Chapter 3 - Quantization of Charge, Light, and Energy

3-1. Theradiusof curvatureis given by Equation 3-2.

6
R= 1 _ | 23xX10mls | 301x10%5mis-C-T)
gB (1.60x107°C)0.40 T,
Substituting particle masses from Appendices A and D:

R(proton) = (1.67x10% kg, 3.91x10%m/s-C-Ty = 6.5x10%m

R(electron) = (9.11x1073'kg)3.91x10%m/s-C-T) = 3.6x10m
R(deuteron) = (3.34x10%kg)(3.91x10%m/s-C-T) = 0.13m

R(H)) = (335x10 kg, 3.91x10%m/s-C-T) = 0.13m

R(helium) = (6.64x10%"kg)3.91x10%m/s-C-T) = 0.26m

3-2.  (a) Using *® 44 mass number to compute an approximateval uefor B that will yield R of one

meter, Equation 3-2 gives

(198u) (1.66x 10727 kg/uy (1.5 % 10° mls)
(1.60x10°°Cy(1.0m,

mu
B=—-=m

gR

= 031T

(b) Using Equation 3-2, R = MU 5 AR = Am(i)
qB qB

u 1.66 %1072 kg/uy(1.5x10° m/s
(1.60x10"°Cy(0.317,
AR = (197.966743u - 196.966543 u(5.02x103m/uy = 0.005m = Smm

() For doubly ionized atoms g = 2% 1.60x107C, so B= 0.317/2 = 0.16T and AR is
unchanged because

gB = (2)(1.6x10°Cy 03172, = (1.60x10°'°C)0.31T, asbefore.
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Chapter 3 - Quantization of Charge, Light, and Energy

3-3.
B = éﬂ, w_ pe and pc = \E? - mc??
u c E
pc = 0.561 MeV? - 0511 MeV? = 0.2315 MeV
u _ 02315MeV _ .
c  0.561MeV
5

B = Z010Vim _ 634103 = 163G

0.41c

34. F=quBandF,= m,g

Fp _ quB _ (1.60x107"°C)(3.0x10°m/s)(3.5x107°T) _ 1.03x10°
Fo m,g (1.67x107* kg (9.80m/s?
3-5 (a) R- mu _ [(2Ek/e)(e/m)]1/2
qB (e/m) (B)

12

4
(2)4.5x10%eV/e) = 22x103m = 22mm

1.76 x10" kg

(b) frequency f= 4. H2Ek/e)(e/m)

2TR 2R

1 | 2E/e _ 1
BN em  0325T

_ 1(2)(4.5x10*eV/e)(1.76x 10" Clkg))'”
271(2.2x1073m,

= 9.1x10° Hz

period T=1/f= 1.1x10"

36. (a) 12mu?-= E,, so u= (2Ek/e)(e/m)
. u = [(2)(2000eV/e) (1.76 x 10" Clkg)"* = 2.65x 107 mls
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Chapter 3 - Quantization of Charge, Light, and Energy

(Problem 3-6 continued)

X
() Ar - T __005m

T - 1.89%x107% = 1.89 ns
u 2.65x107 m./s

(© mu, = FAt, = eZ€At,
2 u, = (elm)&At; = (1.76 10" Clkg) (3.33 x10* V/m) (1.89x107%s) = 1.11x10° m/s
37. NE,= AW= C,AT -

v GrAT _ (5x107callPC)2°C) | (4.186 Jlcal)
E, 2000 eV (1.60x 107 7/eV

= 1.31x10"

38 0/-0,=(2541-20.64)x107°C = 4.47x107°C = My~ Mye
0,- 05 = (20.64 - 17.47)x107°C = 3.17x107°C = n, - ny e
0,- 05 = (19.06 - 17.47)x107°C = 1.59x107°C = n, - nyye
0,- 05 = (19.06 - 12.70)x107°C = 6.36x107°C = n, - ng)e
O~ 05 = (1429-12.70)x10°°C = 1.59x10"°C = ng - nyye

wherethen, areintegers. Assumingthesmallest An=1, then An;, = 3.0, An,; = 2.0, An,, =

1.0, An,=4.0,and Ang = 1.0. Theassumptionisvalid and the fundamental chargeimplied
is1.59x107C.

3-9. Fortherisetimeto equal thefield-freefall time, the net upward force must equal the weight.
qg&-mg=mg .. &=2mg/q.

3-10. (See Millikan’s Oil Drop Experiment on the home page at

www.whfreeman.com/modphysics4e.) Thenet forceinthey-directionismg - bvy = ma,.

The net force in the x-direction is g& - bv, = ma . Attermina speeda, = g, = 0 and

"o
vx/vf = sin@.
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Chapter 3 - Quantization of Charge, Light, and Energy

(Problem 3-10 continued)

sin O =

Vs _ 94&€/b) _ q&

vy vy b vy

3-11. (SeeMillikan’s Qil Drop Experiment on the home page at www.whfreeman.com/physics.)

(a) At terminal speed mg = bvfwherem= %na-”p and b= 6 tna. Substituting gives

oil

(18)(1.80x 1075 N-s/m?)(5.0x 1073 m/20s) |~
(4)(0.75) (1000kg/m?3) (9.8 m/s?)

v
a’ = E _'fl Sl . a=
4 poilg

= 1.66x10°m = 1.66x1073 mm

m= 41 (1.66x10°5my 750kg/m3/3 = 1.44x10 kg

2)(1.60x107°C)2.5%10° Vim,
(1.44x10 kg (9.8 m/s?)

= 0.57

Fy
(b) Fp,= q&€ and Fy;= mg . — =
FG

2.898x103m-K
3K

= 9.66x10*m = 0.966 mm

312. A T=2898x102°mK. (A, =

_ 2.898x107m-K

= 9.66x107%m = 9.66 um
300K

(b) 4,

_ 2.898x1073mK
3000K

= 9.66x10""m = 966 nm

©4,

3-13. Equation 3-10: R= oT*. Equation 3-12: R = %cU. From Example 3-5:

U= 87 k*T* /15h3c?



Chapter 3 - Quantization of Charge, Light, and Energy

(Problem 3-13 continued)

3-14. Equation 3-24: u(A) =

o= R _ d/4HeU _ %c(8n5k4T4)/(15h3c2T4)

5 -23 4
_ 27’(1.38x107° J/K) = 5.67x10 8 Wim2K*

15(6.63x1073*J-5)* (3.00 x 103 m/s

8mhel™?
e he/MT _ ’

A d
u(F)df= u(A)dhr - u(f) = u(A)—= Because ¢ = f A, |—|= c¢/f?
(f)df = u(A) (f) = u( )df f !df! f
uf - 8nheflc | ¢ | _ 8nf®  hf
V) RS o3 oMW/KT_ |
-3
315, (A T=2898x10°mK - A = 2525X107mK _y 4701030 = 1.07 mm

" 2.7K

_ 3.00x 103 m/s

£ = 2.80x10!! Hz
A, 1.07x103m

() c=fA . f=

(c) Equation 3-12:

R-= %CU= BT / 15h3¢3)

<

4

_ (3.00x10%m/s) 8 7°)(1.38x 1072 J/K)* (2.7K)*
(4)(15)(6.63x1073* -5 3.00 x 108 m/s)>

= 3.01x10° Wim?

Areaof Earth 4 = 4mr; = 4 716.38x10%m)”.

Total power = RA = 3.01x 107 Wim?)(47) (6.38x10%m* = 1.54x10° W
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Chapter 3 - Quantization of Charge, Light, and Energy

3-16.

3-17.

3-18.

3-19.

3-20.

2.898x103m-K

A T=2898x102mK (a) T= = 4140K
700x10°m
-3 . -3_..
() 7= 28ATmK 66102k () T- EBUTTME 66101k
3x107%m 3m
Equation 3-10: R, = 6T, R, = oTy = 62T,}' = 1607} = 16R,
(a) Equation 3-23: E = he/h _ __he/d0he/kT) _ OIKT _ g5y 4r

ehc/).kT_l - e(hc/kT)/(thc/kT) -1 eO.l -1

(b) E - he/A  _ he/0dhc/kT) _ 10kT _ 4.59%10° kT,
Qhe/ART_ 1 ,(he/KT)/(0.1he/KT) _ 1 ,10 _ |

Equipartition theorem predicts E = kT. Thelong wavelength valueisvery closeto kT,
but the short wavelength value is much smaller than the classical prediction.

-3
(@ A T=2898x103mK . T, = 258X107mK _ 07 ¢

27.0x10%m

R, = oT} and R, = 6T, = 2R, = 20T}
2 Ty = 2T} or T, = 2"T, = 2" 107K, = 128K

2.898x103m-K
128K

(b) A, = = 23x107%m

A, = 2.898x10°m-K (Equation 3-20)

_3 .
L - 2.898x107°m-K _ 1.45x10"m = 145nm

" 2x104K

56



Chapter 3 - Quantization of Charge, Light, and Energy

3-21. Equation 3-10:
R=oT*
P, = (1.36><103W/m2)(nR§mW)hereRE = radius of Earth
Pem = RW/m*ATRG) = (1.36x10° Wim?* mRim?)

2

TR 3
R= (136x103W/m?)| L | = 13610 W _ ;74

4nR} T

3 2
74 - 1.36x10°W/m 2T = 2783K = 53C

45.67x10° 8 W/m?2-K*

2.898x103m-K
3300K

322, () A T=2898x103mK = A = = 8.78x107m = 878 nm

8
£ = c/a = 200A0ms 5 45101 b

8.78x10 " m

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

_ 40J/s _ 40J/s
hf,,  (6.63x10734J-5)3.42x 10" Hz,

N = 1.77x10% photons/'s

(c) At 5m from the lamp N photons are distributed uniformly over an area

A= 47nr? = 100 tm2. Thedensity of photonson that sphereis (N/A4)/s-m?. Theareaof

the pupil of the eye is m(2.5x 10‘3m)2, so the number n of photons entering the eye per

second is )
_ (L.77x10%/5) (1) 2.5%10 m,

n=(N/A4)(n)2.5%103m}
100 wm?

= (1.77x10'% /5, 2.5x1073}? = 1.10x 10" photons /s
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Chapter 3 - Quantization of Charge, Light, and Energy

-5 -5
323, Equation 3-24: u(A) = —S™A° | wting 4 = mhe, B= he /KT, UQA) = —3*
ehc/lkT_ 1 eB/l_ 1

du _ d| AN° |, AS(-1)eB/*-BA2%  5)°C
dA dA eB/A'—l (eB/l_1)2 eB/l_l
-6 -6, B/A
‘Lgewl—ﬁewl—l)} Ar e B _s1-en-0
(eB/A_ 1)2 A (eB/A_ 1)2 A

The maximum corresponds to the vanishing of the quantity in brackets. Thus,
5M1-e 8% = B. Thisequation is most efficiently solved by iteration; i.e., guess at a
valuefor B/ inthe expression5 A(1 - e “5/%) solvefor abetter 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 valuesis. 5, 4.966310, 4.965156, 4.965116,
4.965114, 4.965114. Further iterations repeat the same value (to seven digits), so we have

- 4965114 - he DA T- hce _ (6.63x10734.J-5)(3.00x 108 m/s)
A, kT (4.965114)k  (4.965114)(1.38x 1073 J/K,

m

B
A’m

A T=2898x103mK  (Equation 3-11)

hc

324,  hf=hc/A=0.68eV. A =
f=hes T 0.68eV
_ (4.14x10 % eV-5)(3.00x 108 m/s)

0680l = 1.83x10°%m = 1830nm (infrared)

3-25. (a)
hf=hc/A=047¢V.
he  (4.14x1075eV-5)3.00x10%m/s)

A= = = 2.55x107m = 255nm
4.87eV 4.87eV

(b) It isthe fraction of the total solar power with wavelengths less than 255 nm, i.e., the area
under the Planck curve (Figure 3-7) up to 255 nm divided by the total area. The latter
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Chapter 3 - Quantization of Charge, Light, and Energy

(Problem 3-25 continued)
iSR=0T*= 5.67x10W/m?-K* (5800K)* = 6.42x107 W/m?. Approximatingtheformer

with u(A)AA with A = 127nm and AA = 255nm:

8mhe(127x10°m)>

(255%x107%m) = 1.23x107*J/m?>
ehc/kT(127XIO'9)_ 1

u(127nm)(255nm) =

R(0-255nm)

R(0-255nm) = £(1.23x1074J/m3) =»
4 R

_ (3.00x 108m/s)(1.23 x1074J/m3)

fraction = 1.4x107*
(4)(6.42x10" W/m?,

326, (a) A = ¢ - 1240eVmm _goqpy  po B 19eV. _ 450x10% Az
¢ 1.9eV h 4136x10 Bel-s
(b) Vozl E_d) _ 1 M_I.Qelf =223V
e\ A e 300nm
© Vozl E_q) _ 1 1240eVmm _ o | - 1201
el A e 400 nm
_ . . _ dn,,. dE _
3-27. (@) Choose A =550 nmfor visiblelight. nhf= E = Ehf_ 7 P

dn_ P _ PA_ (0.05x100)(550x10°m) _ | 3q. 1019/
dt  hf hc  (6.63x1073J-5)3.00%103m/s)

. P 19
(b) Auex - number radiated / unit time _ 1.38x107/s _ 275% 101 /m2 s

area of the sphere 4m2m?
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Chapter 3 - Quantization of Charge, Light, and Energy

328. (@) hf= ¢ - f,= %z

4.22eV
4.14x10 BeV-s

= 1.02x10" Hz

8
(b) F= c/h= 30010 mls _ 536,104 No.

560x10°m

Available energy,/photon Af = (4.14x10 B ev-s5)(5.36x 10 Hz) = 2.22¢V

Thisislessthan ¢.

_hc 1240 eV-rm

329. (@ E=""=""""""7=124x10%eV

3-30.

A 0.1 nm

. 6
(b) E= e 1240eVenm  10°fm _ 4 545109V = 1.24GeV
A 1fm 1nm

(C) E = hf= (4.14x10 B eV-5)90.7x 108 Hz) = 3.75x1077 eV

Using Equation 3-36,

1
M o5 - B[ ___c | o
e| 435.8x10°m e
2
@ gag - B[ | ¢
e\ 546.1x10°m) e
Subtracting (2) from (1), 057 = he 1 1
' e1079\ 435.8 546.1

Solving for hyields: h = 6.56 x 10 * Js. Substituting h into either (1) or (2) and solving for
d/eyieds: ¢p/e=1.87 eV. Threshold frequency is given by hf/le= gle or

-19
£ (Q)(%) ) (1.87eV)(1.60;<410 C) _ 457x10"Fs
e 6.56x10734J 5
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Chapter 3 - Quantization of Charge, Light, and Energy

3-31.

3-32.

3-33.

3-34.

3-35.

-34 1. 8
£ ke (60)(6.63x10%4)-5)3.00x10 m/s) _ o 1710017
550x10°m
(@ ¢ = 1c - 120eVmm 50,y (b) B, = BC-¢ = 12806V mm 600y 20300
A 653 nm A 300nm

Equation 3-31: A,- A, = AA= l(l - cos6
mc

(6.63x1073*J-5)(1 - cos135°,
(9.11x10731 kg (3.00x 108 m/s)

AA= = 414x10°2m = 4.14x103 nm

-3
A_A X 100 = 4.14x107° nm
0.0711 rm

x 100 = 5.8%
1

1.24x10° ; 1.24x10°

Equation 3-30: A, = m=—"——=0.016nm
v 80x10° V
. -34 1.
p=h_he g o 1280eVimm gy, o 663XI0T TS 66 102 kg mis
A Ac c(400nm) 400%x10°°m
. -34 1.
(b) p- 220V mm _y saxioteric - SO3XTTS 6 63102 kgemis
c(0.1nm) 0.1x10°m
. 34 7.
(©) p= 1230eVmm 4 14x105epse = 8O3 MOTTS 5 o110 kgomis
c(3x10"nm) 3x1072m
: 34 7.
d) p = 1280eVmm _ ooepsc = S63X NS 33951025 kgemis
c(2nm) 2x107°m
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Chapter 3 - Quantization of Charge, Light, and Energy

(6.63%x10734J+5(1-cos110°,

336, A,-A = 1-cosb = - 326x10"2m
mc (9.11x10731 kgy(3.00 x 108 m /s,
-34 7, 8
= he | _(663x107 310 iy 4qgn,,
E,  0.511x10%¢V)(1.60 x1071°J/ eV

Ay= A +326x1072m = (2.43 + 3.26)x10 2m = 5.69%10 2 m

E = % - 1230eVinm 5 (e 105 eV = 0218 MeV
2

2 5.69% 102 nm

Electron recoil energy E, = E, - E, (Conservation of energy)
E,= 0511 MeV - 0218 MeV = 0.293 MeV. Therecoil €l ectron momentum makesan angle 6

with the direction of the initial photon.

n/A,

n/A,

)hi c0s20° = p_sin® = (1/cy E* - mc?’ sin® (Conservation of momentum)
2

(3.00x 108 m/5)(6.63 x 10734 J-s) c020°
(5.69x1072m)((0.804 MeV)? - (0.511 MeV}2**(1.60 x 10~ B J/MeV

sin©@

0.330 or 6 = 19.3°

337. AA=A-A = Ah= % 1-cosb = 0.01A, Equation 3-31
mc

A, = (100)" 1 - cosB) = (100)(0.002437m)1 - cos90° = 0.243 nm
mc
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Chapter 3 - Quantization of Charge, Light, and Energy

1240eV-nm
0.0711nm

1.747x10% eV

338, (9 E, = 1€
A'1

(b) A, = A, + 1 - cosb,
mc

0.0711 + (0.00243 nm)(1 - cos180°) = 0.0760nm

1240eV-nm

c E
© £, 0.0760 nm

% = 1.634x10*eV  (d) E,= E,- E, = 1.128x10° eV
2

-3
339, AA= " 1-cosB - cosB=1-"CAr=1-020xX107mm _hee1 . g=-283°

mc h 0.00243 nm

3-40. A=A+ L(l—cose) = 0.0711nm + (0.00243nm)(1-cos0)
mc

0,0/720 4 0 1-cos® | A, (nm)
0.0730—- 0 0 0.0711
0.0710-F 45° 0.293 0.0718
" 90° 1 0.0735
0 \1 lZ 135° 1.707 0.0752

(1-cos6)

(0.0745 - 0.0720,nm
(1.50 - 0.45,

Slope = 2.381x1073

- ah- (2.381x103nmy(9.11 x 10731 kg)(3.00x 108 m/s) = 6.51x10734 -5

mc
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Chapter 3 - Quantization of Charge, Light, and Energy

3-41. (@) Compton wavelength = h
mc
h 6.63x1073%J-s

eectron: — =

= 2.43x102m = 0.00243nm
me (9.11x1073 kg)(3.00 x 108m/s)

h 6.63x10734J 5

proton: — = = 1.32x10%m = 1.32fin
me  (1.67x107%7kg)3.00 x 108 m/s)
b E= ¢ () dectron: £ = 12306V _ 5 162105 = 0.510MeV
py 0.00243 nm
(ii) proton: E = 1230V mm g 39,108V = 939 MeV
1.32x107%nm

342. (d)eVy= hf-b= hc/r—d

e(0.52V) = hc/450nmy- ¢ (i)

e(1.90V) = he/300nm,- ¢  (ii)

Multiplying (i) by 450 nm/e and (ii) by 300 nm/e, then subtracting (ii) from (i) and re-
arranging gives

Q _ ((300nm)(1.90V)-(450nm)(0.52V7), 9940V
e 150nm

(b) —1C e(300x107°m)(4.14V) _

=190+224=» h = = 6.63x10734J-5
e(300nm) (3.00x 108 m/s)
3-43. Fy = e& = may-) a,= e&/m (constant) t=x/u, u,=at = e&x,/mu,
u o e&x,
For small 8, 0 =tanB = —2 Substituting for u,, 6 = .
uy mx;
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3-44. Including Earth’s magnetic field in computing y,, Equation 3-6 becomes

2
y:£B2x1x2+lBEBx2
2 m| & 2 &

where the second term in the brackets comesfromF, = euB, = ma, and

2

2
B*x,x, . B, Bx,

1 Thefirst term inside the brackets is the
& Y, 2 & Yy

a2 Thus, 1 = £
m

y:

N | =

reciprocal of 0.7x 10 C/ kg, Thomson' svaluefor em. Using Thomson's data (B = 5.5x10°*
T, & =1.5x10* V/m, x, =5 cm, y,/x, = 8/110) and the modern value for em = 1.76x10" C/kg
and solving for Bg:

1 ByBx;
2 Ey,

= -8.20x10™"2, The minus sign meansthat B and B. are in opposite directions,

which iswhy Thomson’s value underestimated the actual value.

_ -12 4 2
B, - (8.20x107%)(2)(1.5x10* V/im)8 /110y" _ S3.0x105T = 31T
(5.5%107*7)(8x1072m,

3-45. Calculate 1/ to be used in the graph.

1/4 (10°/m) 5.0 33 25 2.0 17
Vo (V) 4.20 2.06 1.05 0.41 0.03

5

4

3

Vo(V)

—_ N

! 1
N
—

1/ (10°)
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(Problem 3-45 continued)

3-46.

(a) The intercept on the vertical axisisthe work function ¢. ¢ =2.08 eV
(b) The intercept on the horizontal axis corresponds to the threshold frequency.

1

— = 1.65%10%/m
A't

f,= — = (3.00x10%m/s)(1.65%10%/m) = 4.95x10'"* Hz

<
A'l‘
(c) Thedlope of thegraphish/e. Usingthe vertical intercept and the largest experimental point,

h

e

AV, 420V - -2.08V,
A1/Xy  (3.00%x10%m/sy5.0x10%/m - 0,

-1 = 4.19%x10 5 eV/Hz
C

Inthe center of momentum reference frame, the photon and the el ectron have equal and opposite
momenta. p, = Ey/c = -p,.

e

. _ 2 2 2 41/2_ 2 2 41/2
Thetotal energyis: E + E, = E + p,c*+m=cy "= E + E'+ m°c”) .

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

energy requiresthat the final state energy E' is

E'= EY+ Ee mc2 = Ey+ [p2c2+ (mc2)2]1/2
me?-E, = p2c?+ me22? = By + (mcz)z]l/2 Squaring yields,
mc2}-2mcE + E} = E; + mc*} - mc?E, = 0. Thiscan be true only if E, vanishes

identically, i.e., if thereis no photon at all.
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3-47. Braggcondition: mA = 2dsin®. A = (2)(0.287m)(sin20°) = 1.92x1071%% = 0.192 nm This
is the minimum wavelength 1., that must be produced by the X ray tube.

3 3
s = 124x10°, yo 120007 o110V = 647 kY

or
" 14 0.192

3-48. (a) E= (100W)(10%*s) = (100J/s)(10*s) = 106J
6
E__ 10V _333%103/-s/m

The momentum p absorbedis p = —
¢ (3.00x108m/s)

b
®) Ap = my~v, = (2><10'3kg)(vf—0) = 33%x1073J-s/m
o= 3.33x1073J s/m

' = 1.67ml/s
2x1073kg

2x1073kg)(1.67 mls)?
2

1 2 -3
C)E =—mv, = = 278x107°J
(©) Ey T

The difference in energy has been (i) used to increase the object’s temperature and (ii)
radiated into space by the blackbody.

3-49. Conservation of energy: E, + mc* = E,+ E,+ mc* . E,= E,-E, = hf,- hf,

From Compton’s equation, we have: A,- A, = L(l—cose) thus 1.1 La—cose)
mc 5 fi me?
2
mc
1.1, L(l—cosﬁ) o fy= /
5Ho fi me? me?+ hf,(1-cosB)

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

hfmc? _ hfmc? + (hf)2(1—cos6)—hfmc2= hf
me?+ hf(1-cos0) mc?+ hf(1-cosB) 1+ mc?
(hf(1-cos0),

E, = hf-
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(Problem 3-49 continued)

3-50.

3-51.

E, has its maximum vaue when the photon energy change is maximum, i.e., when6 = & so
cos@=-1. Then hf

E=-_"
* 1+mc2

2hf

_ 2.898x1073mK
82.8x10°m

= 3.50 x10*K

(@ A, T=2898x103mK - T

u(70nm) _ (70nm)—5/(ehc/(70nm)kT_1)

(b) Equation 3-24.
u(82.8nm)  (82.8nm)S /(ehe/ E2OKT_1,

he (6.63 x10734.J-5)3.00 x 108 m/s)

where = = 5.88 and
(70mm)kT  (70x1077m)(1.38x 1072 J/K)(3.5x 10*K)
-5 5.88 _
_he  _4o9 u(70nm) _ (0mm)>/e>®-1) _ g
(82.8mm)kT u(82.8nm) (82.8nm)'5/(e4-97— 1

u(100mm) _ (100mm)>/e*?-1,
u(82.8nm)  (82.8nm)>/e*7-1,

Similarly, = 0.924

Fraction of radiated solar energy inthevisibleregion of the spectrum isthe areaunder the Planck
curve (Figure 3-7) between 350 nm and 700 nm divided by the total area. Thelatter is6.42x10’
W/m? (see solution to Problem 3-25). Evaluating u(A)AA with A = 525 nm (midpoint of
visible) and AA = 700 nm - 350 nm = 350 nm,

-34 1, 8 -5
u(A)AM = 87(6.63 x107""J-5)3.00x 10" m/s)(525 nm)">(350nm) _ 0.389./m>

(6.63x10734J-5)3.00x108m/sy | _ 1
(1.38 1072 J/k) (5800 K) (525 nm)

R(350 - 700) = %u = (3.00x 108 m/s)(0.389J/m3)/4 = 2.92x 107 Wim>

Fractioninvisible= R(350 - 700)/R = (2.92x10" Wim?/6.42x 10" Wim?, = 0.455
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3-52. (a) Makeatableof f= c/A vs. V),

f (x10*Hz) | 11.83 | 9.6 822 | 741 6.91
V, (V) 2.57 167 | 1.09 | 0.73 0.55

24 7 Prae f (x10" HZ)

@

}

\
\

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

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

_(_ -19
h _ 257V-(-2407) or i = (4.977)(1.60x10°°C) _ 6.89x10-* /s
e 11.53x10“Hz-0 11.53x 10 Hz

(c) The dope is the same for all metals. Draw aline paralel to the Li graph with the work
function (vertical intercept) of Pb, ¢ = 4.14 eV. Reading from the graph, the threshold
frequency for Pb is 9.8x10™ Hz; therefore, no photon wavelengths larger than
A= c/f,= (3.00x10%m/s)(9.8x 10" Hz) = 306 nm will causeemission of photoelectrons

from Pb.
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3-53.

-5
(a) Equation 3-24: u(A) = —S™PCA” | ingC = 8mhc and a = he/kT
ehc/)»kT_ 1
ives u(h) = —CA
9 ea/)._
b du_4d Chs |, ol AP CDe -ad?) | 546
dr  dMA|levr -1 e -1} Y
-6 -6 a/\
e“*-1, e -1,

The maximum corresponds to the vanishing of the quantity in the brackets. Thus,
S5AMl-e M= q.

(c) Thisequationismaost efficiently solved by trial and error; i.e., guessat avaluefor a/A inthe
expression 5A(1-e~“* = a, solvefor abetter value of a/A; substitute the new valueto 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 -2 = 4965114 = _ "¢
A A kT
he _(6.63x1073%J-53.00 x 108 m/s)

(d) A,T-= -
4965114k 4.965114)1.38x 107 BJ/K,

Therefore, AmT= 2.898x103m-K Equation 3-11

p 1w ( 1 = 4.97x10YeV/m?-s

(@ 1= =
4nR?  Amim?\ 1.602x10"YCJeV

(b) let the atom occupy an area of (0.17nm)?.

‘;—V:’ = I4 = 4.97% 107 eV/m?-5)(0.1nm)*(10"° m/inm)* = 4.97x1073eV/s
- @ 2¢V 4035 - 6.71min

CdW/dt 497x103eVs

70



Chapter 3 - Quantization of Charge, Light, and Energy
3-55. (@) The nonrelativistic expression for the kinetic energy of the recoiling nucleusis

E, - p* _ (15MeVic}

_ lu
2m 2x12u

931.5MeV/c?

= 1.10x10%eV

Internal energy U = 15MeV-0.0101 MeV = 14.9899 MeV

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

lu
931.5 MeV/c?

P (14.98MeV/c)2(

= 1.00x102eV
2m 2x12u

E = U-E, = 149899 MeV - 0.0100MeV = 14.9799 MeV

3-56. Derived in Problem 3-47, the electron’ s kinetic energy at the Compton edgeis

_ hf
E, -
1+ mc?/2hf
2
E, = 520keV = hy . 520kev = — 2"
1+ (511keV)/2hf 2hf+ 511keV
Thus, (A1) - 520(Ahf) - (520)(511)/2= 0

2 12
Solving with the quadratic formula if = 220£1(520)" + (22)(520)(5 LI - 708 kew (only
the + sign is physically meaningful). Energy of the incident gammaray hf = 708 keV.

%= 708keV ~ A

-34 7, 8
_ (6.63x107%J-5)3.00 x10°mls) _ | 2 10-12,, 1.76 pm
(708keV)(1.60x 10" 6 J/ke

3-57. (a) E = 50keV and A, = A+ 0.095nmhc  hc

4
he - soxiotey - L. 1 5.0x10%V
Ao A A+ 0.095 he

2A-1 + 0.095 _ 5-0X1046V
AT+ 0.0954, he
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(Problem 3-57 continued)

2hc 5 - (0.095nm)hc _

0
5x10%V ) 5x10%V

A2+ 0.095nm -

AT+ 0.0453214, - 2.35%x107% = 0

Applying the quadratic formula,

o _ 0.04532(0.045327 + 42.3598x 101"
-
2

A, = 0.06189nm and A, = 0.08139nm

hc  1240eV-nm

(b) E, = — = ————— = 20.04 keV
A, 0.06189nm
358 Letx= - =  inEquation 3-21:
kT kT
» fi=Ay e =Ae’ e+ e @4 = Al yry2eydeey =]
n=0 n=0

wherey =e*. Thissumistheseriesexpansionof (1-y, 1 ie, 1-yyl=1+y+y2+yp3+ ...

Theny f, = 4(1 -y, 1 =1 givesA = 1-y. Writing Equation 3-22 in terms of x and y:

_En/kT:A > nhfe'"hf/kT=Ath ne "*
n=20

0 n=0

Note that Ene"’”‘= —(d/dX)Ee_nx. But Ee_nx = (l—y)‘l,sowehave

-nx d -nx d -1 -2 dy -2
= - = - — ]_— = 1— — = 1_
y he dxze | Y) (1= ( ; ) Y=y
since & _de? —-e * = —y. Multiplying this sum by hf and by A = (1-y), the average
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(Problem 3-58 continued)

energyis E= hfd 5 ne ™ = hf(1-y)y(1-y)? - lhfy _ Hfe”
n=0 -y 1-e™

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

E- 1

——~— whichis Equation 3-23.
e W/KT_ 1
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