.14nm,U (r)=0and E,, = — - E,,, =8.77eV
r

Atr, :E, =02%eV = A A- (0.21eV )(0.24nm)’

(0.24nm)’

Atr=014nm:E, =8.77eV = A= (8.77eV)(0.14nm)’

(0.14nm)"

Setting the two equations for A equal to each other:

(0.24nm)" (0.24]2 ~ [8.77eV

(0.14nm)’ (014 0.21eV

j —(1.71)" =41.76
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(Problem 9-41 continued)
nlogl.71=10941.76

n=(log41.76)/(logl.71) = 6.96

6.96

A=0.21eV (0.24nm)" = 0.21eV (0.24nm) ™" =1.02x10°eV «nm°*

9-42. (a) sin9:1.22/1/D=1.22(694.3><10-9m)/(o.01m):8.47x10‘5

- 0 =8.47x10°radians

(b) E =hc/ A =1240eV+.nm/694.3nm =1.786eV / photon

photon

For 10" photons/s:
E = (1.786€V / photon))(1.602x107°J /eV )(10** photons /s )
—0.286J /5 =0.286W

Areaof spot Ais: A=7d*/4= 7z(8.47cm)2 /4
and E =E,_ / A=0.286W /;{(8.47cm)2 /4} = 5.08x10°W /cm?

ke*  1.440eV.nm
9‘43 (a.) Uatt = —T = m = —5396V

(b) Toform K™ and ClI"™ requires E,, = 4.34eV —3.61eV =0.73eV

2
E,=-U, = —L—k% + Eionj —5.396V —0.73eV = 4.66eV

(c) E, =4.66eV —4.43eV =0.23eV atr,

2

9-44. E, = % where | = ur? with r, = 0.267nm and

mm, _(39.102u)(35.453u)

U= = =18.594u
m +m,  39.102u +35.453u

(1.055x10* 3.5’
E, = 5 =2.53x10™J =1.58x10 *eV
2(18.594u))(1.66 x10"*"kg /u)(0.267 x10°m)
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9-45. (a) E, = k_p31 where p, = ga, being the separation of the charges +q and —q of the dipole
X

(b)U=—-peEandpx E > p=cE
So the individual dipole moment of a nonpolar molecule in the field produced by p; is

p, = ak, :akpl/x3 and U =—p,-E; :Ol(kpl)z/x6

LG E R

9-46. 1. The energies E, of the vibrational levels are given by Equation 9-20:

E, =(v+%)hf for v=0,1,23,---

The frequencies are found from Equation 9-21 and requires first that the reduced mass
for each of the molecules be found using Equation 9-17.

~ mym,  (1.01u)(1.01u)
m,+m, 1.0lu+1.01lu

o =0.67u

Hp, =1.01u

=0.51u

Hy,

Similarly,

2. The vibrational frequencies for the molecules are then:

=1.32x10" Hz

f, =

1 /K 1 580 N/m
L2m\\ 4y, 27

(0.51u)(1.66x10% kg/u)

fo =1.15x10" Hz

Similarly,
Y fp, =9.36x10" Hz

3. The energies of the four lowest vibrational levels are then:

For H,:
1 1 34 14 -20
Eo:gthZZE(G-G?’XlO J-s)(1.32x10™ Hz) =4.38x10J
-20
E, = 438x107J) 4576y

1.60x107° J/eV
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(Problem 9-46 continued)

E, =0.82eV
Similarly, E,=1.37eV
E,=1.91eV

For HD:

E, = % hf,.,, = %(6.63x10‘34 J-5)(1.15x10" Hz) = 3.81x10%°J

-20
E _ 3.81x10™J 0.246V

° T 1.60x10° eV
And again similarly,

E, =0.72eV

E, =1.19eV

E,=1.67eV
For D,:

E, = 1th = 1(6.63><10’34 J-5)(9.36x10"° Hz) =3.10x107°J
2 %22

_3.10%x10%)
° 1.60x107° J/eV

And once again similarly,
E, =0.58eV

E, =0.97eV

E, =1.36eV
4. There are three transitions for each molecule:

=0.19eV

v=3->v=2, v=2->v=1l v=1->v=0
For H,:AE =hf =hc/ A= A=hc/AE =1240eV-nm/AEeV

AE=E,_,—E, _, =(1.91-1.37)eV =0.54eV
oAy, =1240€V-nm/0.54eV = 2.30x10° nm
A, , =2.25%10° nm

Similarly, A, =2.25x10° nm

For HD:

AE=E, _,—E,_, =(167-1.19)eV =0.48eV
Ay, =1240€V-nm/0.48eV = 2.58x10° nm
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(Problem 9-46 continued)

A, , =2.64x10° nm

And again similarly,
Ao =2.58x10° nm

For D,:

AE=E,_,—E, _,=(1.36-0.97)eV =0.39eV

Ay, =1240€V-nm/0.39eV = 3.18x10° nm
And once again similarly,

A, , =3.18x10° nm
Ay, =3.18x10° nm

9-47. (a) E, =hc/4 =1240eV-nm/(0.86mm)(10°nm/mm)=1.44x10"eV
E, =1240eV snm/(1.29mm)(10°nm/mm) = 9.61x10 eV

E, =1240eV -nm/(2.59mm)(10°nm/mm) = 4.79x10“eV

These are vibrational states, because they are equally spaced. Note the v =0 state

at the %2 level spacing.

18 T
v=3
16 T+
14 +
12 v=2
E, (x10_4eV) 10 +
8 i V:l
6 —_
4 —_
v=_0
2 L
0
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(Problem 9-47 continued)
(b) Approximating the potential with a square well (at the bottom),

2
2 mr,

E, =4.79x10"eV =n

1/2

(22 -12)2* (1.055 %10 Jos)’
" | 2(28.01u)(1.66x107"kg /u)(4.79x10eV ) (1.60x107° I /eV )

=2.15x10"°m = 0.215nm

9-48. Using the NaCl potential energy versus separation graph in Figure 9-23(b) as an example
(or you can plot one using Equation 9-1):
The vibrational frequency for NaCl is 1.14x10"Hz (from Table 9-7) and two vibrational
levels, for example v =0 and v = 10 yield (from Equation 9-20)
E, =1/2hf =0.0236eV E,, =11/ 2hf = 0.496eV

above the bottom of the well. Clearly, the average separation for vip> V.

2

9-49. (a) E,, = Zh where r, = 0.128nm for HCI and

2
0

mm, _ (1.0079u)(35.453u) 0.9804

A +m, ~ 1.0079u +35.453

(1.055x10°% J+s)’ ., 3
Ey = - =2.089x107%] =1.303x10" eV

2(0.980u)(1.66 x10*"kg /u}(0.128x10°m)

E, = (((+1)E,
E,=0 E =2E, =2606x10°eV  E,=6E, =7.82x107%eV
AE, =E, —E, =2.606x10%eV AE,, =E, —E, =5.214x10%eV

2.606x10°eV

= =0.630x10%Hz
4.136x1077"eVes

Afy, =AEy, /h=
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(Problem 9-49 continued)

5.214x10%eV
4.136 x10 eV es

f) = f £ Af, =6.884x10" Hz + 0.63x10" = 6.890x10" Hz; 6.878x10" Hz

Af, =AE,/h= =1.26x10"” Hz

Ay =¢/ £y, =435.5nm; 436.2nm
fy, = f £ Af, =6.884x10" Hz +1.26x10"* = 6.897 x 10" Hz; 6.871x10"Hz
=c/ f,, = 435.0nm; 436.6nm

(b) From Figure 9-29: Af,, =0.6x10%Hz and Af, =1.2x10%Hz

The agreement is very good!

9-50. (a) Li,: (v+1/2)hf

E, =
E, =(3/2)(4.14x10 eV +s)(1.05x10"*Hz ) = 0.0652eV = 6.52x10 eV
E,

(((+1)Ey

=2(8.39x10°eV ) =1.68x10 eV

(b) K™Br: E,:(v+1/2)hf
E, =(3/2)(4.14x10 eV +5)(6.93x10* Hz) = 4.30x 10 *eV
E, =(({+1)E,

E,

2(9.1><10‘6eV) —1.8x10°eV

9-51.  u(HCI)=0.980u (See solution to Problem 9-49)
From Figure 9-29, the center of the gap is the characteristic oscillation frequency f :

f =8.65x10"Hz — E = 0.36eV Thus, f = =[5 ork =(221) 4

2\ 1

K =(27)" (8.65x10°°Hz) (0.980u)(1.66 10 *'kg /u) = 480N /m
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9-52. nE =g E, e™'"

A, =694.30m > E, —E, = he/ 4, = 220V _, 26606y

694.3nm
E, — E, =1.7860eV +0.0036eV =1.7896eV

Where E; is the lower energy level of the doublet and E; is the upper.
Let T = 300K, so kT = 0.0259eV.

n E _9 E, o BB /KT :26—1.7896/0.0259 :%e69 =4.91x10"

nE g9k 4
n E2 — 1e‘1'7896/0'0259 — 5.64)(10_31
ng 2

(b) Ifonly E, — E, transitions produce lasing, but E, and E, are essentially equally

(a)

populated, in order for population inversion between levels E, and E, , at least 2/3

rather than 1/2) of the atoms must be pumped. The required power density (see
Example 9-8) is:

oN(hf) 2 2x10°cm® 6.63x10*Jes 4.32x10%Hz
LIS =1273W /cm?®

PEE 3 3x10°s
9-53. (a) E, = v+1/2 hf (Equation 9-20)
Forv=0, E,=hf /2= 6.63x10*Jes 8.66x10"Hz /2=0.179%V
(b) For Al=+1 AE, = (°hl 1 = (hAf

6.63x10** Jes

so | =h/ 47°Af =
47° 6x10"Hz

=2.8x10* kgem?

(c) | = ur?, where u is given by Equation 9-17.

I’nHmCI
/’l_—

= =0.973u = r =0.132nm
m,, +m,

229



Chapter 9 — Molecular Structure and Spectra

9-54. (a) U _
dr

(d)

For U

UO[—lza”r‘ls—Z 62’ r*]

o, dU/dr=0,s0 -12a”r®+12a°=0—->r°=a® »>r=a
a 12 a 6
(b) ForU=U_, r=athenU__ =U°[(gj _Z(EJ ]= 1-2U,=-U,
(c) From Figure 9-8(b): r, =0.074nm (=a) U, =32.8eV

i, nir? o 2 U
0.85 7.03 -5.30 +56.7
0.90 3.5 3.8 9.8
0.95 1.85 27 -28.5
1.00 1 2.0 -32.8
1.05 0.56 -15 -30.8
1.10 0.32 -1.12 —26.2
115 0.19 -0.86 -22.0
1.20 0.11 -0.66 -18.0

60 —

50

40 —

30 |-

20

10

0 Df? UfB 019 1.|O 1.|1 1?2 1.|3 rry

-10

—20

—30

-40
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9-55.

2
(@ U r = —kri +E, +E, (Equation 9-1)

For NaCl, E, =4.27eV and r, =0.236nm (Table 9-1).

E, =E, Na +E, Cl =514-362=152V andU r, =—E, =-4.27eV

ke?

E, =-4.27+ ~1.52 =0.31eV
0.236

(b) E,=Ar"=0.31eV (Equation 9-2)

2
Following Example 9-2, kiz =25.85eV /nm =

0

=— 0.31eV

A n
n
r0 I’-0

n
r0
Solving forn: n= 25.85eV/nm 0.236nm /0.31eV =19.7 ~ 20

A= 0.31eV 0.236nm *° =8.9x10 “eV+.nm?

ke?

9-56. For H" —H™ system,U r =——+FE,,

9-57.

r
There is no E,, term, the two electrons of H ™ are in the n = 1 shell with opposite spins.

E,,, = ionization energy for H™ — electron affinity for H™ =13.6eV —0.75eV =12.85¢V.

U r = L1A40eVem oo oeey
r dr r

du r ~1.440

2

For U r tohave a minimum and the ionic H* —H™ molecule to be bound, dU /dr = 0.

As we see from the derivative, there is no non-zero or finite value of r for which this

occurs.

~1.007825u 34.968851u
~1.007825u + 34.968851u

;o 1.007825u 36.965898u
~1.007825u + 36.965898u

=0.979593u

@ u 35

=0.981077u

AR 1 52x10°
u 35

(b) The energy of a transition from one rotational state to another is:
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(Problem 9-57 continued)

AE, .= (+1 n /1l =hf (Equation9-15)

(+1 K> (+1h* (+1h

f =

he Arhur? B 4 ur?
(+1h

Af ziA,u= I 12 Au
du A pur,

lines (the taller ones) and the *CI lines is of the order of

0.01x10"Hz, so Af / f ~0.0012, about 20% smaller than Az:/ s

=6.861u

mm,  12.0112u 15.9994u
9-58. (a) For CO: r,=0.113 U= 2=
m +m, 12.0112u+15.9994u

| = ur? = 6.861u 1.66x107kg/u 0.113x10™ ~ =1.454x10 “°kgem®

w2 1.055x107%Jes

E, =— = =3.827x102J = 2.39x10%eV
21 2 1.454x10“*kgem?

() E, =0 (+1E,
E, =0
E, = 2E, =4.78x10™eV
E, =6E, =1.43x107V
E, =12E,, =2.87x107%eV
E, = 20E,, =4.78x10%eV

E, =30E,, =7.17x10 eV
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(Problem 9-58 continued)
(c) (See diagram)

E, = 7.17-4.78 x10°eV =2.39x10°eV

E, = 4.78-2.87 x10°eV =1.91x10°eV

E,, = 2.87-1.43 x10°eV =1.44x10°eV

E, = 1.43-0.48 x10°eV =0.95x10°eV

E, =4.78x10eV

E

Vv

(d) A=hc/E

_1240eVe+nm
% 2.39%x10%V

_ 1240eV+<nm
B 1.91x10%eV

_1240eV+nm
%2 1.44%x10%V

_1240eV+<nm
2 0.95x10%V

1240eV nm

s |
o (=5
6 4

x10%eV 5 L v r—4
4 L
3 F ¥ (=3
2T \ 4

(=2

1+ ! .
0—— (=0

=5.19x10°nm = 0.519mm

= 6.49x10°nm = 0.649mm

=8.61x10°nm = 0.861mm

=13.05x10°nm =1.31mm

= =259x10°nm=2.59mm

0 4.78x10eV

All of these are in the microwave region of the electromagnetic spectrum.
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9-59. #2 n=Lv=1/7=1

#3 n=Lv=0(=2

#1 n=1Lv=0,(=0

(8 E 1 =%th2+3 (+1E, =%th2 since £ =0

E 2 =§th +2E,, since (=1
2 2

E 3 =1th +6E,, since (=2
2 2

A E2-E1 :(§th +2EOrJ—1th —h 1.356x10"Hz
2 M 2 M

B E2-E3 =(§th +2Eorj—£3th +6E0rj:h 1.246 x 10" Hz
2 M 2 M

Re-writing [A] and [B] with E, =7*/2I :
ALl hf, +h’/1 =h 1.356x10"Hz
B1 hf, —24%/1 =h 1.246x10*Hz

Subtracting [B1] from [A1] and cancelling an h from each term gives:
3h/47%1 =0.110x 10" Hz

. 3h
47° 0.110x10"Hz

= 4.58x10 ®kgem’

, 1.007825 °

b) | = ur For H. : =————=0.503912u
(b) 1= par 2 M= 5 007825

/
= 1/ =[ 458x10°kgem* / 0.5039ux1.66x107'kg/u |

I, = 7.40x10*'m = 0.0740nm in agreement with Table 9-7.

Canceling an h from [B1] and substituting the value of | from (a) gives:

f, =2h/47*l +1.246 x10* Hz

f,, =1.32x10"Hz also in agreement with Table 9-7.
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ke? 1 .
10-1. U(r)=-a—|1-=| (Equation 10-6)
n

o

E = U (r0)=akiz(1_ij

r n

1 E,r, (741kJ/mol)(0.257nm) 1eV /ion pair

1-—=—"2= x =0.7844
n ake 1.7476(1.44eVenm)  96.47kJ /mol
A Y.
1-0.7844
- M 3
10-2. The molar volume is — =2N,r,
P
1/3
o LI 74.559 /mole | =3.15x10°cm = 0.3150m
2N,p | | 2(6.022x10% /mole)(1.984g/cm’)
- M 3
10-3. The molar volume is — =2N,r,
Yo
o M 42.4g/mole _2.07g/cm?

) 2N, 15 ) 2(6.022x102‘°’/mole)(0.257><10’7cm)3

2
104, (a) U, —-a~&  (Equation 10-1)
0
2
(b) E,=-U(r)= aki(l—ij (Equation 10-6)
r, n

= (8.01ev)(1—%j =7.12eV /ion pair

_ (7.12¢V fion pair)[%'“k‘] /molj( 1cal

- - =164kcal / mole
1eV /ion pair )\ 4/186J
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(Problem 10-4 continued)

165.5kcal /mol )(0.314nm i i
© 1 Edr02 _( ) )X4.186J 1eV /ion pair ) _ o gono
n ake 1.7476(1.44eV-nm) 1cal \ 96.47kJ /mol
1
Therefore, n=————=9.62
1-0.8960

10-5. Cohesive energy (LiBr)

= 788%10°J / mol 129' _ 1eV — |=8.182ev/ion pair
6.02x10%ion pairs )\ 1.60x10

=4.09V / atom
This is about 32% larger than the value in Table 10-1.

10-6. Molecular weight Na = 22.990
Molecular weight Cl = 35.453
.. the NaCl molecule is by weight 0.3934 Na and 0.6066 CI.
Since the density of NaCl = 2.16 g/cm?®, then

mol of Na/cm® = (0.3934)(2.16g/cm® ) /(2.990g / mol ) = 0.03696 mol / cm’

mol of CI/cm?® = 0.03696 mol / cm?, also
since there is one ion of each element per molecule.

Number of Na ions/cm® = 0.03696N ,
Number of Cl ions/cm?® = 0.03696N ,
Total number of ions/cm® = (0.07392)(6.022 ><1023) = 4.45x10%

Nearest neighbor distance = equilibrium separation r, .

1/3

- L | =2.88x10™m =0.2880m

(4.45><1O22 ions/cm3)(102cm/m)
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10-7.

10-8.

r, (KCI)=0.315nm =3.15x107°m
N (ions/m3) =1/1} =3.20x10% /m*® =3.20x10% /cm®

Half of the ions in 1cm® are K and half are Cl , so there are 1.60x10%/cm® of each

element.

This number of ions equals:

1.60x10%ions _ 1.60x10?*ions

= > =0.02657 mol
N, 6.022x10% / mol

This is the moles of each ion in 1 cm®.
Molecular weight of K =39.102 g/mol.
Molecular weight of Cl = 35.453 g/mol.

Weight of K/cm® = (39.102g /mol )(0.02657mol / cm®) =1.039 g /cm’
Weight of Cl/cm?® = (35.453g / mol )(0.02657m0| /cm3) =0.942g/cm®

. density of KCI =(1.039+0.942)g/cm® =1.98g/cm’

(a) 80 —
70 —

Cohesive 6.0 —
Energy
(eV) 50 —
40 —

3.0 —
20 —

1.0 —

500 1000 1500 2000 2500

Melting point, K

(b) Noting that the melting points are in kelvins on the graph,
Co melting point = 1768 K, cohesive energy = 5.15 eV
Ag melting point = 1235 K, cohesive energy = 3.65 eV
Na melting point = 371 K, cohesive energy = 1.25 eV
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10-9. Uan=—kez(g+£—£+£+£—£+---j
a 2a 3a 4a b5a 6a

U, =—ke? 2+1—g+l+g—1+-~
3 3 5 3

The quantity in parentheses is the Madelung constant o The 35" term of the series (2/35)

is approximately 1% of the total, where oo = 4.18.

m, (v
10-10. (a) po = niag/1> (Equation 10-13)

_ (9-11x10 kg ) (1.17x10°m/s) 1231073

(8.47 ><1028electrons/m3)(1.60x10‘190)2 (0.4><10‘9m)

(b) (v)oc(kT/m,)"*  (from Equation 10-9)

), <[ ROKYE_ L
o | 300K NE)

Puos = Paao/ 3 = 7.00x10°Qem

o | 4(10°A) _
10-11. (@) j=—=—7F—= > =479A/m°  (from Equation 10-10)
A xd7 4 7(1.63x10°m)
2
by v, = -9 _ 479A/m —3.53x10°m/s

Ane ne (8.47><1028/ma)(1.602x10’19C)

=3.53x10%cm/s
10-12. (a) There are n, conduction electrons per unit volume, each occupying a sphere of

volume 47t} /3: n, x(4x18/3)=1

r=—"o - rS:(?,/47rna)1/3
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(Problem 10-12 continued)

3
b) r. =
®) . [472’(8.47><1028/m3

1/3
)] =1.41x10""m = 0.141nm

10-13. (@) n=pN,/M for 1 electron/atom

(10.5g/cm®)(6.022x10% /mole)
107.9g/mole

n= =5.86x10% /cm®

B (19.3g/cm*)(6.022x10* / mole)
- 196.97g/ mole

=5.90x10% /cm®

() n

Both agree with the values given in Table 10-3.

10-14. (@) n=2pN,/M for two free electrons/atom

B 2(1.74g/cm®)(6.022x10% / mole)

n= =8.62x10%/cm® =8.62x10% /m®
24.31g/mole

B 2(7.1g/cm*)(6.022x10* / mole)

(b) n= =13.1x10% /cm® =13.1x10% / m®
65.37g/mole

Both are in good agreement with the values in Table 10-3, 8.61x10%* /m® for Mg and
13.2x10% /m® for Zn.

m, (v
10-15. (a) p= e</1> (Equation 10-13) o=

> _ne'd (Equation 10-13)
ne v

(9.11x10*'kg ) (.08 x10°m/s) )
T (8.47 x10% m_s)(1.602x10‘19(;)2 (0.37 ><10‘9m) =1.22x10"Qem

1 L _g17x10°(Qem)®
p 122x107Qem

O =
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(Problem 10-15 continued)

(b) 8kT

(Equation 10-9)

e

p(200K) = p(300K )(v(200K))/(v(300K))

1/2

= p(300K )(200K /300K )

= (1.22x107Q+m)(200K /300K )"* =9.96x10°Q+m

1 1
p(200K)  9.96x10°Qem

(200K ) = =1.00x10" (Qem) "

(€) ,(100K)= p(300K ){v(100K))/(v(300K))

= (1.22x107Q+m)(100K /300K )"* = 7.04x10°CQem

1 1
p(100K) ~ 7.04x10°Qem

(100K ) = =1.42x10" (Qem) "~

10-16. (E)= g E. (Equation 10-22)
(a) forCu: (E) :%(7.06ev) = 4.24eV
(b) for Li: (E) =§(4.77ev) =2.86eV

(*‘_)(LEJ

Fome?l8azv TV

_ (1240evenm)” | 3(5.90x10%m™*) (10 m 1/3_5536\/
~ 2(5.11x10%V ) 87 1nm e
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10-17.

10-18.

10-19.

A long, thin wire can be considered one-dimensional.

h2 (NY  (he)’ (NY :
. :%(fj :%(fj (Equation 10-15)

For Mg: N/L = (8.61x10%/m?)"’

2/3

(12406V -nm x10°°m/ nm)2 (8.61x10% /m°)
E = —1.87eV
32(0.511x1066V)

(a) For Ag:

h? ( 3N )2’3 (1240eV-nm><10‘9m/nm)2(3><5.86x1028m3

2/3
L= - —5.50eV
2m\ 87V 2(0.511><10 ev) 87

For Fe: Similarly, E. =11.2eV
(b) For Ag: E. =KT. (Equation 10-23)

T=feo 3V _ga8.100
Kk 8.617x107eV /K

For Fe: Similarly, T, =13.0x10*K

Both results are in close agreement with the values given in Table 10-3.

Note from Figure 10-11 that most of the excited electrons are within about 2kT above the

Fermi energy E_, i.e,, AE = 2kT. Note, too, that KT < E_, so the number AN of excited

electrons is: AN ~ N (E. )n(E;)AE ~ N(E.)(1/2)(2KT )~ N (E; )kT and

N :8ﬁV(2m

3/2
3 F] EX?  (from Equation 10-20)

3/2
Differentiating Equation 10-19 gives: AN (E )= _(S_mj E/?

312
7V ( 8m
(o) epur

2
Then, AN = 2 \h o7 :kT/EF
N 87V (2m E32 2
3 | h? F
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(Problem 10-19 continued)

E. for Ag =5.35eV, so % = 2(8.617 x107eV / K)(300K)/5.53ev =0.0070=0.1%

m.,C

e

1/2 1/2
10-20. u, = [Z:Fj = c[ ZEFZJ (Equation 10-24)

e

2(3.26eV )

1/2
m:| :1.07X106m/3
d1x e

(a) for Na: u, :(3.00x108m/s){

2(5.55eV )

1/2
m} :1.4OX106m/S
ALX e

(b) for Au: u, :(3.00><108m/s){

2(10.3eV)

1/2
m} :190X106m/5
. X

(c) forSn: u. =(3.00><108m/s){

10-21. p= :L—Z‘; (Equation 10-25) A= rr?et‘;
(@) for Na: 1 (9.11x10"*kg )(1.07 ><1206m/s)
(2.65x10m™)(1.609x107°C) " (4.2x10°Qem)
=3.42x10°m =34.2nm
(5) for Au: 4 — (9.11><1031kg)(1.40><;[06m/s)
(5.90x10*m*)(1.609x10*°C} (2.04x 10 °Q+m)
= 4.14x10°m = 41.4nm
(© forsn: 41— (9.11x10"*kg )(1.90x10°m/ s )

(14.8 x10%m ) (1.609 x107°C )2 (10.6 x 10‘8Q-m)

=4.31x10°m = 43.1nm
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10-22.

10-23.

10-24.

2
C, (electrons) = % R_rl (Equation 10-30)

F

2
Cv(electrons):%RE—T because E. =kT.. C, due to the lattice vibrations is 3R,
F

2
assuming T > T_ (rule of Dulong and Petit): % R:(E—T =0.10(3R)
F

. _010(3)(2)E. _ (0.60)(7.06eV)

= =4.98x10°K
7’k 7’ (8.617x10’5eV/K)

This temperature is much higher than the Einstein temperature for a metal such as copper.

U= g NE; + N (E—Tj kKT  (Equation 10-29)

F

2 (kT
Average energy/electron = U/N = g E. + a(k—Tj KT = 3 E. + 7[—( )

For copper: E =7.06eV, so

AtT=0K: U/N = 2(7.06eV) = 4.236eV

2 (8.61x10°eV /K )’ (300K )?
AL T = 300K: U/N:g(7.06ev)+%( " o ) (300K)

The average energy/electron at 300K is only 0.0002eV larger than at OK, a consequence of

=4.236eV

the fact that 300K is very small compared to the T. for Cu (81,600K). The classical value

of U/N =(3/2)kT =0.039%V, is far too small.

2
C, (electrons) = % RTl (Equation 10-30)

F

Melting temperature of Fe = 1811K (from Table 10-1)
T, for Fe =13x10°K (from Table 10-3)

The maximum C, for the Fe electrons, which is just before Fe melts, is:

243



Chapter 10 — Solid State Physics

(Problem 10-24 continued)

2 1811K
C, (electrons) = z R(—Bs 10K
X

j =0.0219R
2

The heat capacity of solids, including Fe, is 3R (rule of Dulong and Petit, see Section 8-1).

C, (electrons)  0.0291R
C T

v

=0.0073

1025, p=Le=P- .M _#B g4 ation 10-35)
p uo KT

(9.285x1073/T)(2.0T) ;
P= =6.7x10"
(1.38x10%J /K )(200K )

2
10-26. y _ MMt

B KT
anits =[N LY 2V (2
o ST SPAE
NJ NJ NJ _ NJA’m’

T AT Am(Wh/m)  A'm*(N/Am) ATMN?
_J _Nm_ 1 dimensionless
Nm Nm
10-27. E=hc/A
(a) For Si: A =hc/E =1240eV-nm/1.14eV =1.088x10°nm =1.09x10°m =1.09x10°nm
(b) For Ge: Similarly, 1 =1.722x10°nm =1.72x10°m =1.72x10°nm

(c) For diamond: Similarly, 2 =1.77x10°nm =1.72x10"m

10-28. (a) For Ge: All visible light frequencies (wavelengths) can excite electrons across the
0.72eV band gap, being absorbed in the process. No visible light will be transmitted
through the crystal.
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(Problem 10-28 continued)
(b) For insulator: No visible light will be absorbed by the crystal since no visible

frequencies can excite electrons across the 3.6eV band gap. The crystal will be

transparent to visible light.
(c) Visible light wavelengths are 380-720nm corresponding to photon energies

E =hf =hc/ A =1240eVenm/ A

A =380nm —» E =3.3eV
A=720nm — E =1.7eV
Visible light photons will be absorbed, exciting electrons for band gaps < 3.3eV.

10-29. (a) E=hc/A= 1240eV-nm/(3.35ym x10°nm/ um) = 0.37eV

(b) E=KT =0.37eV ..T =0.37eV /k = 0.37eV /8.617x10°eV / K = 4300K

mN, VN, (2:33g/em®)(100nmx107cm/nm)’(6.02x10% /mol
10-30, (@) N = "0a — ANA _
M M 289/ mol

=5.01x10" Si atoms
(b) AE=13eV/(4x5.01x10")=6.5x10"eV

2\2 _«
10-31. () E, =—%[k%] m 1 (Equation 10-43)

_ [(9><109 N.m? /CZ)(1.6O><10‘19C)2T (02)(9.11x10kg)
= - X
L2 (1.055x10* Jus)’ (1.8)

=-3.12x10%J =-0.0195eV
lonization energy = 0.0195eV

(b) (r)=a,(1)°(m,/m')x (Equation 10-44)
=0.0529nm(1/0.2)(11.8) = 3.12nm

(c) E,(Si)=1.11eV at 293K
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(Problem 10-31 continued)
E /E, =0.0195/1.11=0.0176 or about 2%.

10-32. (a) E, = —=

232«
z(ki] m 1 (Equation 10-43)

)Ry

_ 1[(9><109|\|-m2/c:2)(1.60><101"(:)2]2 (0.34)(9.11x10 *kg)
== X
b2 (L.055x10°% Jus)’ (15.9)

=-2.92x10%J =-0.0182eV
(b) (r)=a,(1)"(m,/m")x  (Equation 10-44)

= 0.0529nm(1/0.34)(15.9) = 2.48nm

10-33. Electron configuration of Si: 1s? 2s*2p®3s?3p®

(@) Al has a 3s*3p configuration outside the closed n = 2 shell (3 electrons), so a p-type
semiconductor will result.
(b) P hasa 3s*3p® configuration outside the closed n = 2 shell (5 electrons), so an n-type

semiconductor results.
10-34. E=KT =0.0leV .. T =0.01eV/8.617x107°eV /K =116K

dBw iB

10-35. (a) V,, =v,Bw=——=—(Equation 10-45 and Example 10-9)
ng qgnt
The density of charge carriers n is:
i 20A)(0.25T
n=_12 _ (20A)( ) =7.10x10% carriers/m®

qtv,,  (1.60x107°C)(0.2x10°m)(2.2x10°°V )

(5.75x10°kg / m*)(6.02x10% / mol )
118.7kg / mol

=2.92x10%

PN,
b N = =
(b) v

Each Sn atom contributes n/ N =7.10x10%®/2.92 x10%® = 2.4 charge carriers
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10-36. I, =1,(e™"" ~1)  (Equation 10-49)
() ™' =10, soeV, /KT =In(10). Therefore,
(1.60x107°C)V, /(1.381x10J /K )(300K ) =In(10)
V, =(1.38x10™J /K )(300K )In(10) /(1.60x10*°C) = 0.0596V =59.6mV

(b) eeVb/kT 201
V, =0.0596V (In O.l/lnlO) =—-0.0596 = -59.6mV

10-37. 1, =1o(e™"" ~1)  (Equation 10-49)
(a) e =5, soeV, /KT =In(5). Therefore,

_KTIn(5) _(1.38x107J/K (200K )in(5)

- = —0.0278V = 27.8mV
e (1.6ox10- c)

b

(b) eeVb/kT :05
eV, /kT =In(0.5)

_KTin(0.5) _ (1.38x10J/K)(200K )In(0.5)

_ —_0.0120V = —12.0mV
e (1.60 x10-19c:)

b

10-38. I, =1,(e™"" ~1)  (Equation 10-49)
Assuming T = 300K,

| (0_2\/)_ | (O.lV) ) 1, (ee(O.ZV)/kT _1)_ 1, (ee(o.1v)/kT _1) B e(0V)/KT _ e(02V)/kT a7
I (O.lV) B 1, (ee(O.IV)/kT _1) - (eE(O.lV)/kT _1) =4al.

10-39. (a) From Equation 10-49, exp(eV, /kT)=10
Taking In of both sides and solving for Vp,

1.38x10%J/K)(77K)In(10)

V, = (kT /e)In(10) =( (1.60><10’190)

=0.0153 volts =15.3mV
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(Problem 10-39 continued)
(b) Similarly, for exp(eV, /kT)=1 V, =0

(0) For (a): Iy =1o(e™" 1) .. 1,=ImA(10-1)=9mA

For (b): 1, =0

10-40. E=hc/A  For A =484nm E=Eg,,

E,.p = hc/484nm =1240eV «nm/484nm = 2.56eV

10-41. M“T, = constant  (Equation 10-55)

First, we find the constant for Pb using the mass of natural Pb from Appendix A,
T, for Pb from Table 10-6, and o for Pb from Table 10-7.

constant = (207.19u)"* (7.196K ) = 98.20
For ®Pb: T, = constant/M“ = 98.20/(205.974u)** = 7.217K
For ?’Pb:T, = constant/M“ = 98.20/(206.976u)* = 7.200K

For *®*Pb:T_=constant/M“ = 98.20/ (207.977u)°'49 =7.183K

10-42. (a) E, =3.5kKT,  (Equation 10-56)
T, for | is 3.408K, so, E, =3.5(8.617x10 eV / K )(3.408K ) =1.028x10 eV
(b) E,=hc/A
A =hc/E, =1240eV-nm/1.028x10 eV =1.206 x10°nm

=1.206x10°m =1.206mm

10-43. (@) E, =3.5KT,  ForSn: T =3.722K

E, =3.5(8.617x10 *eV /K )(3.722K) = 0.0011eV

248



Chapter 10 — Solid State Physics

(Problem 10-43 continued)
(b) E,=hc/A

A=hc/E, =1240eV.nm/6x10*eV = 2.07x10°nm = 2.07x10°>m

10-44. At T/T, =05  E, =(T)/E,(0)=0.95where E (0)=3.5kT, (Equation 10-56)
So, E, (T)=0.95(3.5)kT, =3.325kT,
() Forsn: E,(T)=3.325(8.617x10eV /K )(3.722K) =1.07x10 eV

(b) ForNb: E,(T)=3.325(8.617x10"eV /K )(9.25K ) = 2.65x10 °eV

9

(c) ForAl: E,(T)=3325(8.617x10"eV /K)(1.175K ) =3.37x10 eV

(d) ForZn: E,(T)=3.325(8.617x10 eV /K)(0.85K) = 2.44x10*eV

10-45. B, (T)/B (0)=1-(T/T.)’
(@ B.(T)/B.(0)=0.1=1—(T/T.)
(T/T.)" =1-0.1=0.9
T/T, =0.95
(b) Similarly, for B, (T)/B. (0) =
T/T,=0.71
(c) Similarly, for B, (T)/B. (0)=

T/T,=0.32

10-46. 1. Referring to Figure 10-56, notice that the length of the diagonal of a face of the cube is

r; therefore, a> +a? = (4r)> = a=+8r

2. Volume of the unit cube V., =a*=8%*r®

cube —
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(Problem 10-46 continued)
3. The cube has 8 corners, each occupied by '& of an atom’s volume. The cube has 6

faces, each occupied by % of an atom’s volume. The total number of atoms in the unit
cube is then 8% + 6x', = 4. Each atom has volume 4zr®/3. The total volume

occupied by atoms is then V,

toms

=4x (471’ 13).

4. The fraction of the cube’s volume occupied by atoms is then:

Vsioms 4x(47z'r3)
Vt = 7 13 =0.74

cube

10-47. T¢ for Cu is 81,700K, so only those electrons within E. —KT of the Fermi energy could
be in states above the Fermi level. The fraction f excited above Ef is approximately:
f=KT/E. =T/T,
(a) f =300K/81,700K =3.7x107
(b) f =1000K /81,700K =12.2x10°®

10-48.
—€ +e —€ +e —€ +e —€ +e —€ +e —€ +e —€
[ ] [ ] [ ] ([ ] ([ ] [ ] [ ] ([ ] [ ] [ [ ] [ ] ([ ]
-6 -5 4 -3 2 -1 0 1 2 3 4 5 6
D R

(a) For the negative ion at the origin (position 0) the attractive potential energy is:

_2ke2(1 11111 j

o

V =

23 4 5 6

2
(b)V = —aki, so the Madelung constant is:
0

a=2l1- EE._F EE _ EE 4_52 __EE 4ees
2 3 4 5 6
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(Problem 10-48 continued)

2 3 4
Noting that In(1+x)=x—x—+x——x—+--., In(2)=1—1+1—£+...
2 3 4 2 3 4

and o =2In(2)=1.386

2
10-49. C, = % RTl (Equation 10-30)

E

i T
T. == —
2 (3.74><10 J /moI-K)T
2
and E. =KT. = i KT

7R(3.74x10-43 /mol+K)T

7* (8.314J /mol+K )(1.38x10J /K)
2(3.74x103 /mol+K)

—1.51x1078] (1/1.6O><10‘19J /ev) —9.45¢V

Er Er Ee
10-50. (8) N = [ g(E)dE = [ AE?dE = A(2/3)E*?| =(2A/3)E}”
0 0 0

Ep
(b) N'= [ AE'*dE =(2A/3)| EZ” - (E, —kT)""|
Er kT
~(2A/3)| EZ* - E* (1-kT /€, )" |
Because KT < E. for most metals,
(1-KT/E. )" ~1—(3/2)KTEY?
N’ =(2A/3)| E? —EZ? +(3/2)KTE}? | = AKTE}?

’ 1/2
The fraction within KT of Er is then f = N = AKTE = SkT

N (2A/3)E}? 2E,

3(0.02585eV )

(c) For Cu E. =7.04eV; at 300K, f =
2(7.04eV)

=0.0055
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10-51. (@) N, = (1.17 x10°eV / photon)/(O.?ZeV/ pair ) =1.63x10° pairs/ photon
N, =(1.33x10%V / photon) /(0.72eV / pair ) =1.85x10° pairs/ photon
(b) AN, = /N, =1.23x10° — AN, /N, =7.8x10"
AN, = /N, =1.36x10° — AN, /N, = 7.4x10™*

(c) Energy resolution % ~ %

AE, | E, ~0.078%
AE, /E, ~0.074%

My (V) _
10-52. A= 5 (Equation 10-13)
npe

1.38x10%*J /K )(300K
0.2(9.11x10**kg)

(v)= (3kT /m,, )112 = [3(

) 1/2
} =2.61x10°m/s

Substituting into A:

-31 5
. 0.2(9.11x10"""kg)(2.61x10°m/s) ~=3.7x10°m=37nm

(1022m’3)(5xlO’SQ-m)(l.GOxlo’lQC)

2(7.06eV)

1/2
AR | Z157x10°m/s
9.11x10 kg

For Cu: u, :(ZEF /me)“2 :{

n=8.47x10®m= and p=1.7x10°Qem (Example 10-5)

Substituting as above, A =3.9x10°m =39nm

The mean free paths are approximately equal.
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10-53. Compute the density of Cu (1) as if it were an fcc crystal and (2) as if it were a bce crystal.
The result closest to the actual measured density is the likely crystalline form.

1. The unit cube of an fcc crystal of length a on each side composed of hard, spherical
atoms each of radius r contains 4 atoms. The side and radius are related by a = J§r

and the volume of the cube is V.. =a* =8%?r®. (See problem 10-46 and

cube
Appendix B3.) The density of fcc Cu would be:

m., 4(M/N,)
i = g2 3

cube

where M = molar mass (atomic weight) and N,= Avagadro’s number.

d=

4(63.55g/mol)

d= =8.90g/cm?®
8¥%(1.28x10°® cm)*(6.022x10% / mol) J

2. For abcc crystal (refer to Appendix B3), let the length of a side = a, the diagonal of a

face = f, and the diagonal through the body = b. Then from geometry we have
a’+ f>=b?=(4r)* and a®*+a’ = f2. Combing these yields:

a2+f2=3a2=(4r)2:>a=ﬂ

B

The unit cube has 8 corners with ' of a Cu atom at each corner plus 1 Cu atom at the

center, or 8% + 1 =2 atoms. The density of bcc Cu is then:

m 2(M/N,) 2(63.55g/mol) x 3¥?
(4r/3)°  4°(1.28x10°° cm)*(6.022x10% /mol)

\Y

cube

=8.17¢g/cm’

Based on the above density calculations, metallic Cu is most likely a face-centered

cubic crystal.
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10-54. (a) For small V}, (from Equation 10-49)
e™'* ~1+eV, /KT, sol =1,gV, /KT =V, /R
R=V,/(1,8V, /KT ) =KT /el, =0.025eV /(e x10"° A) = 25.0MQ
(b) ForV, =-0.5V; R=V,/I =0.5/10° A=500MQ
() ForV, =+0.5V; 1=10"°A(e"*** —1)=0.485A

Thus, R=V, /I =0.5/0.485=1.03Q

@ 9L _ Clo gewna R, = Mo _ KT g-eni _ 25Mm 06 = 0.05150
dv, kT = di el
10-55. a — g,h? _ kg’ _ Kh’
2

12(1.055x10 % Jus)

silicon: a, = 5
0.2(9.11x10*'kg )(9x10°N+m* /C*)(1.602x10*°C)

=3.17x10°m=3.17nm

This is about 14 times the lattice spacing in silicon (0.235nm)

16(1.055x10*J -s)2

germanium: : a, = 5
0.10(9.11x10"*'kg )(9x10°N-m* /C*)(1.602x10*C)

=8.46x10°m =8.46nm

This is nearly 35 times the lattice spacing in germanium (0.243nm)

2 2 *
10-56. (a) E, :_l(kij M 1 (Equation 10-44)
20 h K°n

1{ 1.440eV -nm T[O.OlS(O.SllxlOGeV/cz) 1
: 1

2] 6.582x10 Vs 182 n?

or
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(Problem 10-56 continued)

2

n

2
1| 27(9%10°Nem?/C?)(L.60x10°C)" | [ 0.015(9.11x10kg) | 1
T2 6.63x107 J.s 187 n?

—22
_ _w\] = —6.28x10%eV /n?

n2

. donor ionization energy = 6.28x10“eV
(b) rr=a, ﬂi/c (Equation 10-45)
m

=0.0529nm(1/0.015)18
I, =63.5nm

(c) Donor atom ground states will begin to overlap when atoms are 2r, =127nm apart.

10°nm/m

3
—— | =4.88x10"m™
127nm/atom

donor atom concentration = (

10-57. (a) p = e
n

Equation 10-25
2] (Eq )
So the equation in the problem can be written as p = p,, + p,. Because the impurity

increases p, by 1.1x10°Qem, p =1.1x10°Qem and

A=— Mele - where n = 8.47 x10%electrons/m* (from Table 10-3)
ne® (1.18x10°°Qem)

and u; =(2E. /m,)"* =1.57x10°m/s. Therefore,

-31 6
. (9.11x10"*kg )(1.57 x10°m/s) .00%10° 1 — 60.0mm

(8.47x10% /m°)(1.60x10°C)’ (1.1x10° Qem)

(b) A=1/nnr’> and d =2r (Equation 10-12)
So we have d? =4/nz4 where n, =1% of n =8.47 x10%° /m’

d? = 4/(8.47><1028/m3)7r(6.60><10‘8m) = 2.28x10%2m* — d = 0.0151nm
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10-58. (a) The modified Schrodinger equation is:

n’ d[rzdR_(f)H_ki+M}R(r)=ER(r)

2m'r? dr dr rc 2m'r?

The solution of this equation, as indicated following Equation 7-24, leads to solutions
of the form: R, (r)=aye""®'r.£,(r/a;), where a; = (hzzczlkezm)

(b) By substitution into Equation 7-25, the allowed energies are:

2\ ot 2\?
E :_l(ke jm __& where El=%(kij m’

" 2\ hx ) n® n? K

(c) For As electrons in Si: m” =0.2m, (see Problem 10-31) and x(Si)=11.8,

1[(9x109N-m2/C2)(1.60><1019C)2]2 0.2(9.11x10 kg

== X

2 (1.055%10 Jos) (11.8)°

=-3.12x10%'J = -0.0195eV
Energy x 1072 eV
A

-1.0 2
2.0 —

-3.0 —

4.0 —

I r

2 n
10-59. U = —aki{r—o—i(ﬁj } (Equation 10-5)

—1)ke?
F-—9Y _ _kr yields K =aw
dr {

0

(@) ForNaCl: a =1.7476, n=9.35, and r, = 0.282nm and
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(Problem 10-59 continued)

m(Na)m(Cl)  (22.99u)(35.45u)
4 m(Na)+m(Cl) ~ (22.99u)+ (35.45u)

1/2
(1K 1{a(n—1)ke2}

“27\M 27| (13.95u)1

1/2

~ 2
1 (1.7476)(8.35)(9x10°N+m*/C?)(1.60x10°C) 198410° Ha

27| (13.95ux1.66x10"kg/ U)(0-282><10_9m)3

(b) A=c/f =(.00x10°m/s)/1.28x10*Hz = 23.4im

This is of the same order of magnitude as the wavelength of the infrared absorption
bands in NaCl.

10-60. (a) Electron drift speed is reached for:

ﬁzo—wd =—efr/m
dt
(b) Writing Ohm’s law as j =o€ and j =|v,|ne (from Equation 10-11)
j =eErne/m = Erne® / m, which satisfies Ohm’s law because j oc & Thus,

o=me*/mand p =1/c =m/zne’.

10-61. (a) Forr,s,and tall even (-1

)HS+t = +1 and the ion’s charge at that location is:

—1(1.6ox10-19c:) =1.60x10C.

Similarly, for any permutation of

=—1, ion charge = —1.60x10"C.

r, s even; t odd: (—1)r+s+t

reven; s, todd: (-1)""" =+1, ion charge = ~1.60x107C.

r, s, and tall odd: (-1)"" =+1, ion charge = ~1.60x107™°C.
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(Problem 10-61 continued)

2
(b) U =—ak%

If the interatomic distance r = a, then a cube 2a on each side
4 4 2 4 4 4 4

v :_kez(g_ﬁ+5_«/§a_«/§a+\/§a+xﬁa)

2
U= —%(2.1335) where o = 2.1335.

Similarly, for larger cubes (using spreadsheet). The value of a is approaching 1.7476

slowly.

10-62. (a) M :ﬂ(p+—p)—>M:ﬂM
P p
(B /KT —uB/KT
M: et —e :ﬂtanh(luB/kT)

'LleyB/kT_i_e—/tB/kT

0
and M = yptanh(uB/KT)

(b) For uB < kT, T > 0and tanh(uB/KT)~ uB/KT

_ MM _ poupuB _ popit”
B BKT KT
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11-1.
Isotope Protons Neutrons
BE 9 9

*Na 11 14

Y 23 28

8Kr 36 48

Te 52 68

48Dy 66 82

W 74 101

2Rn 86 136

11-2. The momentum of an electron confined within the nucleus is:

Ap ~ 1/ AX =1.055x107* Jes/10™m
~1.055x10 7 J+s/mx(1/1.602x10™°J / MeV )
~6.59x10°MeVes/m
The momentum must be at least as large as Ap, s0 p,,, >6.59x10°MeV+s/m and the
electron’s kinetic energy is:
Epin = PrinC = (6.59x10° MeV +s/m)(3.00x10°m/s) =19.8MeV.

This is twenty times the observed maximum beta decay energy, precluding the existence

of electrons in the nucleus.
11-3. A proton-electron model of °Li would consist of 6 protons and 3 electrons. Protons and

electrons are spin —1/2 (Fermi-Dirac) particles. The minimum spin for these particles in

the lowest available energy states is 1/ 2%, so °Li (S =0) cannot have such a structure.
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11-4.

11-5.

11-6.

11-7.

A proton-electron model of **N would have 14 protons and 7 electrons. All are Fermi-
Dirac spin-1/2 particles. In the ground state the proton magnetic moments would add to a

small fraction of the proton magnetic moment of 2.8, but the unpaired electron would
give the system a magnetic moment of the order of that of an electron, about 1 ;.

Because u, is approximately 2000 times large than s, , the **N magnetic moment would

be about 1000 times the observed value, arguing against the existence of electrons in the

nucleus.

The two proton spins would be antiparallel in the ground state with S =1/2-1/2=0. So
the deuteron spin would be due to the electron and equal to 1/27. Similarly, the proton
magnetic moments would add to zero and the deuteron’s magnetic moment would be 1 ;.
From Table 11-1, the observed spin is 17 (rather than 1/2%found above) and the
magnetic moment is 0.857 x,,, about 2000 times smaller than the value predicted by the

proton-electron model.

Isotopes Isotones

(a) 18F 17F 19F 16N 170
(b) 208Pb 206Pb ZlOPb 207-|-| ZOQBi
(C) 1208n 1198n llSSn 121Sb 122-|-e

Nuclide Isobars Isotopes
(a) 1;1 O 1; Ce 1;1 N, 186 O,
(b) 26 Nigg 25CUs, 32Ny, 26 Niz,
(C) 2:(? N p143 ngu 144 2934? P u142 2:; N p142

260



Chapter 11 — Nuclear Physics

11-8.

11-9.

11-10.

mass = Au = A(1.66 x107" kg /u) volume = (4/3) 7R’ = (4/3)7[(R0A”‘°’)3
where R, =1.2fm=1.2x10"m

mass  A(L.66x10%kg/u)
volume  (4/3) z(1.2x10*m)’ A

density = =2.29x10"kg / m®

B=2ZM,c’+Nmyc*-M,* (Equation 11-11)

@ :Be; B =4(1.007825uc’)+5(1.008665uc’ ) - 9.012182uc’

— 0.062443uc? = (0.062443uc2 )(931.5|v|ev /ucz)

=58.2MeV
B/ A=58.2MeV /9 nucleons = 6.46MeV / nucleon

(b) %c,  B=6(1.007825uc’)+7(1.008665uc’ ) -13.003355uc”

=0.104250uc’ = (0.104250uc2)(931.5MeV /ucz)

=91.1MeV
B/ A=91.1MeV /13 nucleons = 7.47 MeV /nucleon

(©) wFe,  B=26(1.007825uc®)+31(1.008665uc’ ) ~56.935396uc’

= 0.536669uc? = (0.536669uc2)(931.5MeV /ucz)

=499.9MeV
B/ A=499.9MeV /57 nucleons =8.77 MeV /nucleon

R=R,A"® whereR, =1.2fm (Equation 11-3)
(@) 0 —->R=1.2fm(16)" =3.02fm
(b) *Fe —>R=1.2fm(56)" =4.58fm

1/3

() *"Au—R=1.2fm(197)"” =6.97 fm

(d) *U —»R=1.2fm(238)" =7.42fm
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11-11. (a) B=M(°He)c*+m,c’—M(‘He)c?

— 3.016029uc? +1.008665uc? — 4.002602uc>
— 0.022092uc? (931.5|v|ev /ucz) — 20.6MeV

(b) B=M(°Li)c* +m,c®—M(Li)c?
= 6.015121uc® +1.008665uc” — 7.016003uc’
=0.007783uc’ (931.5MeV /uc® ) = 7.25MeV
(© B=M(®N)c’+mc’—M (”N)c2
—13.005738uc? +1.008665uc? —14.003074uc?
=0.011329uc? (931.5MeV /uc’ ) =10.6MeV

11-12. B :[+a1A—a2AZ’3—aSZZA’l’?’—a4(A—ZZ)2 A’liaSA’“z]cz (This is Equation 11-13

on the Web page www.whfreeman.com/tiplermodernphysicsée.) The values of the a, in

MeV/c? are given in Table 11-3 (also on the Web page).
For ®Na:

B= [15.67(23) ~17.23(23)"° ~0.75(11)° (23) " - 93.2(23-2x11)° (23) " + 0(23)*1’2};2
=184.9MeV

M (23Na)c2 =11mc*+12mc’-B  (Equation 11-14 on the Web page)
- [11(1.007825uc2 ) +12(1.008665uc? )J —184.9MeV

M (23Na) — 23.190055u —184.9MeV /2 (1/931.5|v|ev /czou)

= 23.190055u —0.198499u = 22.991156u
This result differs from the measured value of 22.989767u by only 0.008%.

11-13. R=(1.07+0.02) A”*fm (Equation 11-5) R=1.4A"3fm (Equation 11-7)
(@) 0: R=1.07A"*=2.70fm and R =1.4A"*=3.53fm
(b) ®Cu: R=1.07A"®=4.26fm and R=1.4A"% =557 fm
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(Problem 11-13 continued)
(c) *®Pb: R=1.07A"®=6.34fm and R=1.4A"°=8.30fm

3 1 e2 2 2 .
5 47z, E(Z -(2-1) ) (Equation 11-2)

11-14. AU =

where Z = 20 for Ca and AU =5.49MeV from a table of isotopes (e.g., Table of Isotopes
8" ed., Firestone, et al, Wiley 1998).

3 1 ¢° 2
=— Z°—(z2-1
5 4re, RAU( ( ))

= 0.6(8.99><109 Nem? /cz)(1.60><10*1"c)(2.o2 —192)/(5.49><106ev)

=6.13x10"°m =6.13fm

11-15. (@) R=Re* =Re "%  (Equation 11-19)
att=0: R=R,=4000counts/s
att=10s: R=Rye ")

1000 = 4000g~("2)10s)t2
1/4 = In2)(lOs)/t1,2

In(1/4)=-(In2)(10s)/t,, = t,, =5.0s

(b)at t=20s: R =(4000counts/s)e "**"** = 200counts/s

11-16. R=Re""*™  att=0: R=R,=2000counts/s
(@) att=4min: R =(2000counts/s)e "J*™Z™" — 500counts /s
(b) att=6min: R =(2000counts/s)e "?°™"*™ — 250c0unts /s

(c) att=8min: R =(2000counts/s)e "2™""2™ —125¢counts/s
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11-17. R=Re* =Re "% (Equation 11-19)
(@ att=0: R=R,=115.0decays/s
att=2.25h: R =85.2decays/s

85.2decays/s = (115.0decays/s)e ***"

(85_2/115_0) _ e71(2.25h)

In(85.2/115.0) = —2(2.25h)
A

—In(85.2/115.0)/ 2.25h =0.133h™"

=In2/4=In2/0.133n" =5.21h
t1/2

(b) ‘O;—T =N — ‘% =R, =4AN, (from Equation 11-17)

N, =R,/ 4 =(15.0atoms/s)/(0.133n*)(1h/3600s)

=3.11x10° atoms

11-18. (a) *°Ra t,, =1620y
__ON_ =2y _In2N,m
dt t'.l./2 t1/2 M

In2(6.022x10” / mole)(1g)
= =3.61x10"s™
(1620y)(3.16x107s/ y)(26.025g/ mole)

1Ci =3.7x10"s™, or nearly the same.
(b) Q=M (*Ra)c? —[M (#Rn)c? +M (4He)ch
= 226.025402uc? —[222.017571uc2 + 4.002602uc2]

=0.005229uc’ = (0.005229uc2 )(931.5Mev /ucz)

=4.87MeV
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11-19. () R= —%—T = Re "M% (from Equation 11-19)
when t=0, R =R, =8000counts/s

when t =10min, R =1000counts/s = 8000counts/s x g "2/t

e 222 _1000/8000 =1/8
-10In(2)/t,,, =In(1/8)

~ -10In(2)

=M 3 3ami
= In(1/8) e

Notice that this time interval equals three half-lives.

(b) 2=In(2)/t,, =In(2)/3.33min=0.208 min™

(c) R=Rye "2 =Re™ Thus, R =(8000counts/s)e *** = 6500counts/s
11-20. (a) and (b)
1200 |-

1000 [ tyo = 3.6 min

800

Counts/s

600

400

200

(c) Estimating from the graph, the next count (at 8 min) will be approximately 220
counts.
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11-21. ®Cu is produced at a constant rate R,, so the number of *Cu atoms present is:
N =R,/A(1-e™) (from Equation 11-26). Assuming there were no “Cu atoms initially
present. The maximum value N can have is R,/ 4 = N,
N =N,(1-e*)
0.90N, = N, (1—e "2"%2 )

ez _1_0.90=0.10
—tIn(2)/t,,, =In(0.10)
t= —10In(0.10)/|n(2) =33.2min

11-22. (a) t,, =In(2)/2=In(2)/9.8x10°y™* =7.07x10°y (Equation 11-22)
(b) Number of U atoms present is:
1.0u9N, (10’69)(6.02><1023at0ms/mol)
M 235g /mol

_CL_':' = AN =9.8x10™"°y™(1/3.16x10"s/ y)(2.56 x10* atoms) ~ (Equation 11-17)

N = 2.56 x 10" atoms

=0.079decays/s

(c) N=N,e" (Equation 11-18)

N = (2.56x10") o (930N _ 5 pen g

11-23. (a) t,, =In(2)/A=In(2)/0.266y " = 2.61y (Equation 11-22)
(b) Number of N atoms in 1 g is:

1g)(6.02 x10*atoms / mol
N 2 LooN, _( 9)( )_ 2. 74x10%atoms
M 229/ mol

—Z—':' = AN =(0.266y*)(1/3.16x10"s/ y)(2.74 10 atoms)

=2.3x10" decays/s = 2.3x10" Bq
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(Problem 11-23 continued)

11-24.

11-25.

(c) —CL—T =AN,e™ (Equation 11-19)

=(0.266y")(1/3.16x10"s/ y)(2.74x10% ) (*#1°*)

=9.1x10"decays/s = 9.1x10"°Bq
(d) N=Nge™ (Equation 11-18)

0.266y°*)(3.5y)

N = (2.74><1022)e‘( —1.08x10%

(@) *’Na has an excess of protons compared with *Na and would be expected to decay
by B* emission and/or electron capture. (It does both.)
(b) *Na has an excess of neutrons compared with *Na and would be expected to decay

by B emission. (It does.)

logt,, = AE,Y*+B  (Equation 11-30)

fort,, =10"s, E, =5.4MeV |
fort,, =1s, E, =7.0MeV from Figure 11-16

log(10°) = A(5.4) " +B
(i) 10 = 0.4303A+ B
log(1) = A(7.0) " + B
(i) 0=0.3780A+ B — B = —0.3780A

Substituting (ii) into (i),
10=0.4303A=0.3780A—0.0523A, A=191 B=-0.3780A=-72.2
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11-26.

11-27.

Z2Th _, ZRa 4 g

Q=M (*Th)c’ —M(**Ra)c* — M (*He)c’
= 232.038051uc? — 228.031064uc? — 4.002602uc’
= 0.004385uc’ (931.50MeV /uc? ) = 4.085MeV

The decay is a 2-particle decay so the Ra nucleus and the a have equal and opposite

momenta.

P, = «/2ma E, =pp = a/ZmRaERa where E, + E;, = 4.085MeV

2m E, = 2M E,, = 2M,, (4.085-E,)

B 228.031064(4.085MeV)

E _ M Ra
~228.031064 + 4.002602

= (4.085MeV)
Mg, +m,

=(0.983)(4.085MeV ) = 4.01MeV
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11-28. [Be, — LLi, +Vv,

(@) Yes, the decay would be altered. Under very high pressure the electrons are
“squeezed” closer to the nucleus. The probability density of the electrons,
particularly the K electrons, is increased near the nucleus making electron capture
more likely, thus decreasing the half-life.

(b) Yes, the decay would be altered. Stripping all four electrons from the atom renders

electron capture impossible, lengthening the half-life to infinity.

11-29. “'Ga —> *'Zn +v,
Q=M("Ga)c’ —M(*zn)c?
= 66.9282uc? — 66.972129uc?
=0.001075uc’ (931.50MeV /uc’ ) =1.00MeV

11-30. ?Zn— “Ga+ B +V,
Q=M("zn)c’ —M("Ga)c?
= 71.926858uc? — 71.926367uc?
= 0.000491uc? (931.50MeV /uc’ ) = 0.457MeV = 457keV

11-31. ®*Np - **Np+n and “*Np - **U +p
For n emission: Q =M (**Np)c* —M (**Np)c® —m,c®
= 233.040805uc® — 232.040022uc® —1.008665uc’
=-0.007882uc’

{Q <0 means M ( products) > M (233Np); prohibited by conservation of energy.}

C2

n

For p emission: Q =M (**Np)c* —M (*U)c* —m

= 233.040805uc® — 232.037131uc® —1.008665uc’
=-0.004991uc?
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(Problem 11-31 continued)

{Q <0 means M ( products) > M (233Np); prohibited by conservation of energy.}

11-32.

286 280 | 247 | 235 174 124 80 61 30 0

286 -

280 6 -
247 39 33 -
235 50 45 12 -
174 112 106 73 61 -

124 162 156 | 123 | 111 50 -

80 206 200 | 167 155 94 44 -

61 225 219 186 174 113 63 19 -

30 256 250 | 217 | 205 144 91 50 31 -
0 286 280 | 247 | 235 174 124 80 61 30 -

Tabulated y energies are in keV. Higher energy a levels in Figure 11-19 would add

additional columns of y rays.

11-33. ®Be — 2«
Q=M (8|3e)c2 M (4He)c2
= 8.005304uc? —2(4.002602 )uc?

— 0.000100uc? (931.50|V|ev /ucz) —0.093MeV = 93keV

11-34. *Br —» *Kr+ 4 +v, and *Br — *Se+ " +v, and *Br N ®Se+v,
For = decay: Q=M (*Br)c*—M (*Kr)c®
=79.918528uc? — 79.916377uc’
= 0.002151uc’ (931.50MeV /uc’ ) = 2.00MeV
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(Problem 11-34 continued)

11-35.

For ' decay: Q=M (*Br)c*—M (E“’Se)c2 —2m,c?

=79.918528uc” — 79.916519uc” — 2(0.511MeV )

= 0.002009uc? (931.50MeV /uc? ) -1.022MeV = 0.85MeV
ForE.C. Q=M (8°Br)c2 -M (‘*‘)Se)c2

=79.918528uc® — 79.916519uc’

= 0.002009uc’ (931.50MeV /uc? ) =1.87MeV

R=RA"® whereR, =1.2fm (Equation 11-3)

For 2C: R=1.2(12)" = 2.745 fm = 2.745x10*°m and the diameter = 5.490x105m

9 19~ )2
Coulomb force: F, =kr—ez2 = (9'02X10 )(1'6110)2 C) =7.65N
5.490x107°m

o m?  6.67x10™ (L67x107kg)’
Gravitational force: F, =G—2 = =6.18x10*N

2

r (5.490 ><10*15m)2

The corresponding Coulomb potential is: U, = F. xr =7.65N (5.490><10*15m)

=4.20x10™J/1.60x107°J / MeV
=0.26MeV
The corresponding gravitational potential is:

Ug = F, xr =(6.18x10*°N )(5.490x 10 *m)
=3.39x10°%] /(1/1.60 x1072J3/ |v|ev) =2.12x10°% MeV

The nuclear attractive potential exceeds the Coulomb repulsive potential by a large margin
(50MeV to 0.26MeV) at this separation. The gravitational potential is not a factor in

nuclear structure.
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11-36. The range R of a force mediated by an exchange particle of mass m is:
R=#a/mc (Equation 11-50)

mc? = fic/ R =197.3MeV .« fm/5 fm = 39.5MeV
m = 39.5MeV /c?

11-37. The range R of a force mediated by an exchange particle of mass m is:
R=#a/mc (Equation 11-50)

mc? = fic/ R =197.3MeV « fm/0.25 fm = 789MeV
m = 789MeV /c?

11-38.

Nuclide Last proton(s)  Last neutron(s) V4 j

~(1d,,,)" +(2s,,,) 0 1/2

29 Q;
14 SIlS

4
7Cly, 2 3/2

1d3/2

216‘340 ) 2p1/2 2 1 3/2

N
e
®
N

SGeu o 199/2 4 9/2

2 3/2

(
( (2py2)
®Co,, -(1f,,) - (2py,)' 3 712
( (19s.2)
( (1d,..)

33
16 S17 ot 1d3/2

gésrw "'(2p3/2)6 "'(199/2)g 4 9/2
The nucleon configurations are taken directly from Figure 11-35, and the ¢ and j values

are those of the unpaired nucleon.
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11-39.
Isotope Odd nucleon Predicted x/ 11,
2Si neutron -1.91
5Cl proton +2.29
1 Ga proton +2.29
> Co proton +2.29
»Ge neutron -1.91
>3 neutron -1.91
2L Sr neutron -1.91

11-40. Nuclear spin of '*N must be 17 because there are 3 m, states, +1, 0, and 1.

11-41. *°S, *Mn, “Ge, *Sr, *Ru, "'In, '"Eu

1n-42. L A_____:_ ________ A_ ]
iR
"""" A e I 2 I R g
| | A A
"""" A N e 'v"g?'"é' | 'v"g?""
A A A A
""" vg""" ""53"':' | 'v"g?"'é' | 'v"g%""'
34 3He 14N 140
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(Problem 11-42 continued)

el feed et

11-43. 3He, 5Ca, 2Ni, '2Sn, *2Pb

11-44. (a)

"""""""""" i""""""":" 1p1s

O --©- :::: 1par2
_4 .............. : --------- : 18172

(b) j =% due to the single unpaired proton.
(c) The first excited state will likely be the jump of a neutron to the empty neutron level,
because it is slightly lower than the corresponding proton level. The j = 1/2 or 3/2,

depending on the relative orientations of the unpaired nucleon spins.
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(Problem 11-44 continued)
(d)

4 ---------------------------- :“ 1p1p

: --------- : 1s1/

______ V“ V:::: 1p3r

n p

First excited state. There are several diagrams possible.

11-45. ¥Si  j=0
el j=3/2
»Co j=712
nzr j-o

9n j=9/2

11-46 (@) Q=M (*H)c’+M(°H)c’ —M(°H)c’ —M (*H)c?
= 2(2.014102uc’ ) —3.016049uc’® —1.007825uc?
= 0.004330uc’ (931.5MeV /uc’ ) = 4.03MeV
(b) Q=M (°He)c’ +M(*H)c* —M (“He)c* ~M (*H)c?
—3.016029uc? + 2.014012uc? — 4.002602uc? —1.007825uc?
= 0.019704uc’ (931.5MeV /uc’ ) =18.35MeV
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(Problem 11-46 continued)
(© Q=M(°Li)c* +mc®—M(°H)c* - M (*He)c®
= 6.01512uc? +1.008665uc? — 3.016049uc? — 4.002602uc?
=0.005135uc” (931.5MeV /uc’ ) = 4.78MeV

11-47. (@) Q=M (H)c*+M(*H)c* =M (*He)c® —my,c?
—3.016049uc? +1.007825uc’ — 3.016029uc? —1.0078665uc?
= -0.000820uc? (931.5|v|ev /ucz) = -0.764MeV

(b) The threshold for this endothermic reaction is:

E, = m:/l'v' Q] (Equation 11-61)
2 2
_ 3.016049uc +1.0027825uc 0.764MeV | = 3.05Mev:
1.007825uc
[1.007825uc” +3.016049uc’|
© E,= 0.764MeV | =1.02MeV

3.016049uc’

11-48. “N +°’H — 0"
Possible products: 0" — *N + °H 0" 50 +y 0" - *0O+n
0" > "®N+p 0" 5> *C+a
11-49. (a) “C(a, p)*™N
Q=M (12c:)c2 +M (“He)c2 —M (lSN)cz -m,c?
=12.000000uc? + 4.002602uc? —15.000108uc? —1.007825uc?
= -0.005331uc” (931.5MeV /uc’ ) = -4.97MeV
(b) *O(d, p)*O
Q=M (*0)c* +M(*H)c* M (0)c* —m,c?
=15.994915uc? + 2.014102uc? —16.999132uc? —1.007825uc?
= 0.002060uc’ (931.5MeV /uc’ ) =1.92MeV
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11-50. The number of ”As atoms in sample N is:

—4 3 23
\ =VPNA _ (1cm><2cm><30ym x10 cm/ym)(5.73g/cm )(6.02><10 atoms/mol)
M 74.92169g / mol

=2.76x10° ™As atoms
The reaction rate R per second per °As atoms is:
R=ocl (Equation 11-62
= (4.5 x107 cm2/75As)(0.95 x10" neutrons / cmz-s)
=4.28x10™"s™
Reaction rate = NR

- (.76 x10% atoms)(4.28 x1071/ s-atom) =1.18x10°/s

11-51. (a) *Ne(p,n)*Na *Ne(d, n) *Na “F(a,n)*Na
(b) MB(a', p) ue l“N(n, p) 140 lSC(d, p)14C
(© 29Si(oc,d)?’lp 32P(p,d)?’lp 32Si(n, d)glP

11-52. (a) “C (b) n (©) ®Ni ) o
(e) “N (f) ™ Er (9) °H @ p

11-53. S—zz m,+m, —m,

=1.007276u +1.008665u — 2.013553u
=0.002388u (See Table 11-1.)

Q =(0.002388u)(931.5MeV /uc® )¢’ = 224MeV
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1154, p= W _gdN

dt  dt
dN P 500x10°J /s [ leV

dt  E 200x10%V/ fission | 1.60x10 ®J

j =1.56x10" fissions/s

11-55. The fission reaction rate is:
R(N)=R(0)k™ (see Example 11-22 in More section)
k™ =R(N)/R(0)
Nlogk =log[ R(N)/R(0)]

N = log[ R(N)/R(0)]

logk
. ) log2
(a) For the reaction rate to double R(N)=2R(0): N = =7.27
logl.1
logl0
b) For R(N)=10R(0): N = =24.2
(b) For R(N)=10R(0) ogL1
log100
For R(N)=100R(0): N = =48.3
(©) For ( ) ( ) logl.1

(d) Totaltime t=N(Ims)=Nms: (a)7.27ms (b)24.2ms (c)48.3ms

(e) Total time t=N(100ms)=100N ms: (a) 0.727ms (b) 2.42ms

11-56. 101 134

0Ll + 5, 1€, +N
101 133
41 NBgy +75Shy, +2n
235
2Ups TN

101 132
431 Csg 749 INg3 +3N

102 130
45 Rh57 + 47 Ag83 +4n
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11-57. 500MW {5001)( IMev j( Lfusion j:1.78><1014 fusions /s
s \1.60x107J ){ 17.6Mev

Each fusion requires one *H atom (and one *H atom; see Equation 11-67) so *H must be

provided at the rate of 1.78 x10" atoms/s.

11-58. The reactions per **U atom is:
R=ol (Equation 11-62)

2
=(0.02x10*cm? /atom)(5.0x10*n/m? )(%] =1.00x10"*/atom
1

0"cm

The number N of 28U atoms is:

5.09)(6.02x10*atoms/ mol
N :( g)( ):1.26><1022 2% atoms
238.051g / mol

Total U atoms produced = RN

= (1.00 x1078 / atom) (1.26 x10% atoms) =1.26x10* **U atoms

11-59. Q =M (*H)c’ +M (*H)c* =M (*H)c?

—1.007825uc? +1.007825uc? — 2.014102uc?
= 0.001548uc” (931.50MeV /uc® ) =1.4420MeV

Q, =M (*He)c® + M (*H)c? —M (°He)c?
= 2.014102uc? +1.007825uc® — 3.016029uc?
= 0.005898uc’ (931.50MeV /uc? ) = 5.4940MeV

Q; =M (°He)c® + M (°He)c* - M ( *He)c? - 2m(*H )c?
= 2(3.016029uc’ ) - 4.002602uc” — 2(1.007825uc” )

—0.013806uc’ (931.50Mev /ucz) —12.8603MeV

Q=Q, +Q, +Q, =1.4420MeV +5.4940MeV +12.8603MeV =19.80MeV
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11-60. Total power = 1000MWe/0.30 = 3333MW
=3.33x10°J /s(1MeV /1.60x107°J ) = 2.08x10” MeV /s
(a) 1day =8.64x10"s
Energy/day = 2.08 x10” MeV /s (8.64 x10*s/ day) =1.80x10%" MeV / day
The fission of 1kg of ***U provides 4.95x10*°MeV (from Example 11-19)

1kg *°U /day =1.80x10” MeV /(4.95x10"MeV / kg ) = 3.64kg / day

(b) 1kg **U/year =3.64kg “°U /day(365days/ year) =1.33x10°kg / year

(c) Burning coal produces

3.15x10"J / kg (1|v|ev /1.60x107%J ) =1.97x10*°MeV / kg coal

26 235
Ratio of kg coal needed per kg of *°U is: 4'95x1020M9V /kg U
1.97 x107" MeV /kg coal

=2.51x10°

For 1 day: 3.64kg **U (2.51x10°) =9.1x10°kg This is about 10,000 tons/day,
the approximate capacity of 100 railroad coal hopper cars.

For 1 year: 9.12x10°kg / day (365days/ year ) = 3.33x10°kg / year

11-61. p(H,0)=1000kg/m’, so

10°g(6.02x10*molecules H,0/mol )(2H /molecule)(0.00015 *H )
(a) 1000kg :
18.02g /mol

=1.00x10% ?H atoms

Each fusion releases 5.49MeV.

Energy release = (1.OO><1025)(5.49MeV) =5.49x10*” MeV

= (5.49x10*MeV )(1.60x107*J / MeV ) =8.78x10*J
(b) Energy used/person (in 1999) = 3.58x10%J/5.9x10° people

=6.07x10" J / person.y
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(Problem 11-61 continued)

1y

Energy used per person per hour = 6.07 x10% J / persone
ay perp p x p yx8760h

=6.93x10°J / person«h
At that rate the deuterium fusion in 1m® of water would last the “typical” person

8.80x10%J

- =1.27x10°h ~ 145y
6.93x10°J / personsh

11-62. (a) Q=M (235U )c2 +mc’—M (120Cd)c2 -M (“‘)Ru)c2 +5m c?
= 235.043924uc’ +1.008665uc? —119.909851uc® —109.913859uc?

—5(1.008665ch)

—1.186uc? (931.5|v|ev /ucz) =1.10x10°MeV

(b) This reaction is not likely to occur. Both product nuclei are neutron-rich and highly

unstable.

11-63. The original number N, of **C nuclei in the sample is:
N, =(15g)(6.78x10*nuclei/ g) =1.017x10** where the number of **C nuclei per gram
of C was computed in Example 11-27. The number N of **C present after 10,000y is:
N =N, =N,e ") (Equation 11-18)
= (1.017 x10% ) (") - 3,034 x 10"
R=AN=(In2/t,,)N  (Equation 11-19)
= (In2/5730y)(1y/3.16 x10"s)(3.034x 10" )

=1.16decays/s

11-64. If from a living organism, the decay rate would be:

(15.6decays/ gsmin)(175g ) = 20.230decays/min  (from Example 11-27)

The actual decay rate is: (8.1decays/s)(60s/min) = 486decays/min
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(Problem 11-64 continued)

> = (from Example 11-27)

( 1 jz 486decays/min
20,230decays/ min

2" =20,230/486
nin(2) =In(20,230/486)
n=In(20,230/486)/In(2) =5.379 half lives

Age of bone = (5.379half lives)(5730y/ half life) = 30,800y

11-65. {= e In(1+N,/N,)  (Equation 11-92)

In(2)

t,, (" Rb)=4.88x10"y and N, /N, =36.5

4.88x10"y
= ln(—z)ln[1+(1/36.5):| =1.90x10%y

11-66. The number of X rays counted during the experiment equals the number of atoms of
interest in the same, times the cross section for activation o,, times the particle beam

intensity, where

| = proton intensity = 250nAx (eC / proton)f1 =1.56x10" protons/s
o, = 650b =650 x10"**cm?

m = mass = 0.35mg / cm” x 0.00001 = 3.5x10°mg / cm?

n = number of atoms of interest =mN, / A

t = exposure time

detector efficiency = 0.0035

e = overall efficiency = 0.60x detector efficiency

mN

A

N=Ilo

; te

\ :[ 250%x107°C /s

= (650x10*cm?)
1.60x10"~C/ proton
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(Problem 11-66 continued)

(0.35x10°g/cm?)(0.00001)(6.02x10*mol *)
* 80g / mol

x (15min = 60s/min)(0.60 x 0.0035)

=5.06x10* counts in 15 minutes

11-67. t=-12 |n(14+N,/N,) (Equation 11-02)

In(2)

t,,(**Th) =1.40x10"y

4.11g(6.02x10”atoms / mol )
- 232.04g / mol

=1.066 x10% atoms

N o ( 232Th)

0.88g (6.02 ><1023atoms/mol)
B 208g / mol

= 2.547 x10* atoms

ND(2°8 Pb)

Ny /N, =2.547x10*/1.066 x10* = 0.2389

10
L4007 11 4 0.2380] = 4.33x10°y
In(2)

2(2.79u1y )| (3.15x10°eV /T) /14, |(0.5%10°T)
4.14x10 eV«

=2.13x10°Hz = 2.12kHz

(a) For Earth’s field: f =

(b) ForB=0.25T: f =2.12x10°Hz(0.25T/0.5x10“T ) =1.06 x10" Hz = 10.6 MHz

() ForB=0.5T: f =212x10°Hz(0.5T/0.5x107T ) =2.12x10" Hz = 21.2 MHz
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12x10°°C/s)(10min)(60s/min)
3(1.60x10C)

11-69. (a) N(*C*)= ( =1.50x10'

“C/®C ratio =1500/1.50x10" =107

(1.50 x10"atoms / min)(75 min)(12)(1.66 x107 kg)
0.015

=1.49x10"kg =1.49x10*g = 0.149mg

(b) mass *C =

(c) The *C/™C ratio in living C is 1.35x10 %

sample “C/?C 107" _o.1o_£1)”
2

living “C/®C  1.35x102 1.35 (2
where n = # of half-lives elapsed. Rewriting as (see Example 11-28)

2" = 135 =13.5
0.10

nin(2)=In(13.5) ~.n=In(13.5)/In(2) =3.75

age of sample = 3.75t,,, =3.75(5730y) = 2.15x10%y

11-70. If from live wood, the decay rate would be 15.6 disintegrations/gemin. The actual rate is

2.05 disintegrations/gemin.

(from Example 12-13)

(1)2 _ 2.05decays/ g+ min

2) 15.6decays/ gemin

2" =15.6/2.05
nin(2) =In(15.6/2.05)

n=In(15.6/2.05)/In(2) = 2.928 half lives of “C

Age of spear thrower = nt,,, =(2.928)(5730y) =16,800y
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11-71. Writing Equation 11-14 as:

M Z,A c2=2Zm’+ A-Z mncz—[alA—azAm—agA‘mzz—aA A-27Z ZA‘1+a5A‘1’2}c2
and differentiating,

——-=m,—m —[-2a,A"°Z -2a, A-2Z -2 A*]
0= m -m, +2a,A"°Z-4a,+8a,A"Z
0=m —m -4a,+ 2a,A""°+8a,A™" Z

m,—-m, +4a,
 2a,A* +8a,A™

where a, =0.75and a, =93.2

1.008665—1.007825 931.5MeV /uc? +4 93.2
2075 27 "*4+8932 27

(@ ForA=27. Z= =13.2

1

Minimum Z = 13
(b) For A=65: Computing as in (a) with A =65 yields Z = 31.5. Minimum Z = 29.
(c) For A=139: Computing as in (a) with A =139 yields Z =66. Minimum Z = 57.

11-72. (@) R= 0.31 E¥2= 0.31 5MeV ~'* =3.47cm
(b) R g/cm® =R cm p= 3.47cm 1.29x10°g/cm® =4.47x10°g/cm’

(c) R cm =R g/cm? /p: 4.47x10%g/cm? / 2.70g/cm® =1.66x10"°cm

11-73. For one proton, consider the nucleus as a sphere of charge e and charge density

p. = 3e/47R®. The work done in assembling the sphere, i.e., bringing charged shell dg

3
uptor,is: dU, =kp, dar

p. Axrédr 1 and integrating from 0 to R yields:
r

_ kp167°R° §k_e2

U, =
15 5 R

For two protons, the coulomb repulsive energy is twice U, or 6ke?/5R.
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53.94g 6.02x10*atoms/mol
1449/ mol

11-74. The number N of **Nd atoms is: N = = 2.25x10% atoms

oM o A= —dN/dt /N

= 2.36s™ / 2.25x10% =1.05x10"3s™!

t,,=In 2 /2=In 2 /1.05x10%s™ = 6.61x10%s = 2.09x10°y

11-75. R=Rg'"*'¥2  (from Equation 11-19)
(@) Att=0: R =Rp=115.0 decays/min
Att=4d5h = 4.21d: R =73.5 decays/min

In2 4.21d /t,,

73.5decays/min= 115.0decays/min e

73.5/115_0 :e_ In2 4.21d /1,

t,,=—1In2 2.41d /In 73.5/115.0 =6.52d

(b) R =10decays/min= 115.0decays/min ¢ "*"/*%*

t=-In 10/115.0 6.52d /In 2 =23.0d

In2 t/6.52d

(c) R =2.5decays/min= 115.0decays/min e"

t=-In 2.5/115.0 6.52d /In 2 =36.0d (becauset =0)

This time is 13 days (= 2ty») after the time in (b).

11-76. For #*'Th: t,, =18.72d (nucleus A)

For **Ra: t,,=11.43d (nucleus B)
At t = 0 there are 10° Th atoms and 0 Ra atoms
(@ N,=N,e™ (Equation 11-18)

N, Ay, - - - .
N, = ﬁ e ™ —e ™ +Nye™  (Equation 11-26 on the Web page)
B~ A
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(Problem 11-76 continued)

NA :1o6e7 In2 15d /18.72d — 574)(105

10%In 2 /18.72d
= / ~In2 15 /1872 _ (-2 151183 (5 _ o 6. 10
In 2 1/11.43d —-1/18.72d

_ N A, - _
(b) N, =N, means N,,e ' = —0ATA g "' _g™!

/18 - ﬂ’A
Cancelling Noa and rearranging,
_Z’B _ﬁ’A +1l=¢e Aa=7g t
A
In 2 » In 2 4
Ay = =0.0370d Ay = =0.0606d
18.82d

11.43d

m(_%;@ +1j= Ay — 2, t

t=in[ ==t 1|/ 4 -4 :In(—0'0606_0'0370+1j/0.0370—0.0606
A, 0.0370

11-77. (@) T =h/7 =6.582x10%eV+5/0.13x10°s =5.06 x 10 eV

hf °  0.12939MeV °
(b) E =5 =

Equation 11-47
ZMCZ 2M 191| C2 ( q )

=4.71x10°MeV =4.71x10%eV
(c) (See Section 1-5)

The relativistic Doppler shift Af for either receding or approaching is:

A p=Y haf =T hf, = E
f, c
r v T 5.06x10°eV 3.00x10°m/s
= sy=—S= =0.0117m/s=1.17cm/s
E c E 0.12939MeV  10°eV / MeV
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11-78.

11-79.

B=ZM 'H c¢*+Nmc’-M,c’
For *He: B =2 1.007825uc’ +1.008665uc’ —3.016029uc?
=0.008826uc® 931.5MeV /uc® =7.72MeV
For °H: B =1.007825uc” +2 1.008665uc> —3.016029uc”
=0.009106uc® 931.5MeV /uc® =8.48MeV

R=RA" =1.2fm3"® =1.730fm =1.730x10*m

U, =ke’/R=ke/R eV =8.32x10°eV =0.832MeV or about 1/10 of the binding

energy.

For “Ca:

B=M *Ca c*+mc*-M “Ca c?
= 45.953687uc’ +1.008665uc” — 46.954541uc’
=0.007811uc® 931.5MeV /uc?® =7.28MeV

For ®Ca:

B=M *Cac*+mc*-M *Ca c?
= 45.954541uc? +1.008665uc® — 47.952534uc?
=0.010672uc?® 931.5MeV /uc® =9.94MeV

Assuming the even-odd “Ca to be the “no correction” nuclide, the average magnitude of

the correction needed to go to either of the even-even nuclides®Ca or “Ca is

approximately B — average binding energy of the odd neutron,

9.94MeV +7.28MeV /2 =8.61MeV. So the correction for“Ca is 8.16 — 7.28 = 0.88

MeV and for “Ca is 9.94 — 8.16 = 1.78 MeV, an “average” of about 1.33 MeV. The
estimate for as is then: a,A™"'? =1.33MeV — a, =1.33/48 2 =9.2. This value is about

30% below the accepted empirical value of as = 12.
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11-80. For a nucleus with I > 0 the a feels a centripetal force

F. =mv?/r=—dV /dr where r = distance of the « from the nuclear center. The
corresponding potential energy V o« —In r and becomes larger (i.e., more negative) as r

increases. This lowers the total energy of the a near the nuclear boundary and results in a

wider barrier, hence lower decay probability.

11-81. (@) R=R,A"® whereR, =1.2f (Equation 11-3)
R “Ba = 1.2fm 10®m/fm 141" =6.24x10m
R 2Kr = 1.2fm 10%m/fm 92 ° =5.42x10"m

8.998x10°N.m”/C?* 56 1.60x107°C 36 1.60x107*°C
6.24x10°m+5.42x10"°m 1.60x107°J/eV

(b) V =kaqq,/r=

=2.49x10%eV = 249MeV
This value is about 40% larger than the measured value.

11-82. (a) In the lab, the nucleus (at rest) is at x = 0 and the neutron moving at v is at x.

M 0 +mx mx X dx m x/dt
Xem = = vy=—and V=—"=
M +m M +m dt dt M+m
V= mv,
M +m

(b) The nucleus at rest in the lab frame moves at speed V in the CM frame before the
collision. In an elastic collision in the CM system, the particles reverse their
velocities, so the speed of the nucleus is still V, but in the opposite direction.

(c) In the CM frame in the nucleus velocity changes by 2V. This is also the change in the
lab system where the nucleus was initially at rest. It moves with speed 2V in the lab
system after the collision.

(d)lM 2\/1/2=£|\/| 2mv, =1mv2 4mM
2 2 IM+m| 2 " M4+m?
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(Problem 11-82 continued)

Before collision: E, = %mvf

After collision: E = Emvf —Emvf [ﬂ] - E, (1_4”‘—'\/'2}
2 2

11-83. At the end of the two hour irradiation the number of *P and **Mn atoms are given by

N = % 1-e* from Equation 11-26 where R, = o1 (Equation 11-62)

For #P:

R, = 0.180x10*cm* 10%neutrons/cm?es =1.80x10"° %P atoms/s per *'P

1.80x107/s 3600s/h 342.2h

N — R, loe M2 Uz _ 1—g M2 2h/3s22h

*In2 In 2 -

=1.29x107° #P atoms/ **P atom
For **Mn :

R, = 13.3x10%cm® 10"neutrons/cm’ss =1.33x10" *Mn atoms/s per **Mn

1.33x10™ /s 3600s/h 2.58h
o In 2

—In2 2h/2.58h

=7.42x10°® **Mn atoms/ *Mn atom

(@) Two hours after the irradiation stops, the activities are:

d_N =—JINeM=_ N0|n 2 e In2 t/ty,
dt i b,
For %P

dN | 1.29x107° In 2

&t~ 12260 8eai0sTd g "2 AN _ 7 93%10 7 decays /> P atom
. 64x10%s

For **Mn:
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(Problem 11-83 continued)

7.42%x10°% In 2
dN|_ g "% M2 1 39%107Y decays /* Mn atom

dt|  2.58h 3600s/h

The total activity is the sum of these, each multiplied by the number of parent atoms

initially present.

11-84. Q =200MeV / fission.

E=NQ=7.0x10"J =N 200MeV / fission 1.60x10*J/MeV

19
N = 7.0x107 = 2.19x10% fissions

200MeV / fission 1.60x107**J/MeV

Number of moles of **U needed = N/N, = 2.19x10*/6.02x10% = 3.63x10°moles
Fissioned mass/y = 3.63x10°moles 235g/mole =8.54x10°g =8.54x10°kg

That is 3% of the mass of the ***U atoms needed to produce the energy consumed.

Mass needed to produce 7.0x10"J =8.54x10°kg /0.03 = 2.85x10"Kg.
Since the energy conversion system is 25% efficient:

Total mass of U needed = 1.14 x10°kg.

11-85. The number of ¥ Sr atoms present at any time is equal to the number of ¥ Rb nuclei that
have decayed, because ® Sr is stable.
N Sr =N, Rb =N Rb - N Sr /N Rb =N, Rb /N Rb —1N
N Sr /N Rb =0.010
N, Rb /N Rb =N Sr /N Rb +1=1.010
and also
N Rb /N, Rb =e """ =1/1.010

—In2t
=In 1/1.010

b2

t=-t,,In 1/1.010 /In(2) =— 4.9x10°y In 1/1.010 /In(2) = 7.03x10%y
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11-86. (a) Average energy released/reaction is: 3.27MeV +4.03MeV /2 =3.65MeV

P= % =4W =4J/s=N 3.65MeV 1.60x10"J/MeV

B 4] /s
3.65MeV /reaction 1.60x1072J/MeV

= 6.85x 10" reactions /s

Half of the reactions produce neutrons, so 3.42x10" neutrons/s will be released.
(b) Neutron absorption rate =0.10 3.42x10% =3.42x10" neutrons/s

Energy absorption rate =

0.5MeV /neutron 3.42x10"neutrons/s 1.60x1072J/MeV =2.74x102J/s

Radiation dose rate =

[ 2.74x102J /s | 80kg ][100rad/ J/kg |=3.42x107rad /s

= 3.42x10%rad/s 4 =0.137rem/s=493rem/h

(c) 500 rem, lethal to half of those exposed, would be received in:

500rem/ 492rem/h =1.02h

11-87. Rt =N,ol 1-e™  (Equation 11-86)

35Bq
For Co: N, = §
" 19x10%cm? 3.5x10%/secm? 1—g tHOI0° 2

=2.00x10" atoms

N 115Bq
For Ti: N, = 5 " » 1303
0.15x10"cm~ 3.5x10“/sescm® 1-—e¢

=1.03x10" atoms

11-88. The net reaction is: 5°H — *He + *He + *H + n + 25MeV

Energy release / °H =5MeV (assumes equal probabilities)

4¢ water — 40009 /[ 2 1.007825 +15.994915 |g/mol = 222.1 moles

4( of water thus contains 2(222.1) moles of hydrogen, of which 1.5x10™* is *H, or
Number of *H atoms =
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(Problem 11-88 continued)

[2 222.1 moles] 6.02x10%atoms/mol 1.5x10™* =4.01x10%
Total energy release = 4.01x10% 5MeV =2.01x10®MeV =3.22x10"J

Because the U.S. consumes about 1.0x10%°J / y, the complete fusion of the *H in 4¢

of water would supply the nation for about 1.01x107s =10.1ms

11-89. (a) AA<2hc/Mc?

_head  hef Al EAR

AE =
A2 A% hc hc
2 2
e _pp<E 2 _2E
P hc Mc® Mc

/2

E°>MC’E, /2 — E> MCE /2"

—AE = 4mM 5 = 4m/M > Which is Equation 11-82 in More section.
E M +m 1+m/M

(b) E=[ 5.7MeV 938.28MeV /2] =5L7MeV
(c)
r— x —» O¥N (M)

vL
CM
neutron (m)

The neutron moves at v, in the lab, so the CM moves at v=v m,/ m,+M toward

the right and the **N velocity in the CM system is v to the left before collision and v to
the right after collision for an elastic collision. Thus, the energy of the nitrogen
nucleus in the lab after the collision is:

2
EUN —iM 2v2—2Mv?=2m|_™0
2 m+M
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(Problem 11-89 continued)

2Mm mv{  4Mm (1 2)
= = mv

2 L

2 2
m+M m+M

4 14.003074u 1.008665u
= 5.7MeV

1.008665u +14.003074u °

=1.43 MeV

1/2
(d) E2[14.003074uc2 931.5MeV /uc® 1.43MeV /2} =96.5MeV

11-90. In the lab frame:

’ 0
photon
deuteron,
E=hv=pc M at rest
p=hv/ic=E/c
In CM frame:
- 0
photon deuteron, M
E~pc E, ~1/2MVv? = p*/2M
p=E/c p = J2ME,

For E~ pc in CM system means that a negligible amount of photon energy goes to

recoil energy of the deuteron, i.e.,

p 2
—— << pc~E or < pc > pc <« 2Mc
oM p 2 p p

E ~ pc < 2Mc® =2 1875.6MeV =3751.2MeV (see Table 11-1)

In the lab, that incident photon energy must supply the binding energy B = 2.22 MeV plus

the recoil energy Ex given by:
E,=p?/2M = pc */2Mc? ~ B °/2Mc?

2.22MeV °

= =0.0013MeV
2 1875.6MeV
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(Problem 11-90 continued)
So the photon energy must be E>2.22MeV +0.001MeV = 2.221MeV, which is much
less than 3751 MeV.

11-91. (@ B=ZM 'H c¢*+Nmc’-M,c’® (Equation 11-11)
For ‘Li: B =3 1.007825uc’* +4 1.008665uc® —7.016003uc?
=0.042132uc® 931.5MeV /uc® =39.25MeV
For ‘Be: B =4 1.007825uc® +3 1.008665uc> —7.016928uc”

=0.040367uc® 931.5MeV /uc® =37.60MeV

AB =1.65MeV

For “B: B =5 1.007825uc’ +6 1.008665uc’ —11.009305uc’
=0.0081810uc® 931.5MeV /uc® = 76.21MeV
For “C: B =6 1.007825uc® +5 1.008665uc®> —11.011433uc?

=0.078842uc® 931.5MeV /uc® = 73.44MeV

AB =2.77MeV

For ®°N: B =7 1.007825uc® +8 1.008665uc®> —15.000108uc®
=0.123987uc? 931.5MeV /uc? =115.5MeV
For ®O: B =8 1.007825uc® +7 1.008665uc®> —15.003065uc’

—0.120190uc? 931.5MeV /uc? =112.0MeV
AB =3.54MeV
(b) AB=aA 2> A - a =AB/A 2 AP

1/

ForA=7, Z=4: a3=1.65MeV/7 7 7 =0.45MeV

1/

ForA=1L Z=6: a =277MeV/1111 * = 0.56MeV
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(Problem 11-91 continued)

-1/3

ForA=15 Z=8: a4, :3.54MeV/15 15 =0.58MeV

(a,) = 0.53MeV

These values differ significantly from the empirical value of a, = 0.75MeV.

11-92. (a) Using oM /8Z =0 from Problem 11-71.

m,-m, +4a,
Z=
2a,A™"° +8a,A™

where a, = 0.75MeV /¢?, a, =93.2MeV /¢’

1+ m —-m, /4a4 ~ A[1+ m,—m, /4a4]

C2AT+ A28, 2 [1+a,A""/4a,]

29 [1+ 1.008665-1.007276 9315 / 4 93.2 ]
(b) & (c) ForA=29: Z=— — =14
2 [1+o.75 29 2%/ 4 932 }

The only stable isotope with A = 29 is Z’Si

For A =59: Computing as above with A =59 yields Z = 29. The only stable
isotope with A =59 is ;>Co

For A =78: Computing as above with A =78 yields Z = 38. [SSr is not
stable. Stable isotopes with A =78 are /;Se and JKr .

The only stable isotope with A =119 is 2Sn.

For A = 140: Computing as above with A = 140 yields Z = 69. *2Tm is not
stable. The only stable isotope with A = 140 is *sCe.

The method of finding the minimum Z for each A works well for A <60, but

deviates increasingly at higher A values.
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11-93. (a)
ij=3/2
_______________ ﬂi__-------------ldS/z
______________-_E --------------- L1/
4v4v£ _:____].p:g/z
A ___________ JE: ----- :----181/2
" Ground state 'B i
© ij=5/2
_______________ 3
A4 la
v oV :3
A |
___________ v::

2" excited state 'B

“| 1dsp

1p1p

1psp

1s1s
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(Problem 11-93 continued)

(d)

______ A________._______________
g 4:=
4"{4 v “é""?"‘?
e

170
Ground state (j = 5/2)

(€)

_______________________________

1dsp,

1p1s

1pssp

1s1p

2" excited state (j =

1/2)
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25172

1dsp,

1p1s

1psp

1s12

1% excited state (j = 1/2)
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11-94. (a) Data from Appendix A are plotted on the graph. For those isotopes not listed in
Appendix A, data for ones that have been discovered can be found in the reference
sources, e.g., Table of Isotopes, R.B. Firestone, Wiley — Interscience (1998). Masses
for those not yet discovered or not in Appendix A are computed from Equation 11-14
(on the Web). Values of M(Z, 151) computed from Equation 11-14 are listed below.
Because values found from Equation 11-14 tend to overestimate the mass in the
higher A regions, the calculated value was adjusted to the measured value for Z = 56,
the lowest Z known for A = 151 and the lower Z values were corrected by a
corresponding amount. The error introduced by this correction is not serious because
the side of the parabola is nearly a straight line in this region. On the high Z side of
the A = 151 parabola, all isotopes through Z = 70 have been discovered and are in the
reference cited.

Z N M Z,151 [Equation 11-14] M Z,151 [adjusted]
50 101 152.352638 151.565515
51 100 152.234612 151.447490
52 99 152.122188 151.335066
53 98 152.015365 151.228243
54 97 151.914414 151.127292
55 96 151.818525 151.031403
56 95 151.728507 150.941385*

* This value has been measured.

299



Chapter 11 — Nuclear Physics

(Problem 11-94 continued)

o

954

.948

942

.936

M(Z, 151)

A =151
930

.924

150, 918
52

(&)}
(o)}

(b) The drip lines occur for:
protons: M Z,151 ~[M Z -1, 150 —m, |=0
neutrons: M Z,151 —[M Z, 150 —m, |=0

Write a calculator or computer program for each using Equation 11-14 (on Web page)
and solve for Z.

_ 2 5 -
11-95. () M Z,A =Zm_+Nm, —[alA—aZAZ’3 —a A -a, A-2Z *At+aA 1’2}
from Equation 11-14 on the Web page.

115.67 310 —17.23 310 "

1/3

~0.75 126 ° 310 ~

M 126,310 =126m, +184m, -

~93.2 310—-2x126 > 310

1

+12 310 " +12 310

M 126,310 =313.969022u

(b) For B decay: (126, 310) — (127,310)+p + \/_e
Computing M(127, 310) as in (a) yields 314.011614u.
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(Problem 11-95 continued)
Q=M 126,310 ¢*-M 127,310 c?

= 313.969022uc’ — 314.011614uc?
=0.042592u 931.5MeV /uc® =-39.7MeV
Q <0, so B decay is forbidden by energy conservation.
For B* decay: (126, 310) — (125, 310) + B* + Ve
Computing M(125, 310) as in (a) yields 313.923610u.
Q=M 126,310 ¢’ —M 125,310 c* —2m._?
= 313.969022uc” — 313.923610uc” —1.022MeV
=41.3MeV
B* decay and electron capture are possible decay modes.
For a decay: (126, 310) — (124, 310) + «
Computing M(124, 310) as in (a) yields 309.913540u.
Q = 313.969022uc’ — 309.913540uc® — 4.002602uc?
=49.3MeV

a decay is also a possible decay mode.

11-96. (a) If the electron’s kinetic energy is 0.782MeV, then its total energy is:
E =0.782MeV +m.c? =0.782MeV +0.511MeV =1.293MeV

E2= pc '+ mc? ’ (Equation 2-32)
e , 2 1/2/
p= m.c c

2 2 1/2
:[1.293Mev _ 0.511MeV } /c

=1.189MeV /c
(b) For the proton p=1.189MeV /¢ also, so

E..,=p°/2m= pc 2/2mc2

= 1.189MeV 2/2 938.28MeV =7.53x10*MeV =0.753keV
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(Problem 11-96 continued)

4
() [23x10 MeV 100 0.0963%
0.782MeV

11-97. Z—T =R, =—4AN (Equation 11-17)

(@ AN=R,-ANg™ =R —Re™ =R, 1-e™*
iy -
N= R /A 1-e* (from Equation 11-17)

Att =0,N(0)=0. Forlarget, N t — R /4, its maximum value

Ry I\

(b) For dN/dt=~0
R,=AN >N=R /1=R / In2/t,

N =100s/ In2/10min = 100s™* 60s/min / In2/10min

=8.66x10* ®Cu nuclei

11-98. () 4n + 3 decays chain *3U,,, —°% Pb,. There are 12 o decays in the chain. (See graph

below.)
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(b) There are 9 B decays in the chain. (See graph below.)

(Problem 11-98 continued)
© Q=M U ¢*-M *Pb ¢*-7M “He ¢°

= 235.043924uc? — 206.975871uc’* — 7 4.002602 uc?

=0.049839uc® 931.50MeV /uc® = 46.43MeV

(d) The number of decays in one year is:

_C:j_l:l = iNoe‘ﬂt where 4 = In2/t1/2 = |n2/7.04><108y _9.85%10°Y y_l
lkg 1000g/kg 6.02x10*atoms/mol )
M= = 2.56 x10**atoms
2359/ mol
N

== 9.85x10™y? 256x10* e *Y =2.52x10"decays/y

Each decay results in the eventual release of 46.43 MeV, so the energy release
per year Q is: Q =2.52x10"decays/y 46.43MeV / decay

=1.17x10"MeV /y 1.60x10™°J/MeV

=1.87x10"J/y 1cal/4.186) =4.48x10%cal/y

The temperature change AT is given by:
Q =CcmAT or AT =Q/cm where m =1kg =1000g

and the specific heat of U is ¢ =0.0276cal / g°C .

AT = 4.48x10%cal/y / 0.0276cal / g-°C 1000g =162°C

303



Chapter 11 — Nuclear Physics

(Problem 11-98 continued)

144 | —

142 | —

140 | —

138 |—

136 |—

134 |—

132 |—

130 |—

128 |—

126 | —

124 —

11-99. The reactions are:
Q) 'H+H > H+p +V,
(2) 'H+’H - *He+y
followed by
(3) *He+°*He - *He+'H +'H or
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(Problem 11-99 continued)
(4) *H +°He — ‘He + " +v,
(@) From 2(1) + 2(2) + (3):
6'H +2°H +2°He - 2°H +2°He + ‘He + 2'H + 28" + 2v, + 2y
Cancelling 2'H, 2 *H, and 2 *He on both sides of the sum,
4'H — ‘He+2B8" +2v, +2y
From (1) + (2) + (4):
4 H+°H+°He > °H+°He+ ‘He+28" +2v_ +y
Cancelling *H, and *He on both sides of the sum,
4'H—>He+28" +2v, +y
(b) Q=4m ‘H ¢*-M *He c¢*-2mc?
=4 938.280MeV —3727.409MeV —2 0.511MeV

=24.7MeV
(c) Total energy release is 24.7 MeV plus the annihilation energy of the two p*:

energy release = 24.7MeV +2 m.c’

=24.7MeV +2 1.022MeV = 26.7MeV

Each cycle uses 4 protons, thus produces 26.7MeV /4 =6.68MeV / proton.
Therefore, *H (protons) are consumed at the rate:

dN _ P _ 4x10*J/s ( leV
dt E 6.68x10°V \1.60x107°J

J =3.75x10% protons/s

The number N of *H nuclei in the Sun is:

30
Mo _1/2x2x10"kg =5.98x10% protons

N = = 27
M 'H  1.673x107kg

which will last at the present consumption rate for

N  5.98x10® protons

t= = = =1.60x10%s
dN/dt 3.75x10” protons/s

~1.60x10"s 1—3’] _5.05x10°y
3.16x10's
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11-100. At this energy, neither particle is relativistic, so

plie pr? —
E, =— E =— = E.+E =17.7MeV
He 2m n 2m pHe pn He n

He n

2m, E,. =2m E, =2m, 17.7MeV -E_,

m,+m E,=17.7MeV m,  Therefore, E,, =0 17.7MeV
+m

He n

e 1.008665u 17.7MeV
He " 2.002602u +1.008665u

E,=17.7MeV - E,, = 17.7-3.56 MeV =14.1MeV

= 3.56MeV

11-101. (a) The number N of generations is: N = _ > = 62.5 generations

0.08s/gen

. . . RN-RO
Percentage increase in energy production = Txloo

R N
= {W —1:I><100 whereR N /R 0 =k" (from Example 11-22 in More section)

= kM -1 x100 = 1.005%*° —1 x100 =137%

(b) Because k oc neutron flux,the fractional change in flux necessary is equal to the

fractional change in k:

k-1 1.005-1

= =0.00498
k 1.005

11-102. (a) For 5% enrichment:
o, = 005c, U + 09 o, U

= 0.05 584b + 0.95 0 =29.2b
o, = 0050, ®U + 095 o, 2*U

= 0.05 97b + 0.95 2.75b =7.46b

306



Chapter 11 — Nuclear Physics

(Problem 11-102 continued)

o, 2.4 29.2b

k=24 =
o, +0, 29.2b+2.46b

=1.91 (Equation 11-68 in More section)

(b) For 95% enrichment:
o, = 09 &, U + 0.05 s, *U

= 0.95 584b + 0.05 0 =554.8b
o,= 0.95 o, U + 0.05 0, U
= 0.95 97b + 0.05 2.75b =92.3b
The reaction rate after N generationsis R N =R 0 k".
For the rate to double R N =2R 0 and2=k" > N=In 2 /In k .
N 5% =In 2 /In 1.91 =1.07 generations

N 95% =In 2 /In 2.06 =0.96 generations

Assuming an average time per generation of 0.01s

t 5% =1.07x107%s t 95% =0.96x10"’s

Number of generations/second = 1/seconds/generation

Inls: N 5% =935 and N 95% =104
One second after the first fission:

R5% =R 0 k=1 1.91"° =1.9x10%
Energy rate = 1.9x10% fissions/s 200MeV / fission
=3.8x10%MeV /s 1.60x10°J / MeV

—6.1x10%J /s = 6.1x10°W
R95% =R 0 kM=1 206" =4.4x10%

4.4x10* fissions/s 200MeV / fission

Energy rate
=8.8x10*MeV /s 1.60x10™2J/MeV

=1.4x10%J /s =1.4x10"W
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12-1. (a) Because the two pions are initially at rest, the net momentum of the system is zero,
both before and after annihilation. For the momentum of the system to be zero after
the interaction, the momentum of the two photons must be equal in magnitude and
opposite in direction, i.e., their momentum vectors must add to zero. Because the

photon energy is E = pc, their energies are also equal.

(b) The energy of each photon equals the rest energy ofa z* ora z".
E=m_c?=139.6MeV (from Table 12-3)

hc  1240MeV.fm

(c) E=hf =hc/A Thus, 1=-= = —8.88fm
E  139.6MeV

12-2. (a) E, = m,c? +m_c® = 2285MeV +139.6MeV = 2424.6MeV
(b) E, = 2mpc2 = 2(938.28MeV) =1876.56MeV

(c) E, =2m, c? = 2(105.66MeV ) = 211.32MeV

12-3. (a)

(b)
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12-4. (a)

(b) See solution to Problem 12-3(a).
(c)

12-5. (a) ¥P — ¥S+e  assuming no neutrino
Q=M (32P)C2 -M (3ZS)C2 (electron’s mass is included in that of **S)
=31.973908uc® — 31.972071uc’
= (0.001837uc’ )(931.5MeV /uc? ) =1.711MeV

To a good approximation, the electron has all of the kinetic energy
E, = Q=1.711MeV

(b) In the absence of a neutrino, the *S and the electron have equal and opposite

momenta. The momentum of the electron is given by:

(pc)2 =E?* —(mec2 )2 (Equation 2-32)

(E +mc® )2 —(mecz)2

=(Q+mc? )2 - (mecz)2 = Q%+ 2Qm,c?
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(Problem 12-5 continued)
The kinetic energy of the *S is then:

_pt (IOC)2 _ Q*+2Qmc?
KTO2M  2Mc? 2Mm (325)c2

_ (1.711MeV )’ +2(1.711MeV )(0.511MeV )
 2(31.972071uc? )(931.5MeV /uc?)

=7.85x10°MeV = 78.5eV
(c) As noted above, the momenta of the electron and *S are equal in magnitude and

opposite direction.

(pc)’ =Q? +2Qm,c? = (1.711MeV )’ +2(1.711MeV ) (0.511MeV )

p=| (L711MeV )" +2(1.711MeV ) (0.511MeV )T/Z /c

=2.16MeV /c

12-6. (a) A single photon cannot conserver both energy and momentum.
(b) To conserver momentum each photon must have equal and opposite momenta so that

the total momentum is zero. Thus, they have equal energies, each equal to the rest

energy of a proton: E, = mpc2 =938.28MeV

(©)E =hv=hc/i - i=nc _1240Meveim _, ., ¢,
4 E ~ 933.28MeV

@ v="C= 3.00x10°m/s
A 1.32x10"°m

=2.27x10%Hz
12-7. (a) Conservation of charge: +1 +1 — +1 —1 +1 —1 = 0. Conservation of charge is
violated, so the reaction is forbidden.
(b) Conservation of charge: +1 +1 — +1 —1 = 0. Conservation of charge is violated, so

the reaction is forbidden.
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12-8.

12-9.

12-10.

12-11.

(@ r=2/ma® > :(2/ma5)hacb

Since the units of © must be seconds s, we have

L (Nem?)” s (1Y,
S:kglx( o2 } x(ez) X(Ej nc’

having substituted the internal units of o = ke? /#c. Re-writing the units, noting that

10 5 .5 5
J = Nem, gives: s:i ¢ L (Js—mjxhacb

kg “Nom© e s°
Noting that J = kgem?®/s? and cancelling yields,
s=(kg)" xm**® xs"
Since a—1mustbe0,a=1 andsince —a—b=1 b=-2.
7 =2hImc’a®
2(1.055x10* J+5)(137)’

(b) 7= ;
(9.11x10**kg)(3.00x10°m/s)

=1.24x10"%s = 0.124ns

(a) Weak interaction
(b) Electromagnetic interaction
(c) Strong interaction
(d) Weak interaction

7° — y+y is caused by the electromagnetic interaction; 7~ — 1~ +V, is caused by the

weak interaction. The electromagnetic interaction is the faster and stronger, so the z°

will decay more quickly; the 7~ will live longer.

(a) allowed; no conservation laws violated.
(b) allowed; no conservation laws violated.
(c) forbidden; doesn’t conserve baryon number.

(d) forbidden; doesn’t conserve muon lepton number.
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12-12. (a) Electromagnetic interaction
(b) Weak interaction
(c) Electromagnetic interaction
(d) Weak interaction
(e) Strong interaction
(F) Weak interaction

12-13. For neutrino mass m = 0, travel time to Earth is t = d/c, where d =170,000cey. For

neutrinos with mass m=0,t'=d/v=d/ Sc, where g =v/c.

At=t'—t =9(i_1j =9(ﬂ)
c\ p C Vi

y = ! (Equation 1-19)
1- p?
) o 1 1
1- p? (1—ﬁ)(1+,8)
1-p ! ~ 1 since f =1

B 7/2 (1+ﬁ) " 272

Substituting into At,

At ~ 9[%) E=ymc® >y = (E/ mc? )2 (Equation 2-10)
c\ 2y

2 2
Atzi(mc j
2cl E
mC2 ) (At)ZCEZ 1/2 ) ZAtEZ 1/2
d d/c

2(12.55)(10x10%V )’ L eay
= =21.6e
(170,000c+y/c)(3.16x10"s/ y)

1/2

m ~ 22eV /c?
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12-14.

12-15.

12-16.

12-17.

The X and X~ are members of a isospin multiplet, two charge states of the X hadron.

Their mass difference is due to electromagnetic effects. The =z and 7~ are a particle-

antiparticle pair.

(See Table 12-8 in More Section.)
(@) 30 MeV

(b) 175 MeV

(c) 120 MeV

(a) m,c® <(m,+m,)c® Conservation of energy and lepton number are violated.

(b) mc? < (mp + m”)c2 Conservation of energy is violated.

(c) Total momentum in the center of mass system is zero, so two photons (minimum) must
be emitted. Conservation of linear momentum is violated.

(d) No conservation laws are violated. This reaction, pp annihilation, occurs.

(e) Lepton number before interaction is +1; that after interaction is —1. Conservation of
lepton number is violated.

(f) Baryon number is +1 before the decay; after the decay the baryon number is zero.

Conservation of baryon number is violated.
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12-18. (a) The u andu annihilate via the EM interaction, creating photons.

/4 4

T

(b) Two photons are necessary in order to conserve linear momentum.

(©)
AVA

12-19. (a) The strangeness of each of the particles is given in Table 12-6.
AS =+1 The reaction can occur via the weak interaction.
(b) AS =—-2 This reaction is not allowed.

(c) AS =+1 The reaction can occur via the weak interaction.

12-20. (a) The strangeness of each of the particles is given in Table 12-6.
AS =+2 The reaction is not allowed.
(b) AS =+1 This reaction can occur via the weak interaction.
(c) AS =0 The reaction can occur via either the strong, electromagnetic, or

weak interaction.

12-21. (&) n+n T=——->=-1 T=1

(b) n+p T3=—%+%=o T—10r0
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(Problem 12-21 continued)

1 3 3
C) 7" + T,=1+==— T==
© 7 +p 3 2 2 2

_ 3
(d) 7~ +n T,=-1-==-= T:E

(e) 7 +n T?’::L—lz1 T:E 0r§
2 2 2 2

12-22. (a) #— — e +y Electron lepton number changes from 0 to 1; violates conservation of
electron lepton number.
(b) z° —>e +e" +v, +V, Allowed by conservation laws, but decay into two photons via
electromagnetic interaction is more likely.
(c) z* —>e +e" +u" +v, Allowed by conservation laws but decay without the electrons
is more likely.

(d) A° - 7" + 7~ Baryon number changes from 1 to 0; violates conservation of baryon
number. Also violates conservation of angular momentum, which changes from 1/2 to
0.

() n— p+e +V, Allowed by conservation laws. This is the way the neutron decays.

12-23. (a) Q@ > A°+K~ Q 5=+

(b) =" > p+7° ST on+rt

© A’ > p+x A’ >n+7°

(d) 7° > y+y 7’ —>e +e' +e +e

e) K' > u" +v K' >z +7°
HoTV,

12-24. K +p>K°+K"+Q~
Because Ks have B =0 and p has B = 1, conservation of B requires the QO to have B = 1.
Q 5=+

The 7z~ has B =0, so conservation of B requires that the Z° have B = 1.
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12-25. (a) 0+0—>0+0 S is conserved.

(b) 2—>0-1 S is not conserved.
(c) -1=-1+0 S is conserved.

(d 0+0—->0-1 S is not conserved.
(e) 3—>-2+0 S is not conserved.

12-26. Listed below are the baryon number, electric charge, strangeness, and hadron identity of

the various quark combinations from Table 12-8 and Figure 12-21.

Quark Structure Baryon Number | Electric Charge (e) Strangeness | Hadron
@) uud +1 +1 0 p
(b) udd +1 0 0 n
(©) uuu +1 +2 0 AT
(d) uss +1 0 ) =0
e dss +1 -1 -2 =
()] suu +1 +1 -1 N
9 sdd +1 -1 -1 >

Note that 3-quark combinations are baryons.

12-27. Listed be below are the baryon number, electric charge, strangeness, and hadron identity

of the various quark combinations from Table 12-9 and Figure 12-21.

Quark Structure Baryon Number | Electric Charge (e) Strangeness | Hadron
(a) ud 0 +1 0 t
(b) ud 0 -1 0 -
(©) us 0 +2 +1 K*
(d) sS 0 0 +1 0
(e) ds 0 0 -1 K"

* forms 7 and 7' along with utr and dd
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12-28.

12-29.

12-30.

12-31.

12-32.

A A A A A A
% NNV
g g
v v v v
u b K° d b T

(@ T3 =0 (from Figure 12-20a)

(b) T=1or0justas for ordinary spin.

() uds B=1/3+1/3+1/3=1 C=2/3-1/3-1/3=0
S=0+0+-1=-1 TheT=1 stateis the £°. The T =0 state is the A°.

The +2 charge can result from either a uuu, ccc, or ttt quark configuration. Of these, only
the uuu structure also has zero strangeness, charm, topness, and bottomness. (From Table
12-5.)

The range R is R =#4c/mc? (Equation 11-50). Substituting the mass of W * (from Table
12-4),
(1.055x10°* J+5)(3.00x10°m/s)

R= - - =2.44x107°m = 2.44x107 fm
(81GeV /¢*)(1.60x107°J /GeV )

Q|
c

170 + - -
K>z +u +V, w

(ds) (du) r 1
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12-33.
p T
u d u d
AN > p + 1
(uds) (uud) (ud)
A U A
ZO
Weak decay
u d S
AO
12-34. n—>p+x Q=mc?—m_c?*—m.c*
=(939.6—938.3—139.6)Mev
=—138.3MeV
This decay does not conserve energy.
12-35. P a
u d u 7) d
A > p + 71
(uds) (uud) (td)
A A '"é;""z;
Strong decay
u d S

12-36. (a)B=1,S=-1,C=0, B=0
(b) Quark content is: uds

12-37. (a) The K" has charge +1, B=0, and S = +1 from Table 12-6. It is a meson (quark-

antiquark) structure. us produces the correct set of quantum numbers. (From Table
12-5))
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(Problem 12-37 continued)

12-38.

(b) The K°has charge 0, B =0, and S = +1 from Table 12-6. The quark-antiquark

structure tp produce these quantum numbers is d 5. (From Table 12-5.)

(a) Being a meson, the D" is constructed of a quark-antiquark pair. The only combination
with charge = +1, charm = +1 and strangeness = 0 is the cd . (See Table 12-5.)

(b) The D7, antiparticle of the D”, has the quark structure cd .

12-39. The =°decays via the electromagnetic interaction whose characteristic time is ~10s.

12-40.

12-41.

The X" and X~ both decay via the weak interaction. The difference between these two

being due to their slightly different masses.

If the proton is unstable, it must decay to less massive particles, i.e., leptons. But leptons
have B =0,s0 p—>e"+v, would have 1 =0+ 0 =0 and B is not conserved. The

lepton numbers would not be conserved either; a “leptoquark” number would be

conserved.

V(H,0)=0.75AV =0.75(47R°AR), where R(Earth) = 6.37x10°m and
AR =1km =10°m.
V (H,0)= 0.75[47z(6.37x106m)2 (103)} =3.82x10"m’
M (H,0)=V (H,0) p = (3.82x10"m*)(1000kg / m*) = 3.82x 10™’kg
Number of moles (H,0) = 3.82x10%°g/18.02g/ mole = 2.12 x10*moles
Number of H,O molecules = N, x (# of moles)

= (6.02><1023molecules/mole)(2.12 x10% moles)

=1.28x10*molecules H,O

Each molecule contains 10 protons (i.e., 2 in H atoms and 8 in the oxygen atom), so the

number of protons in the world’s oceans is N =1.28x10".
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(Problem 12-41 continued)

The decay rate is

d_N =AN Where121/T:1/1032y:10—32y—1
dt

= (10 y™)(1.28x10" protons)
=1.28x10" proton decays/y ~ 4x10’decays/s
12-42. (@) p—o>e" +A%+v,
Q= (mpc2 ~M(A%)c? - mecz)MeV
=(938.3-1116 - 0.511) MeV = -178MeV
Energy is not conserved.
(b) p>x"+y
Spin (angular momentum) % — 0+1=1. Angular momentum is not conserved.
() p—>r +K°

Spin (angular momentum) % — 0+0=0. Angular momentum is not conserved.

12-43. n,B=1,Q0=0,spin=1/2,S=0

Quark strucure u d d
B 1/3 +1/3 +1/3 =1
Q 2/3 -1/3 -1/3 =0
spin 17214 17214 1/2] =1/2
S 0 +0 +0 =0

n,B=-1,Q=0,spin=1/2,S=0

Quark strucure a d d
B -1/3 -1/3 -1/3 =—1
Q -2/3 +1/3 +1/3 =
spin 1721 1721 1/2] =1/2
S 0 +0 +0 =
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(Problem 12-43 continued)
(b) Z2°,B=1,Q=0,spin=1/2,S=-2

Quiark strucure u S
B 1/3 +1/3
Q 2/3 -1/3
spin 17214 1/2)

S 0 -1

) =*,B=1,Q=1,spin=1/2,S=-1

Quiark strucure u u
B 1/3 +1/3
Q 2/3 2/3
spin 1721 172
S 0 +0

d) Q,B=1,Q=—1,spin=3/2,S=-3

Quiark strucure S S
B 1/3 +1/3
Q -13 ~1/3
spin 1721 1721

S -1 -1

€) = ,B=1,Q=—1,spin=1/2,S=-2

Quiark strucure u d
B 1/3 +1/3
Q -1/3 -1/3
spin 17214 1/2]

S 0 -1
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12-44. (a)
Quiark strucure d d d
B 1/3 +1/3 +1/3 =1
Q -173 —-1/3 —-1/3 =-3/2
spin 12 1/2 1/2 =3/2,112
S 0 +0 +0 =0
(b)
Quiark strucure u c
B 1/3 —-1/3 =0
Q 2/3 -2/3 =0
spin 1/2 1/2 =1,0
S 0 +0 =0
(©)
Quark strucure u b
B 1/3 -1/3 =0
Q 2/3 +1/3 =1
spin 1/2 1/2 =1,0
S 0 +0 =0
(d)
Quark strucure S S S
B -1/3 -1/3 -1/3 =-1
Q 1/3 +1/3 +1/3 =1
spin 12 12 1/2 =3/2,1/2
S 1 +1 +1 =3

12-45. The Z° has spin 1. Two identical spin 0 particles cannot have total spin 1.

12-46. (a) The final products (p, v, € , neutrinos) are all stable.
—0 — — —
(b) " > p+e +V,+V, +v,
(c) Conservation of charge: 0 >+1-1+0+0+0=0

Conservation of baryon number: 1—->1+0+0+0+0=1
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(Problem 12-46 continued)
Conservation of lepton number:
(i) for electrons: 0 >0+1-1+0+0=0
(if) for muons: 0 >0+0+0-1+1=0
Conservation of strangeness: -2 —>0+0+0+0+0=0
Even though the chain has AS =+2, no individual reaction in the chain exceeds
AS = +1, so they can proceed via the weak interaction.

(d) No, because energy is not conserved.

12-47. (2,,0,1,0) - cuu
(0,,-2,1,0)—>css
(0,0,1,0,-1) >bs
(0,.-1,2,0,0)>5sdu
(0,1,-1,1,0) —>csd
(-1,1,-30,0) >sss

12-48. (a) t =x/u, tZ:x/u2:>At:t2—t1=l——
u

2 ul
At — X(ul—uzjz XAu

2
uu, c

2
) E=—"°__  (Equation 2-10)

J1-u?/c?

272 272 2\2
E2=%:1—u2/c2=m:2= 1| e
1-u‘/c E c E

Expanding the right side of the equation in powers of (mc®/ E)?and keeping only

1/2

the first term yields
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(Problem 12-48 continued)

2 2
Ezl—l mc
1)
1(me?Y 1(me? Y
(C) u—-u,=cC 1-— -1+—=
2\ E 2\ E,

_o(me®)* (1 1) o(me’)*( Ef-E;
2 E. E 2 E’E]

AU=U,—U, = 5 5
2 (20 MeV)? (5 MeV)
_¢c(2.2eV)* x(10°° MeV/eV)? 375
. 2 {<20>2(5>2(MeV)2}
. (2.2)*(375)x107*
2(20)° (5

_c(2.2eV/c? xc?)? {(20 MeV)? (5 MeV)z}

=2.7x10° m/s

1.7x10°Cc-yx9.46x10° m/c-yx2.7x10° m/s

- > =0.48s
(3.0x10° m/s)

And therefore, At=

12-49. (a) " —>€" +V, +V,
Electron lepton number: 0=-1+1+0=0

Muon lepton number: -1=0+0-1=-1

Tau lepton number: 0=0+0+0=0
(b) 7 > u +V,+v,
Electron lepton number: 0=0+0+0=0

Muon lepton number: 0=1-1+0=0

Tau lepton number: 1=0+0+1=1
(€ 7 =u +V,
Electron lepton number: 0=0+0=0

Muon lepton number: 0=1-1=0

Tau lepton number: 0=0+0=0
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12-50. 7° >y +y

£2_ ( pC)Z +(mﬂcz )2 In lab:

Conservation of momentum requires that each carry half of the initial momentum, hence

1/2
the total energy: 2(hf /c)cosé = p hf =E/2 :[( pc)2 +(mﬂc2)2} /2
p p
cosf = = 77
2(hf /c) 2[( ey +(mﬂcz)2:| /2c
_ pc _ 850MeV _ 0.9876

2 1/2

[( pc)’ + (m,,czﬂl/2 |(850Mev )" + (135Mev )’ |

6 =cos™(0.9876) =9.02°

12-51. (@) A° > p+7~
Energy: 1116MeV —(938+140)MeV =38MeV conserved.
Electric charge: 0 — +1—1=0 conserved.

Baryon number: 1—1+0=1 conserved.

Lepton number: 0 —0+0=0 conserved.
(b) X >n+p°
Energy: 1197MeV —(940+938) MeV =—681MeV not conserved.
Electric charge: —1—0—-1=-1 conserved.
Baryon number: 1—1-1=0 not conserved.

Lepton number: 0 —0+0=0 conserved.

This reaction is not allowed (energy and baryon conservation violated).
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(Problem 12-51 continued)
(€ u —>e +V, +v,
Energy: 105.6MeV —0.511MeV =105.1MeV conserved.
Electric charge: —1— —1+0+0=-1 conserved.
Baryon number: 0 —-0+0+0=0 conserved.
Lepton number:
(i) electrons: 0 —-1-1+0=0 conserved.

(i) muons: 1—-0+0+1=1 conserved.

12-52. (a) The decay products in the chain are not all stable. For example, the neutron decays via

n—p+e +V, Onlythee®ande are stable.
(b) The net effect of the chain reaction is: Q" — p+3e” +€" +3V, +2V, +2v,

(c) Charge: -1—+1—-3+1=-1 conserved
Baryon number: 1—>1+0+0+0+0+0+0=1 conserved.
Lepton number:
(i) electrons: 0 >0+3-1-3+1+0+0=0 conserved
(it) muons: 0 ->0+0+0+0+0—-2+2=0 conserved
Strangeness: —-3—->0+0+0+0+0+0+0=0 not conserved
Overall reaction has AS =+3; however, none of the individual reactions exceeds

AS = +1, so they can proceed via the weak interaction.

12-53. The proton and electron are free particles. The quarks are confined, however, and cannot
be separated. The gluon clouds give the u and d effective masses of about 330 MeV/c?,

about 1/3 of the proton’s mass.
12-54. (@) A° > p+7~
E, = [M (A%)-m, - mﬁ}c2

- [1116Mev /c? —938.3MeV /c? —139.6MeV /cz]c2

=38.1MeV
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(Problem 12-54 continued)
(b) Because the A° decayed at rest, the p and 7~ have momenta of equal magnitudes and
opposite direction.

myVv,=myv, —>m/m_ =v_/v,

1 2
. 7m7ZV7Z m ? m
k.n(ﬁ)_z _”L;[_p} P %=6.72

E
Ew(P) 1., m_ 139.6
2 p

2 s

p

(©) Eg =Eq (P)+Egy (7) = Ey, (P)+6.72E,,(p) = 7.72E, (p) = 38.1MeV
Ee. (P)=38.1MeV /7.71MeV = 4.94MeV

E. (7)=6.72E,, (p) =33.2MeV

12-55. 3° 5> A%+ y
(@) E, for decay products is the rest energy of the =°, 1193MeV.
(b) The rest energy of A° =116MeV, so E, =1193MeV —1116MeV = 77MeV
and p,=E, /c=77MeV/c.
(c) The X° decays at rest, so the momentum of the A° equals in magnitude that of the
photon.
E

i (A°) = P 12M (A) = (77MeV /c)’ /| 2(1116MeV /c?) |
=2.66MeV  small compared to E,
(d) A better estimate of E, and p, are then E =77MeV —2.66MeV =74.3MeV and

p, =74.3MeV /c.

X(u, —u
12-56. (a) At=t,—t, =~ — > = XU =t) e that U, =~ C?
u2 ul ulUZ

ECEA
C C
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(Problem 12-56 continued)

2 1—(m c? 2\?
(b) E-_1¢ (Equation 2-10). Thus, L # zl—i M,C
V1-u?/c? c E 2\ E

1(mec2Y 1(mec2Y
©) u-u =cll-=| =2 —1+= =2
1 2
2\ E 2\ E

¢ mgc? © o mg? Z_C(mocz)z E} - E;
_E(Ezj_i[ Elj_ 2 [5555}
_c(20ev)’ | (20x10°V )~ (5x10%V )’
-2 (20x10°V )" (5x10%V )’

Cc(20ev) | (20) - (5)

= L S |=7.5x10"%c
2 | (20)°(5) (10%V)

xAu (170,000c+y)(7.5x10*C)

c? c?

=1.28x10"°y = 40.3s

(d) If the neutrino rest energy is 40eV, then Au =3.00x10"¢c and At ~161s. The

difference in arrival times can thus be used to set an upper limit on the neutrino’s mass.

12-57. 77 >e +V, +v,
T >V, +Y,
T >d+U+v,
The last decay is the most probable (three times as likely compared to each of the others)

due to the three possible quark colors.
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Chapter 12 — Particle Physics

12-58. (i) 9P — ey x B
dt

(i) d—lf =0 which follows from the fact that the Lorentz force is L V; therefore, v = |V| =

constant and thus »(v) = constant.

Equation (i) then becomes: 9P _ myd—v —eVxB
dt dt
2
For circular orbits Wy _ evB or, re-writing a bit,
myv=p=eBR and pc =ceBRx 1G—e\/% =0.35BR GeV
1.60x10J

and finally, p=0.35BR GeV /c
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Chapter 13 — Astrophysics and Cosmology

13-1. [Viy —Ve| =4km/s. Assuming Sun’s rotation to be
uniform, so that v, = —v,, then |y, | =|v¢|=2km/s.
Because v=27/T, v.=2zr /T or

2 277(6.96x10°km
T= o _ ( ) =2.19x10°s = 25.3days
Ve 2km/s
v VE
2
2GM2  2(6.67x107)(1.99x10%
13-2. U|= © = ( I ) J =7.59x10"J

R 6.96x10°

©

The Sun’s luminosity L = 3.85x10%°W

_ vl 7.59x10%)
L. 3.85x10%J/s

©

oot =1.97x10"s = 6.26x10" years

13-3. The fusion of 'H to “He proceeds via the proton-proton cycle. The binding energy of
“He is so high that the binding energy of two “He nuclei excees that of ®Be produced in
the fusion reaction: “He + “He — °Be + » and the ®Be nucleus fissions quickly to two
“He nuclei via an electromagnetic decay. However, at high pressures and temperatures a
very small amount is always present, enough for the fusion reaction:
®Be + *He — “C + y to proceed. This 3-“He fusion to *C produces no net °Be and

bypasses both Li and B, so their concentration in the cosmos is low.

13-4. The Sunis 28,000c.y from Galactic center = radius of orbit

27r  27(28,000¢y x9.45x10"°m/ c-y)
v 2.5x10°m/ s

. time for 1 orbit =

=6.65x10"s =2.11x10%yr
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Chapter 13 — Astrophysics and Cosmology

13-5. Observed mass (average) ~1H atom/m®=1.67x10"*"kg/m?® =10% of total mass (a)
missing mass = 9x1.67x10%" kg /m® =1.56x10°kg / m®
500 photons / cm® = 500 x 10° photons / m®, so the mass of each photon would be

-26 3
~ 1.50x10""kg /m ~3.01x10 kg

~ 500 x 10° photons / m®
-35 2
or m, = 301)(17% KO ¢ m_z =16.9eV /¢’
1.60x107J /eV S
13-6.
5 -
4
T 3 7]
x10*K -
,
1 -
O T T T T T T T T T 1T T T 1T T T 171
0 1 2 3 4 6 7 8
3/8
M/M

13-7.  1ces =Cx1s =3.00x10°m/s x1s = 3.00x10°m = 3.00 x10°km
Acemin = ¢ x1min x 60s/min = 3.00 x10°km x 60s =1.80 x10" km
1ceh = ¢ x1h x3600s/h =1.08 x10°km
1ceday = ¢ x 24hx 3600s/h = 2.59x10"km

13-8. (a) See Figure 13-16. 1AU =1.496x10"m. R=1pcwhen #=1",s0 R = 1AY

1II
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Chapter 13 — Astrophysics and Cosmology

(Problem 13-8 continued)

_1AU y 3600" y 180°
1" 1° mrad

or R

=3.086x10"m =1pc

_3.086x10"m
9.45x10"m/cey

1pc =3.26C-y

(b) When € =0.01", R=100pc and the volume of a sphere with that radius is

V= %ﬂ'RS =4.19x10° pc®. If the density of stars is 0.08/ pc®, then the number

of stars in the sphere is equal to 0.08/ pc® x 4.19x10° pc® = 3.4x10° stars.

13-9. L=4zr’f m —m, =2.5log f,/f,
Thus, L, =4zr;f  and L, =4zr;f, and L, =1L,
Lt =gt g =2 £/

1.16-0.41

log f,/f; = =0.30— f / fg =2.00

1/2 \/—
Because r, =12pc, r,=r, f /f, =12y2=17.0pc

p
13-10. (a) M =0.3M, T, =3300K L=5x10"7L_ =1.93x10®W
(b) M =3.0M_ T, =13,500K L =10°L,, =3.85x10*W
() R~M >R=aM s> a =R /M,
RO 8
=—2 0.3M, =0.3R, =2.09x10°m
M

©

Ry, =a 0.3M

©

Similarly, R;, =3.0R, =2.09x10°m
t~M7 >t =pM7 >t IMP =t MJ

(d)t 03 =4 03M, "=t M2 03M, "= 03"t

ort 03 =37t _. Similarly,t, 3.0 =0.04t_
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Chapter 13 — Astrophysics and Cosmology

13-11. Angular separation 6 = E = dlstanc_e between binaries
R distance Earth

~100x10°km 10"'m

= =1.057x10""rad
100c.y 100c.y 3.15x107s/y

6 =6.06x10°degrees =1.68 x10~° arcseconds

13-12. Equation 13-18:
>Fe —13 /He +4n. M, =55.9393%u, m,, =4.002603u, m, =1.008665u.

Energy required: 13m, ,_+4m, —m,_ = 0.129104u.
1u = 931.49432MeV /c?* .. 0.129104u — 120MeV
Equation 13-19: ;He —2 'H +2n m,,, =1.007825

Energy required: 2m,, +2m, —m, = 0.020277u = 28.3MeV

13-13. 24km/s (@ r= 1.5c-y; assuming constant expansion rate,
< > Age of Shell :M:Z.%xloﬂs = 9400y
2.4x10°m/s
(b) Lstar = 12'-@ Te star :1'4Teo

/

RaecM —>R=aM T c MY? 5T, = pMY? LeM* >L=yM*

“a=RIM,,  B=T,IMJ%  y=L, IM]

R T L
Rstar = _Omstar’ Te star — EC; Mslt{'ii’ Lstar =—2 M;ar
Mo Méz M *
M T )
Using either the T, or L relations, R, = —2-R_ = (ﬂj -R, = 1.4 R, =1.96R,
Mg To

L 1/2
or R, =[L—t] ~1.86R

©

334



Chapter 13 — Astrophysics and Cosmology

13-14. R, =2GM /c¢* (Equation 13-24)
(@) Sun Ry =2x 6.67 10" x1.99x10% /c® = 2.9x10°m ~ 3km
(b) Jupiter m; =318m. R, =2.8m

(c) Earth R, =8.86x10°m  ~9mm!

13-15. M =2M

O]

1

() (Equation 13-22) R=1.6x10"M™° =1.6x10" 2M_ " 21.01x10*m
(b) 0.5rev/s=rrad/s=w

K= % lw® where for a sphere

| ZEMRz :%[%xZMOX 1.01x10* 2)zs.oxlo%

©) dK = lodew = |w2(d—“’J where 92 = 1 /day
o 10

0]

2 8.0x10*J
=2K(d—“’j= . ———— =185x10"]/s — L =1.85x10%W
© ) 10°d 8.64x10°s/d

13-16. Milky Way contains ~10" stars of average mass M., therefore the visible mass =
1.99x10% x10™ =1.99 x10*'kg ~ 10% of total
(a) Mass of a central black hole = 9x1.99x10* =1.8x10%kg
(b) Its radius would be R, = 2GM /c¢® (Equation 13-24).

R, =2x6.67x10 " x1.8x10% /¢? = 2.6 x10"°m ~ 17,000AU

13-17. v=72,000km/s.

(@) v= Hr—>r—l_ 72,000km /s
H 21.2km/s/10°c.y

=3.40x10%Cey

(b) From Equation 13-29 the maximum age of the galaxy is:

1/ H =4.41x10"s =1.4x10"y
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(Problem 13-17 continued)

A 1/H
=£=10%
1/H r

1/H=r/v—>A1l/H =Arlv

so the maximum age will also be in error by 10%.

13-18. The process that generated the increase could propagate across the core at a maximum rate

of ¢, thus the core can be at most 1.5y x3.15x10"s/yx3.0x10°m/s =1.42x10"m

=9.45x10" AU in diameter. The Milky Way diameter is ~ 60,000c-y = 3.8x10° AU.

13-19. Combining Hubble’s law (Equation 13-28) and the definition of the redshift (Equation 13-

27) yields _
g _AA 1=(ﬂ+1jzo
c Ay C
(@) r=5x10°c-y 6
2= 2n7 KM 510°CY 6sg 3nm
s-10°c-y 3x10°m/s
A =1656.5nm

(b) r=50x10°c-y
Similarly, 1=658.7nm
(c) r=500x10°c-y
Similarly,  1=680.0nm
(d) r=5x10°c-y

Similarly, A=893.7nm
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13-20.

13-21.

13-22.

13-23.

13-24.

3H? 3
87G 8z 1/H G

Equation 13-33: p, =

3
87 1.5x10°yx3.15x107s/y = 6.67x10"*Nm? / kg?

ol =8.02x10*"kg/m®

(This is about 5 hydrogen atoms/m* )

Present size ~10°cey =S ~=—S_ = oz_ri with T =2.7K .. a=2.7x10"c.yK

1
T
(a) 2000 years ago, S = S

(b) 10° years ago, S =S,

(c) 10 seconds after the Big Bang, S~ 2.7x10"ceyK / 10°K 2.7x10°S_ ~ 25¢-y

(d) 1 second after the Big Bang, S ~ 2.7x10"ceyK / 5x10°K 5.4x10™S  ~5cey

(e) 10°® seconds after the Big Bang,
S~ 2.7x10%ceyK / 5x10”K 5.4><10_135p ~0.005c.y ~ 6.4 x10* AU

m, 5.5x10°kg
o

=5.5x10"kg /m®
6 3
pl 10_35 ||3

p Planck time =

1.67x10 7 kg

3

— =1.67x 10"kg / m®
10" 'm

p proton =

p 0smium =2.45x10*kg/m’

2.898mmeK  2.898mm-K
T 2.728K

(this is in the microwave region of the EM spectrum)

=1.062mm

Wien’s law (Equation 3-11): A, =

Muon rest energy =208m, =106MeV /c®. The universe cooled to this energy (average)
at about 10°s (see Figure 13-34). 2.728K corresponds to average energy = 107 eV.

10%eV x1.6x10°J /eV
C2

Therefore, m = =1.8x10*kg
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13-25.

13-26.

13-27.

po =M1 413 zr® t, pt =M/ 4/3 zr® t
rt=Rtrit (Equation 13-37)\
M M
Po = 3 St / 2
413 z[r t IR t ] 413 7r° t
=Rt pt
O B o
If Hubble’s law applies in A, then
FBC Vga = Hlgar  Veu = HI,.
FBA From mechanics,
C Oﬂ-\ Vec =Vea —Vea = H Toa —Ton = Hrye
FCA A (Milky Way)  and Hubble’s lab applies in C, as well, and
by extension in all other galaxies.
At a distance r from the Sun the magnitude of the gravitational force acting on a dust

article of radiusais: g _ GM¢n where m = (4/3)za’p. The force acting on
grav rz

the particle due to the Sun’s radiation pressure at r is given by: (See Equation RP-9.)

U . : .
F.,=ma’xP,_, =ra’x 3 where za®is the cross sectional area of the particle and U

r

is the energy density of solar radiation at r. U is given by: (See Equation 3-6.)

UIERZEX Loz

C c A4nr
4L
Therefore, F_, = 7a’ NN -
3 4drnr<c

The minimum value of a is obtained from the condition that F, . > F

grav rad *
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(Problem 13-27 continued)

Simplifying this expression yields: L
> —_—
47cGM p

3.84x10* W

a>
47(3.00x10° m/s)(6.67x10"" N-m? / kg®)(1.99x10* kg)(5500 kg/m®)
a>140x10"m or 1.40x10°cm
Note that (i) a is very small and (ii) the magnitude of a is independent of r.

13-28. (Equation 13-31) R, =R, 1+Z —r,=r 1+Z

pZ =M/ 4/3 xr’ P, =M1 413 zr}

Substituting for r, in the p, equation:
3 3 3
Po=M/ 413 z[r1+Z [ =M/ 4/3 7r° 1+Z

po=pZ11+2° or pZ =p, 1+2°

13-29. (a) H available for fusion = M_ x0.75x0.13=2.0 x10%kg x0.75x 0.13 = 2.0 x10*kg

2.0x10%kg
6.00x10'kg /s

(b) Lifetime of H fuel = =3.3x10"s

=3.3x10"s/3.15x10"s/y =1.03x10"y

(c) Start being concerned in 1.03x10"°y —0.46x10"°y =5.7x10°y

13-30. SN1987A is the Large Magellanic cloud, which is 170,000c+y away; therefore

(a) supernova occurred 170,000 years BP.
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(Problem 13-30 continued)

(b) E =K +m,c? = e
V2
e
8
K =10%eV,  m?=9.28x10°eV —10° +9.38x10° :w orv =0.875¢
\'
e

Therefore, the distance protons have traveled in 170,000y
=V x170,000y =149,000c.y. No, they are not here yet.

13-31. M =1.99x10%*kg.
(a) When first formed, mass of H= 0.7M_, m *H =1.007825u x1.66 x10*'kg /u, thus

0.7xM,
1.007825ux1.66x107"kg /u

number of H atoms = =8.33x10%

(b) Ifall H — He; 4'H — *He +26.72eV. The number of He atoms

6
produced = M.

6
Total energy produced = @ x 26.72MeV =5.56x10°" MeV =8.89x10*J

(c) 23% of max possible = 0.23x8.89x10*J

_ 0.23x8.89x10"
B L

©

t, =5.53x10"s =1.7x10"y L, =3.85x10%*°W
13-32. (a) F =Gmm,/r> =am, = v’/r m,

v?/r=Gm,/r® and orbital frequency f =v/2zr

Substituting for f and noting that the period T =1/ f, 42°f?>=Gm,/r®

or, T? = 4z°r®/Gm,, which is Kepler’s third law.

(b) Rearranging Kepler’s third law in part (a),
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(Problem 13-32 continued)

(d) m

47? 3.84%x10°m

mg =4z°rS  IGT? = .
6.67x10'Nm’ /kg® 27.3d x8.64x10%*s/d

moon

— 6.02x10%kg

1/2

e 6.67x10° ° .
©T=2r| 2| =2m| - S | =544x10% =15h
£ .67 x .02 x

4x* 1.97x107 Y
- =1.48x10%kg

comb

6.67x10™"" 6.46d x3.1x10%s/d

1333, (@) T=12d 0= = 2% ___ _606x10°/s2
T 12x 24x3600
2
or >m, . reaucea mass u = ,ten,u—= ——= an
(b) For m, >m, : reduced MM then p Y- =M™ ang
m, +m, r r
2,2 2.3
mm, (a)r j:Gmlzm2 or m+m =T
m, +m, r r

(€) v, =nm, Vv, =r,m, and o, = », from the graph v, = 200km/s and v, =100km/s

. 200x10°m/s
' 6.06x10°/s

r=r,=r,=4.9x10°m

=3.3x10"m and, similarly, r, =1.6x10"°m

2 2 2
N . v, myv rv o
Assuming circular orbits, MY _ M¥2 ang m, =-2-m, Substituting yields,

';l r2 r?_vl

m, =6.63x10¥kg and m, =1.37x10%kg
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1334, E=Zmv+ -GmM,_ /r Fo =GM_m/r? =mv*/r
2

or GM_m/r =mv’ —>%mv2 =%GM®m/r

EZEGMOmJ{_GM@mJZE(_GMOmJ

2 r r 2 r

13-35.

X - H - 20I§m/s
/ . 10°c.y

Current average density = 1H atom/m?®

V= gers —dV =47R%dR

= HR = 20K/ g5 cuy = 20x10%km /s = 20x107m /s
10°c.y
6
dR = 20x107m/5x3.16x1078/yx18—6y
y

10°y

dV = 47R%R = 47x 10° 9.45x10°m/cey 2><20><107m/s><3.16><107s/y><106
y

_ 7.07x10"m° _ #of H atoms

5 - to be added
10°cey 10°cey

Current volume V = %7[ 10 * =8.4x107" m®

7.07x10™atoms /10°csy

"new" H atoms = -
8.4x10"m

~ 0.001 "new" H atoms/m?>«10°c-y; no
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13-36. (a) Equation 8-12: v =+/3RT /M s used to compute Vyys vs T for each gas ® = gas

constant.
Gas |\_/|3 SRV V.. (Mis)atT =:

(x107kg ) 50K 200K | 500K | 750K | 1000K
H,0 18 37.2 263 526 832 1020 1180
CO, 44 23.8 168 337 532 652 753
0, 32 27.9 197 395 624 764 883
CH, 16 39.5 279 558 883 1080 1250
H, 2 111.6 789 1580 | 2500 | 3060 | 3530
He 4 78.9 558 1770 1770 | 2160 | 2500

The escape velocities v, = \/ZgR =J2GM /R , where the planet masses M and

radii R, are given in table below.

Planet Earth Venus Mercury Jupiter Neptune Mars
Vese (Km/s) 11.2 10.3 4.5 60.2 23.4 5.1
Vese/6 (M/S) 1870 1720 750 10,000 3900 850

On the graph of viys VS T the ves/6 points are shown for each planet.

¢5/10,000

4000 —

3000

2000

Vins (M/S)

1000

0
0 200 400 600 800 1000
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(Problem 13-36 continued)

13-37.

13-38.

() v, =v2GM/R v, =,2GM, /R, V. =,2GM_/R_

Vo _ MPI/RPI: aME/ﬂRE: a o |ey Mg, /Mg
ve \M:/R. M. /R i N8 \R,/R

(c) All six gases will still be in Jupiter’s atmosphere and Netune’s atmosphere, because

Vesc fOr these is so high. H; will be gone from Earth; H, and probably He will be gone
from Venus; H, and He are gone from Mars. Only CO, and probably O, remain in

Mercury’s atmosphere.

Earth's orbit radius (in AU)

(a) aCentauri d inpc =

sin0p
d= FL = 2.78x10° pc = 9.06 x10°cey
sin 0.742"
1AU
b) Procyon d=——— =7.21x10°pc =2.35x10°%c.
(b) y sin 0.0286" P y

Earth is currently in thermal equilibrium with surface temperature ~300K. Assuming
Earth radiates as a blackbody | =oT* and | =& 300 * = 450W /m?. The solar constant
is f =1.36x10°W /m? currently, so Earth absorbs 459/1360 = 0.338 of incident solar
energy. When L —10°L_ thenf —10° f. If the Earth remains in equilibrium.

| =0.338x1.36x10°x10° =oT* or T =994K =676 °C sufficient to boil the oceans

away. However, the wvgs for HO molecules at 994K s

Vs =J3RT/M = /Wzll%m/s:l.ﬁkm/s. The vee = 11.2km/s (see
X

solution to problem 14-26). Because Vims = 0.1 Ves, the H,O will remain in the

atmosphere.
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13-39. (a)
a _ ;
~ n = grains/cm
‘ 8 dust grain total scattering area = 7R”na’ dx
2,2
’ which is 7R3 MM _ 2endx of the
/ a
photons dx total area = fraction scattered = dN/N
N/mrs

N d
N _ R fdx or N =Nz "
N, N 0

From those photons that scatter at x = 0 (Np), those that have not scattered again after

traveling some distance x =L is N, = Noe’””RZL. The average value of L (= do) is

given by:
IL ddl\II_L aL 1 dN
d, =% ~ == (Note: dLL = —n;zRZNOe‘””RZL)
J' LdL nz
dL

0

(b) 1=1,6"% nearthe Sund, ~3000cey  R=10"cm

3000cey x 9.45x10" cm/csy = n=11x10"/cm®

nr 10° °
(©) Pyrans = 2gm/cm’
m .
wans oo A 0% *x1.1x10 Jem® = 9.41x10°7 gm/ e’

cm® of space

=27 3
9'41"10M gm/eMm” 9 45107 cm/cey * x 300

mass in 300c.y =
©)

=0.0012 ~ 0.1%M 4
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13-40. 56 ,H —14%He — YFe+28" +2e 2+ +2e° =2.04MeV /c?

14m, =14x4.002603-m,, =55.939395u = A

=56.036442u
14 x 26.72MeV
2.04MeV
Net energy difference (release) = 90.40MeV =A
466.5MeV
2 XFe —Cd +48" +4e 4B+ +4e~ =4.08MeV /¢’
2m *°Fe =2x55.939395u m "“Cd =111.902762u

Net energy required = 2my, —m;, =-0.023972u +4.08MeV = —-18.25MeV

1.024x10* 7°G*M dM

13-41. (a) dt =
@ hc*

rearranging, the mass rate of change is am _ hc*
| dt  1.024x10" 7°G*M

Clearly, the larger the mass M, the lower the rate at which the black hole loses mass.

1.024x10* 72 6.62x10™ © 2.0x10% °
hc*

(b) t=
t =3.35x10"s=1.06x10>y far larger than the present age of the universe.

o 1.024x10° 7* 6.67x10™ ° 2.0x10%° x10% °
C =

6.63x10°* 3.00x10°

t=3.35x10%s=1.06x10%y
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