Chapter 38

1. Let R be the rate of photon emission (number of photons emitted per unit time) of the
Sun and let E be the energy of a single photon. Then the power output of the Sun is given
by P = RE. Now

E = hf = hc/\,

where h = 6.626 x 10* J's is the Planck constant, fis the frequency of the light emitted,
and A is the wavelength. Thus P = Rhc/A and

e Bom@oxi0*wh
“he B63x1077-sHB998 x 10° m /s

h: 1.0 x 10* photons/ s.

2. We denote the diameter of the laser beam as d. The cross-sectional area of the beam is
A = td */4. From the formula obtained in Problem 38-1, the rate is given by

WP 4(633nm)(5.0x10° W)

he(nd® 14) 7(6.63x10 %1 -5)(2.998x10° m/s)(3.5x107 m)’

R

A
=1.7x10* photons/m*-s.

3. The energy of a photon is given by E = hf, where 4 is the Planck constant and f'is the

frequency. The wavelength A is related to the frequency by Af = ¢, so E = hc/A. Since h =

6.626 x 107* J-s and ¢ = 2.998 x 10° m/s,

B626x10* 1 -slB998x10°m/sN

c= 1 E.=1240eV -nm.
C602x10™"° 3 /eVID™ m/nmN
Thus,
£ 1240eV-nm.
A
With

L =(1,650,763.73)"' m=6.0578021 x 10" m = 605.78021 nm,

we find the energy to be
£ _ he _ 1240eV-nm

= =2.047¢eV.
A 605.78021nm
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4. The energy of a photon is given by E = hf, where 4 is the Planck constant and f'is the
frequency. The wavelength A is related to the frequency by Af = ¢, so E = hc/A. Since h =
6.626 x 107" J-s and ¢ = 2.998 x 10° m/s,

B626x10J-slB998x 10°m/sN

he = i i =1240eV - nm.
Cs02x10" 7 /eVIT* m/nmN
Thus,
e 1240eV-nm'
A
With 4=589 nm, we obtain
:E: 1240eV -nm —211eV.

A 589nm

5. (a) Let E = 1240 eV-nm/Ami, = 0.6 eV to get L =2.1 x 10° nm = 2.1 zm.
(b) It is in the infrared region.

6. Let

_mev = Ephoton = 7

and solve for v:

e 2hc | 2hc RN 2hc
Am, Am,c’ k@eczl )
2[240ev - nmQ

= (3998 x10° m/sN L =86x10°m/s.
Co98> msd@()nm@nxlo%vh s

Since v <« ¢, the non-relativistic formula K =%mv2 may be used. The mec® value of
Table 37-3 and hc=1240eV -nm are used in our calculation.

7. (a) Let R be the rate of photon emission (number of photons emitted per unit time) and
let E be the energy of a single photon. Then, the power output of a lamp is given by P =
RE if all the power goes into photon production. Now, E = hf = hc/A, where h is the
Planck constant, f'is the frequency of the light emitted, and A is the wavelength. Thus

P= Rhe = R= AP .
A he
The lamp emitting light with the longer wavelength (the 700 nm infrared lamp) emits
more photons per unit time. The energy of each photon is less, so it must emit photons at
a greater rate.
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(b) Let R be the rate of photon production for the 700 nm lamp. Then,

_AP_ @)0nm@20] / Sg 5 1.41x 10" photon/s.

R="2 =
he G)60x10‘1"J/evm)z40eV-mng

8. (a) The rate at which solar energy strikes the panel is

P =39 kW/m* [B60 m* 3 3.61 kW.

(b) The rate at which solar photons are absorbed by the panel is

' P _ 3.61x10°'W

E, (6.63x107J-5)(2.998x10° m/s)/(550x10” m)
=1.00x10* photons/s.

(c) The time in question is given by

N, 602x10”

= =60.2s.
R 100x10%/s

9. The total energy emitted by the bulb is £ = 0.93P¢, where P = 60 W and
=730 h = (730 h)(3600 s/h) = 2.628 x 10°s.

The energy of each photon emitted is Eyn = hc/A. Therefore, the number of photons
emitted is

E 093Pt o3 w@s28x10°sN

E, he/k ©63x107J-s[B998x10° m/s[AG30x10” m

N = 1= 4.7%x10%,
N

10. Following Sample Problem 38-1, we have

Rhe _ Do/ s@63x 10715998 x 10° m/sh: g

P = i
A 550x10~” m

x107" W.

11. (a) We assume all the power results in photon production at the wavelength
A=589 nm. Let R be the rate of photon production and E be the energy of a single
photon. Then,

P = RE = Rhc/h,
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where E = hf'and f' = c/A are used. Here 4 is the Planck constant, f'is the frequency of the
emitted light, and A is its wavelength. Thus,

AP B9 x10” mHDow(
“he ©B63x10°1-sIB00x10°m/s

h: 2.96 x10% photon /s.

(b) Let I be the photon flux a distance » from the source. Since photons are emitted
uniformly in all directions, R = 4n7*] and

20
e R _ 2.96><104 photon/s2 4.86%107 m.
4rl 47r(1.00><10 photon/m -s)
(c) The photon flux is
20
I R - 2.96 x10”" photon /s 5805 10" ph(;ton.
4y 4700m{ m’-s

12. The average power output of the source is

_AE 720

) = =3.6nl/s=3.6x10" J/s=2.25x10" eV/s
At 2s

Since the energy of each photon emitted is

E, :E:124OeV~nm:2'07eV,
P 600 nm

the rate at which photons are emitted by the source is

10
_2.25x107 eV/s _ 1.09x10'"° photons/s.

2.07 eV

P

_ 7 emit

emit
E

ph

Given that the source is isotropic, and the detector (located 12.0 m away) has an
absorbing area of 4, =2.00x10° m” and absorbs 50% of the incident light, the rate of

photon absorption is

2.00x107° m?

A
R, =(0.50)—-R >
4rr 47(12.0 m)

=(0.50) (1.09 X 101°ph0t0ns/s) = 6.0 photons/s.

emit

13. The rate at which photons are absorbed by the detector is related to the rate of photon
emission by the light source via
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s = (0. 80) Ao Remlt'

Given that 4, =2.00x10"° m’ and » =3.00 m, with R, =4.000 photons/s, we find the
rate at which photon is emitted to be

R - 4rr? R - 47(3.00 m)>
M0.80)4, ™ (0.80)(2.00x107° m?)

abs

(4.000 photons/s) = 2.83x10° photons/s .

Since the energy of each emitted photon is

E, :E:124OeV~nm:2'4geV’
) 500nm

the power output of source is

P

emit

=R_E (2 83x108photons/s)(2 48eV)=7.0x10° eV/s=1.1x107"" W.

emit™~ph

14. The rate at which photons are emitted from the argon laser source is given by R =
P/E,n, where P = 1.5 W 1s the power of the laser beam and Ep, = Ac/A is the energy of
each photon of wavelength A. Since = 84% of the energy of the laser beam falls within
the central disk, the rate of photon absorption of the central disk is

_ P _ ~Ese@Ppwg _
he/h @B63x10°7-slB998x10° m/s[ABI5x10° ml
=3.3x10" photons/s.

R'=

15. The speed v of the electron satisfies

Kmax :% =7 @ tm/ Cg Ephoton -

Using Table 37-3, we find

2 photon

_q)l
v=c —:@998x108m/sv

H2®80ev ~450evJ

. . L 676%x10°m/s.
m,c 511x10°eV

16. The energy of the most energetic photon in the visible light range (with wavelength of
about 400 nm) is about £ = (1240 eV-nm/400 nm) = 3.1 eV (using the vlue sc = 1240
eV-nm). Consequently, barium and lithium can be used, since their work functions are
both lower than 3.1 eV.
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17. The energy of an incident photon is £ = hf = hc/A, where h is the Planck constant, f'is
the frequency of the electromagnetic radiation, and A is its wavelength. The kinetic
energy of the most energetic electron emitted is

Ky = E—® = (he/)) — @,

where @ is the work function for sodium. The stopping potential ¥y is related to the
maximum kinetic energy by eV = K, so

eVo=(hc/\) — D
and

hc  1240eV-nm 170 nm.

A = -
eVy+® 50eV+22eV

Here eVy=5.0 eV and hc = 1240 eV-nm are used.

18. We use Eq. 38-5 to find the maximum kinetic energy of the ejected electrons:

K. =hf —®=@14x10"ev-sfB0x10° Hz 23eV = 10eV.

19. (a) We use the photoelectric effect equation (Eq. 38-5) in the form Ac/A = © + K,
The work function depends only on the material and the condition of the surface, and not
on the wavelength of the incident light. Let A; be the first wavelength described and A, be
the second. Let K,,; = 0.710 eV be the maximum kinetic energy of electrons ejected by
light with the first wavelength, and K,, = 1.43 eV be the maximum kinetic energy of
electrons ejected by light with the second wavelength. Then,

%:®+Kml, %:(D+Km2.

1 2

The first equation yields @ = (hc/A1) — K,,1. When this is used to substitute for @ in the
second equation, the result is

(l’l()/?\,z) = (hC/?\q) — Kml + sz.
The solution for A, is

5 hch, B (1240V -nm)(491nm)
2 he+A (K, ,—K,,) 1240eV-nm+(491nm)(1.43eV—-0.710eV)
=382nm.

Here /ic = 1240 eV-nm has been used.
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(b) The first equation displayed above yields

_he _p _1240eVenm oo 0 o180 eV

CD ml
A, 491 nm

20. We use Eq. 38-6 and the value 4c = 1240 eV-nm:

K -E E_ he :12406V-nm_1240eV~nm

max — “~photon D= =1.07eV.
AA 254nm 325nm

21. (a) The kinetic energy K,, of the fastest electron emitted is given by
Ky = hf— ® = (he/)) — D,

where @ is the work function of aluminum, fis the frequency of the incident radiation,

and A is its wavelength. The relationship /' = ¢/A was used to obtain the second form.
Thus,
K - 1240eV -nm

; ~420eV=2.00 ¢V,
200nm

where we have used ic = 1240 eV-nm.
(b) The slowest electron just breaks free of the surface and so has zero kinetic energy.
(c) The stopping potential Vj is given by K,, = eV, so
Vo= Ku/e=(2.00 eV)/le=2.00 V.
(d) The value of the cutoff wavelength is such that K,, = 0. Thus, hc/A = @, or
A =hc/® = (1240 eV-nm)/(4.2 eV) = 295 nm.

If the wavelength is longer, the photon energy is less and a photon does not have
sufficient energy to knock even the most energetic electron out of the aluminum sample.

22. To find the longest possible wavelength A (corresponding to the lowest possible
energy) of a photon which can produce a photoelectric effect in platinum, we set Ki.x = 0
in Eq. 38-5 and use if = hc/A. Thus hc/hmax = ©. We solve for Apay:

A :@: 1240eV -nm 233 nm.
(6] 532 nm

23. (a) We use Eq. 38-6:
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y =0 _he/n-o _[D40ev-om/400nm{18ev

stop

=13V.

e e e

(b) The speed v of the electron satisfies
Kmax = %mevz = %@ecz [m/ Cg: Ephoton - (I)

Using Table 37-3, we find

2(Epoen —P)  [2e, 2eV .
v= (B ):\/ e =c\/ _— =(2.998x10°m/s) 2el13V) 33V)
m m m,c 511x10°eV

e e

=6.8 x10° m/s.

24. Using the value hc = 1240 eV-nm, the number of photons emitted from the laser per
unit time is

P 200x107° W
E, (1240 ¢V-nm/600 nm)(1.60x10™" J/eV)

=6.05%x10" /s,

of which (1.0 x 107'%)(6.05 x 10"/s) = 0.605/s actually cause photoelectric emissions.
Thus the current is

i =(0.605/s)(1.60 x 107" C)=9.68 x 10" A.

25. (a) From » = m.v/eB, the speed of the electron is v = rBe/m,. Thus,

K l}')1 VZ —lm rBe 2 _ (I,B)262 _ (188)(10_4 T’m)2(1.60><10_19 C)z
max 2 e 2 e m, 2me 2(9.11X10—31 kg)(160><10719 J/eV)
=3.1keV.

(b) Using the value hc = 1240 eV-nm, the work done is

1240 eV-nm

boton — K = ———————3.10 keV =14 keV.
P 71x107> nm

W=E

26. (a) For the first and second case (labeled 1 and 2) we have
€V01:hc/7\,1—®, eVOZth/Xz—CD,

from which 4 and @ can be determined. Thus,



_e(n-n) _ 1.85eV—0.820eV
e(2'=2') (3.00x10" nnws)[ (300nm) '~ (400nm) |

(b) The work function is

o 304k, =Vik)) _ (0820 eV)(400 nm) — (185 eV)(300 nm)
A=A, 300 nm— 400 nm

(c) Let @ = hc/Amax to obtain

A :K: 1240 eV-nm:545 L
()] 227 eV

27. (a) The x-ray frequency is

8
f= % _ 2'39595 Xllglzm/ > -857x10" Hz.
U X m

(b) The x-ray photon energy is
E=hf =(414x107" eV-5)(8.57x10" Hz) =355x10* eV.
(c) From Eq. 38-7,

_h 6.63x107*J-s

p_x_mzl.@xloﬁ kg-m/s=35.4keV/c.

=4.12x10" eV -s.

=227 eV.

1497

28. (a) The rest energy of an electron is given by £ = mc”. Thus the momentum of the

photon in question is given by

2
E mc

p=—=—""—=mc=(9.11x10"" kg)(2.998x10°m/s) =2.73x 10> kg-m/s
c

c
511 MeV/e.

(b) From Eq. 38-7,

—34
b OOXA0T TS 430107 m=2.43 pm.
p 273x107 kg-m/s

(c) Using Eq. 38-1,

8
p=C 2980 mIs 100 e
L 243x10" m
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29. (a) When a photon scatters from an electron initially at rest, the change in wavelength
is given by
AL = (h/mc)(1 — cos @),

where m is the mass of an electron and ¢ is the scattering angle. Now, h/mc = 2.43 x 102
m = 2.43 pm, so

AL = (h/mc)(1 — cos @) = (2.43 pm)(1 — cos 30°) = 0.326 pm.
The final wavelength is
AM'=A+AAL=24pm+ 0.326 pm=2.73 pm.
(b) Now, AL = (2.43 pm)(1 — cos 120°) = 3.645 pm and
A'=2.4pm + 3.645 pm = 6.05 pm.

30. (a) Eq. 38-11 yields

AN = L(l —cos@) =(2.43 pm)(1—-cos180°) = +4.86 pm.
m,c

e

(b) Using the value /¢ = 1240 eV-nm, the change in photon energy is

!

he he ( 1 1

AE =———=(1240 eV-nm) - =—-40.6 keV.
AA 0.0l nm+4.86 pm 0.01 nm

(c) From conservation of energy, AK = — AE =40.6 keV.

(d) The electron will move straight ahead after the collision, since it has acquired some of
the forward linear momentum from the photon. Thus, the angle between +x and the
direction of the electron’s motion is zero.

31. (a) The fractional change is

86 _sthery (1) p(LL)k
E hel/ '\ A AA

1 1
CMAL+L (M) (I—cosg) 41

IfA=3.0cm=3.0 x 10" pm and ¢= 90°, the result is
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AE__ = 1 ——=-8.1x10"" =-8.1x10” %.
E (3.0x107" pm/2.43pm)(1—c0s90°) " +1

(b) Now A = 500 nm = 5.00 x 10° pm and ¢=90°, so

AE__ - ! ——=—4.9x10"=-4.9x10"" %.
E (5.00x10° pm/2.43pm)(1—c0s90°) " +1

(c) With A =25 pm and ¢=90°, we find

AE__ : = 89x107 =—8.9 %.
E (25pm/2.43pm)(1-c0s90°)™ +1

(d) In this case,

A= hc/E = 1240 nm-eV/1.0 MeV = 1.24 x 10~ nm = 1.24 pm,
SO

AE__ ! —————0.66=—66 %.
E (1.24pm/2.43pm)(1—c0s90°) " +1

(e) From the calculation above, we see that the shorter the wavelength the greater the
fractional energy change for the photon as a result of the Compton scattering. Since AE/E
is virtually zero for microwave and visible light, the Compton effect is significant only in
the x-ray to gamma ray range of the electromagnetic spectrum.

32. (a) Using the value hc = 1240 eV-nm, we find

pohe _1240mmeeV ) s 107 nm =243 pm.
E 0511 MeV

(b) Now, Eq. 38-11 leads to

AM=A+AL=LA +L(1 —cos¢) =2.43pm+(2.43pm)(1-c0s90.0°)
m,c

=4.86pm.

(c) The scattered photons have energy equal to

|
E'= E%k (0511 MeV) E‘fmk 0255 MeV.
86 pm

33. (a) Since the mass of an electron is m = 9.109 x 10! kg, its Compton wavelength is
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34
Ae == 0626310 TS _»426x10™ m=243 pm.
mc  (9.109 %107 kg)(2.998 x10° m/s)

b) Since the mass of a proton is m = 1.673 x 10" k , its Compton wavelength is
p g p g

A - 6.626x107* J-s
€ (1673x107 kg)(2.998 x 10 m/s)

=1321x10" m=132 fm.

(c) We note that hc = 1240 eV-nm, which gives £ = (1240 eV-nm)/A, where E is the
energy and A is the wavelength. Thus for the electron,

E = (1240 eV-nm)/(2.426 x 10> nm) =5.11 x 10° eV =0.511 MeV.
(d) For the proton,
E = (1240 eV-nm)/(1.321 x 10° nm) = 9.39 x 10% eV = 939 MeV.
34. Referring to Sample Problem 38-4, we see that the fractional change in photon energy

is
E-E AL (h/mc)(1—cos @)

n

E  AtAL (he/E)+(h/me)1—cosd)

Energy conservation demands that £ — E' = K, the kinetic energy of the electron. In the
maximal case, ¢= 180°, and we find

(h/mc)(1—cos180°) B 2h/mc
(he! E)+(h/me)1-cos180°)  (he/ E)+(2h/mc)

K
E
Multiplying both sides by £ and simplifying the fraction on the right-hand side leads to

2
K:EQ 2/ mc k 2E .
cVE+2/me mec |2+ E

35. (a) From Eq. 38-11

=" (1- cosg) = (243 pm)(1 - c0s90°) = 243 pm .
m.c

(b) The fractional shift should be interpreted as AA divided by the original wavelength:

Ak _2425pm 4106,

A 590 nm
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(c) The change in energy for a photon with A = 590 nm is given by

~

hcj L hcAL

Al = A(T e

_(4.14x107" eV -5)(2.998 10" m/s)(2.43 pm)
(590nm)’

—-8.67x10°¢eV .

(d) For an x-ray photon of energy Ep,, = 50 keV, AA remains the same (2.43 pm), since it
is independent of Ejpp.

(e) The fractional change in wavelength is now

A AL (50x10° eV)(2.43pm)
A he/E,  (4.14x107°eV-5)(2.998x10°m/s)

=9.78x1072.

(f) The change in photon energy is now

1 1 AM
S /S
NS AL + AL T o

where o = AMA. With Ey, = 50 keV and o= 9.78 x 102, we obtain AE,, = —4.45 keV.
(Note that in this case a = 0.1 is not close enough to zero so the approximation AE,, =
heAM/A? is not as accurate as in the first case, in which a=4.12 x 10°°. In fact if one were
to use this approximation here, one would get AE,,, ~ —4.89 keV, which does not amount
to a satisfactory approximation.)

36. The initial wavelength of the photon is (using 4#c = 1240 eV-nm)

p = e _1240eV.nm _ o oo ne6 im
E  17500eV

or 70.86 pm. The maximum Compton shift occurs for ¢ = 180°, in which case Eq. 38-11
(applied to an electron) yields

| oml
A = ﬁ%m_mslgm) _ 406V3nm|k— (=1)) = 0.00485 nm
Lc 1x10° eV

where Table 37-3 is used. Therefore, the new photon wavelength is

A'=0.07086 nm + 0.00485 nm = 0.0757 nm.
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Consequently, the new photon energy is

_he _1240eVenm 0 10 eV = 164 keV .

A 00757nm

1

By energy conservation, then, the kinetic energy of the electron must equal
E'—-E=17.5keV -164keV =1.1 keV.

37. If E is the original energy of the photon and E’ is the energy after scattering, then the
fractional energy loss is
AE _E-E _ AA
E E A+AL

using the result from Sample Problem 38-4. Thus

A_kz AE/E _ 0.75 —3-300 %,
A 1-AE/E 1-0.75

A 300% increase in the wavelength leads to a 75% decrease in the energy of the photon.
38. The initial energy of the photon is (using 4c = 1240 eV-nm)

E:E_ 1240eV -nm

- =4.13x10° eV.
A 0.00300 nm

Using Eq. 38-11 (applied to an electron), the Compton shift is given by

a =" (1-cos #) = (1-cos90.0°) = L€ - 1240V nm

m,c m,c mc’ ~ 511x10°eV

e

=243 pm

Therefore, the new photon wavelength is
A'=3.00 pm + 2.43 pm = 5.43 pm.
Consequently, the new photon energy is

prohe _1240eVenm o o0 105 ey
A 0.00543nm

By energy conservation, then, the kinetic energy of the electron must be equal to

K, =AE=E-E'=4.13x10°-2.28x10° eV =1.85x10° eV ~3.0x107* J.
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39. (a) From Eq. 38-11,
A?\,ZL(I—COSQ).
m,c

e

In this case ¢ = 180° (so cos ¢ = —1), and the change in wavelength for the photon is
given by AL = 2h/m.c. The energy E’ of the scattered photon (with initial energy £ = hc/\)
is then

v he  E E 3 E
A+AN  1+AM/A 1+Qh/me)E/he) 1+2E/mc
= 20.0keV — 418keV .
1+2(50.0keV) /0.511MeV

(b) From conservation of energy the kinetic energy K of the electron is given by
K=E—-FE'=50.0keV —-41.8 keV =8.2keV.

40. The (1 — cos @) factor in Eq. 38-11 is largest when ¢ = 180°. Thus, using Table 37-3,
we obtain
hc o 1240MeV-fm

" (1-cos180°) =———— (1-(-1))=2.64 fm

A7\’max =
m 938MeV

4
where we have used the value hc = 1240 eV-nm =1240 MeV-fm.

41. The magnitude of the fractional energy change for the photon is given by

|AEph|:|A(hc/k)|:‘KAﬁkk§ o s
| Ep | | held | A+ ALIN L+ AL

where = 0.10. Thus AL = AF/(1 — f). We substitute this expression for AA in Eq. 38-11
and solve for cos ¢:

COS¢:1—EA7\,:1_ mchf —1- :B(mcz)
h h(1-p  (1-PE,
—1— (0.10)(511 keV)

T (1-010)(200keV)

716 .

This leads to an angle of ¢ = 44°.

42. (a) Using Table 37-3 and the value 4c = 1240 eV-nm, we obtain
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_h he 1240eV -nm —0.0388nm.

C\2m K Jame’k |[2(5110006V)(1000eV)

=l
p

(b) A photon’s de Broglie wavelength is equal to its familiar wave-relationship value.
Using the value sc = 1240 eV-nm,

XZE: 124OeV-nm:1.24nm.

E 1.00keV

(c) The neutron mass may be found in Appendix B. Using the conversion from electron-
volts to Joules, we obtain

h 6.63x107*J-s

_ _ =9.06x10" m.
J2m,K  \[2(1.675x107 kg)(1.6x107'°7)

43. The de Broglie wavelength of the electron is

h h h

A=—= =
p 2mK [2meV’

where V is the accelerating potential and e is the fundamental charge. This gives

_ h 6.626x107]J s
J2meV  [2(9.109x107 kg)(1.602x10™° C)(25.0x10° V)
=7.75x10"" m=7.75pm.

44. Using Eq. 37-8, we find the Lorentz factor to be

1 1

y = - ~7.0888.
JI=(v/e)  |1-(0.9900)’

With p =ymv (Eq. 37-41), the de Broglie wavelength of the protons is

h 6.63x107* J-s

= — S =1.89x107"° m.
ymv  (7.0888)(1.67x107" kg)(0.99x3.00x10° m/s)

1=

h
p

The vertical distance between the second interference minimum and the center point is

72 2)d 24
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where L is the perpendicular distance between the slits and the screen. Therefore, the
angle between the center of the pattern and the second minimum is given by

tanﬁzﬁzﬁ.
L 2d
Since A= d, tan@ ~ @, and we obtain

-16
o4 3080 M) g 0710 rad = (4.0x10°)°.
2d ~ 2(4.00x10° m)

45. (a) The momentum of the photon is given by p = E/c, where E is its energy. Its
wavelength is

:E: 1240eV -nm 1240 nm.
E 1.00eV

A
p

(b) The momentum of the electron is given by p =+/2mK, where K is its kinetic energy
and m is its mass. Its wavelength is

p 2mK
If K is given in electron volts, then
6.626x107*J s 1.226x10°m-eV"”  1.226nm-eV"?
}\J = = = .
J2(9.109%10 " kg)(1.602x10 " J/eV)K JK JK
For K=1.00 eV, we have
12
K=1.226nm eV 193 nm.
J1.00eV

(c) For the photon,

K—E— 1240eV -nm

7 " 100x10° V=1.24><10"6nm=1.24 fm.
00x107e

(d) Relativity theory must be used to calculate the wavelength for the electron. According
to Eq. 38-51, the momentum p and kinetic energy K are related by

(pc)* = K* + 2Kmc*.
Thus,

pe=\K> +2Kmc” :\/(1.00><109 eV) +2(1.00x10°eV)(0.511x10° V)

=1.00x10°eV.
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The wavelength is

}LZE:E—M:I.Mxloﬁnm:I.M fm.

p pc T 1.00x10°eV
46. (a) The momentum of the electron is

_34
p= L BOXNOT TS5y g2 g mys
A~ 020x10°m

(b) The momentum of the photon is the same as that of the electron:
p=3.3x10""kg-m/s.

(c) The kinetic energy of the electron is

: (3.3x10 kg - mis)
rop > g S)
©2m, 2(9.11x10""kg)

e

=6.0x107"*J=38eV.

(d) The kinetic energy of the photon is
K, =pe=CB3x10kg-m/slB998x10°m /s 99107 1 =6.2keV.

47. (a) The kinetic energy acquired is K = gV, where ¢ is the charge on an ion and V' is
the accelerating potential. Thus

K=(1.60x 10" C)(300 V) =4.80 x 107" J.
The mass of a single sodium atom is, from Appendix F,
m = (22.9898 g/mol)/(6.02 x 10 atom/mol) =3.819 x 10> g=3.819 x 10 *° kg.

Thus, the momentum of an ion is

p=+2mK = [26819x 10 kgl®80x 10" J[¥191x 10 kg m /s

(b) The de Broglie wavelength is

34
gl 6.63x107s 4 e 10 m,

» 1.91x10kg-m/s
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48. (a) Since K=75MeV < mc’ :4@32M6Vg we may use the non-relativistic
formula p =,/2m, K. Using Eq. 38-43 (and noting that 1240 eV:nm = 1240 MeV-fm),

we obtain

Lk he 1240 MeV - fn

P mcK lel&l@sl.SMeV/u@SMevg: >2im

(b) Since 4 =52fm < 30fm, to a fairly good approximation, the wave nature of the «
particle does not need to be taken into consideration.

49. If K is given in electron volts, then

_h__h 6.626x107J-s _1.226x10m-eV'"
P N2mK  [2(9.109x107 kg)(1.602x10 ° J/eV)K JK
_1.226nm-eV'"”

K

where K is the kinetic energy. Thus,

Lyl I2 R I2
K= Efyizmn eV k: l'l:;'TQi 26nm- eV k: 432x10°eV.
A 590 nm

50. (a) We need to use the relativistic formula

p= (E/c)z—mfczzE/czK/c
(sinceE>> mecz). So

_h _hc _1240eV-nm

X 50x10° oV =2.5x10"nm=0.025 fm.
p X (§]

A

(b) With R=5.0 fm, we obtain R/ A1=2.0x10".

51. The wavelength associated with the unknown particle is

where p, 1s its momentum, m,, is its mass, and v, is its speed. The classical relationship p,
= myv, was used. Similarly, the wavelength associated with the electron is A, = h/(m.v.),
where m, 1s its mass and v, is its speed. The ratio of the wavelengths is



1508 CHAPTER 38

Aol he = (Meve)/(mpvy),
SO

=31
vA,  9109x10 k?‘f 1675% 107 ke,

m =

=—"m =
"ova, 0 3@813x107
According to Appendix B, this is the mass of a neutron.
52. (a) We use the value Ac=1240nm-eV :

_hc 1240nm-eV

_ne =124keV.
photon = 1.00nm

(b) For the electron, we have

P’ :M bc/xgz R ﬁmw-m&:wow

K=

/A
om,  2m, 2mc* 200511 MevO™ 1.00nm

e

(¢) In this case, we find

_12400m eV | )410° eV =1.24GeV.

photon 1 00x 10 nm

(d) For the electron (recognizing that 1240 eV-nm = 1240 MeV-fm)
K=\pc+@,c’ I - m.c? = \/l&/kg @, h— m.c’
I | 2
E4O MeV - fm I
= + 1511 MeV{}-0511MeV
\/ 1.00 fm Ik bS g

=1.24x10° MeV =1.24GeV.

We note that at short A (large K) the kinetic energy of the electron, calculated with the
relativistic formula, is about the same as that of the photon. This is expected since now K
~ E = pc for the electron, which is the same as £ = pc for the photon.

53.(a) Setting A =h/p= h/qlﬁ/cg»mfcz, we solve for K = E — mec*:

> 2
K= (@ rmict —m e = || 12206V nm +(0.511MeV)’ —0.511MeV
A 10x10~° nm

=0.015MeV =15keV.
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(b) Using the value hc=1240eV -nm

p=le 1280eVom s 105 ev = 120keV.
»  10x10° nm

(c) The electron microscope is more suitable, as the required energy of the electrons is
much less than that of the photons.

54. The same resolution requires the same wavelength, and since the wavelength and
particle momentum are related by p = A/A, we see that the same particle momentum is
required. The momentum of a 100 keV photon is

p=Elc=(100 x 10’ eV)(1.60 x 10" J/eV)/(3.00 x 10* m/s) = 5.33 x 10> kgm/s.

This is also the magnitude of the momentum of the electron. The kinetic energy of the
electron is

o G33x107% kg-m/.sh

A =156x107"1.
2m 2@11x107 kN
The accelerating potential is
K 156x107"
p K 15600 T g g6 100,
e 160x107°C
55. (a) We solve v from A = h/p = h/(m,v):
-34
b h _ 6.626x107" J-s _3.06x%10° ms.

m, (1.6705x107 kg)(0.100x107* m)

(b) Weset eV =K = %mpv2 and solve for the voltage:

mv* (1.6705x10 7 kg)(3.96x10° m/s)

- = =8.18x10*V=81.8 kV.
2e 2(1.60x10’ c)

V =

56. (a) Using Euler’s formula ¢’ = cos ¢+ i sin ¢, we rewrite y(x) as
v (x)=w,e™ =y, (cos kx+isin kx) = (y, cos kx)+i(y, sin kx) = a +ib,

where a =y cos kx and b = y sin kx are both real quantities.
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(b) The time-dependent wave function is

i(kx—at)

p(x,0)=p(x)e™ =y e’ =y,e
=[y, cos(kx — at)]+i[y, sin(kx — wt)].

57. We plug Eq. 38-17 into Eq. 38-16, and note that

dW d Qe”“ + Be™ ’k"hlkAe”“ ikBe ™.
dx dx

Also,
d’ v _ d
dx* dx

@Aello( lkBe zkxh k2 A ikx kZB lkx

Thus,
2
C; V Ky =k de™ —k*Be™ + k> Qe + Be ™ Yo,
X

58. (a) The product nn’ can be rewritten as

nn' = b-i—lb@-l—lbg: b+ lb@ +i'b" h b+ lb@ lb(
=a +zba—zab+b@bga +b%,

which is always real since both a and b are real.

(b) Straightforward manipulation gives

|nm|=|(a+ib)(c+id)|=|ac+iad +ibc+(~i)*bd | =|(ac—bd)+i(ad +bc)|

= J(ac—bd)’ +(ad +bc) =N’ +b’d* +dd’ +b°c’.

However, since

|n||m| :|a +ib||c+id| =\/a2 +b° \/c2 +d*
=\/a202 +b*d* +a*d* +b°c?,

we conclude that |nm| = |n| |m|.

59. The angular wave number £ is related to the wavelength A by & = 2n/A and the
wavelength is related to the particle momentum p by A = h/p, so k = 2np/h. Now, the
kinetic energy K and the momentum are related by K = p*/2m, where m is the mass of the

particle. Thus p =+/2mK and
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B 21 2mK
—h )

k

60. The wave function is now given by
Y(x,t) = l//oe—i(kara)t)'

This function describes a plane matter wave traveling in the negative x direction. An
example of the actual particles that fit this description is a free electron with linear

momentum ‘B =—(hk/ 271)? and kinetic energy

2 272
k=L "k
2m, 8n'm,

61. For U = U, Schrodinger’s equation becomes

A’y 8t’m
J’_
dx’ h’

[E-UyJy =0.

We substitute v = y,e". The second derivative is

d’y

dxz — _k2woeikx — _kZW.
The result is
8’m
—k2w+ E [E-U,ly =0.

Solving for k, we obtain

8°m 27
k= e [E—UO]:TJZm[E—UO].

62. (a) The wave function is now given by
\P(x,l‘) = l/lo[ei(kx—a)t) + e—i(kr+a)t)] — l//oe—ia)t (eikx 4 e‘”"‘)_

Thus,
| W(x,1) |2: ‘l//oe—ia)t(eikx +e—ikx)‘2 _ ‘l/loe—ia)t e 1
=, | (coskx +isinkx) + (cos kx —i sin kx) ['= 4y (cos kx)’

=2y (1+ cos 2kx).

2‘ _ikx‘z _ ‘2

2l .
WO ‘ellcc_,’_e ikx
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(b) Consider two plane matter waves, each with the same amplitude v, /N2 and

traveling in opposite directions along the x axis. The combined wave W is a standing
wave:

‘P(x,t) — l/loei(loc—wt) + l//oe—i(loc+a)t) — l//() (eiloc + e—ikx )e—icut — (2(//0 cos kx)e_ia”.
Thus, the squared amplitude of the matter wave is

() = 2y coshe)|e ™[ =2y (14 cos2k),

which is shown below.

25
1.8
163
143
123
E
0.8
0.6
0.4
0.2

T T T Ll T T T L T T T T T T T r T T T k/.t
I I I I
0 2 4 6 8

(c) We set “Pb,tg: 2up; b+ colecxg 0 to obtain cos(2kx) =—1. This gives
D = 2(27”] —(2n+1)7, (1=0,1,2,3K)

We solve for x:

x:ibwlg.

(d) The most probable positions for finding the particle are where “P(x, t)‘ oc (1+cos 2kx)

reaches its maximum. Thus cos 2kx = 1, or

2hx = 2(1-“} =2nm, (n=0,1,2,3K)

We solve for x and find x = %nk .
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63. If the momentum is measured at the same time as the position, then

n_663x107]:s

Ap= E B 2n@)pmg -

21x10** kg-m/s .

64. (a) Using the value hc=1240nm-eV , we have

_E_ 1240nm-eV

=—— = 124%keV.
A 10.0x107° nm ©
3

(b) The kinetic energy gained by the electron is equal to the energy decrease of the

pllOtOllI

. E 124keV
- 1+ A - 10.0pm

A (1-cosg) I+ (2.43pm}(1-cos180°)
=40.5keV.

(c) It is impossible to “view” an atomic electron with such a high-energy photon, because
with the energy imparted to the electron the photon would have knocked the electron out
of its orbit.

65. We use the uncertainty relationship AxAp >m. Letting Ax = A, the de Broglie
wavelength, we solve for the minimum uncertainty in p:

P
Ax 2mh  2m

where the de Broglie relationship p = A/A is used. We use 1/2n = 0.080 to obtain Ap =
0.080p. We would expect the measured value of the momentum to lie between 0.92p and

1.08p. Measured values of zero, 0.5p, and 2p would all be surprising.

66. (a) The rate at which incident protons arrive at the barrier is
n=1.0kA/1.60x107"° C=6.25x10""/s.

Letting n7t = 1, we find the waiting time #:
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- (nT)_l =leXp[2L\/8n2mP}(l§]b E)J

n

_ 1 27(0.70nm)
B (6‘25“021/5]@41{ 19200V -1 J8(938MeV)(6.0eV S.OeV)}

=3.37x10""s~ 10"y,

which is much longer than the age of the universe.

(b) Replacing the mass of the proton with that of the electron, we obtain the
corresponding waiting time for an electron:

- 1 21(0.70nm)
- [mj exp {m\/8(0.511MeV)(6.0eV—5.0eV)}

=2.1x10"s.

The enormous difference between the two waiting times is the result of the difference
between the masses of the two kinds of particles.

67. (a) If m is the mass of the particle and E is its energy, then the transmission
coefficient for a barrier of height U, and width L is given by

—2bL
T=e",

b [87°m (U, —E)
h’ .

If the change AU, in U, is small (as it is), the change in the transmission coefficient is
given by

where

AT = ar AU, =-2LT db
dU, d

b b

b 1 l8m 1 8w'm(U,-E) b
du, 2Ju,-EN »  2(U,-E) i 2(U,-E)’

AU, .

Now,

Thus,



AU,

AT =-LTh

b

For the data of Sample Problem 38-7, 2bL = 10.0, so bL = 5.0 and

(0.010)(6.8¢V)

b= (5.0) =-0.20.
T U,—E 6.8¢V—5.1eV

There 1s a 20% decrease in the transmission coefficient.
(b) The change in the transmission coefficient is given by

AT = fl—ZAL =-2be*""AL = -2bTAL

and

% =—2bAL =-2(6.67x10"m™")(0.010)(750x10™* m)=-0.10 .

There 1s a 10% decrease in the transmission coefficient.
(c) The change in the transmission coefficient is given by

AT = d—TAE =-2Le " @AE = —2LTQAE.
dE dE

Now, db/dE =—-db/dU, =-b/2(U, - E), so
AT, AE 0.010)(5.1eV)

_(5.0)! ~0.15.
T U,-FE 6.8eV-5.1eV

There is a 15% increase in the transmission coefficient.

68. With
2 -
TzeZbLzeXp{z,J M]
h
we have
2 2
E:Uh_i(hlnTj 6.00V 1 (1240eV -nm)(1n 0.001)
2m\ 4rL 2(0.511MeV) 47 (0.70nm)

=5.1eV.

1515
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69. (a) The transmission coefficient 7 for a particle of mass m and energy E that is
incident on a barrier of height U, and width L is given by

—2bL
T=e"",

b [8n’m(U,~E)
n .

8n” (1.6726x10" kg ) (10MeV —3.0MeV ) (1.6022x10™° J/MeV )
(6.6261x10715)’

where

For the proton, we have

=5.8082x10" m™.
This gives bL =(5.8082x10"*m™")(10x10™"* m) =5.8082,and

T=e20%8 -9 02x10°°.

The value of b was computed to a greater number of significant digits than usual because
an exponential is quite sensitive to the value of the exponent.

(b) Mechanical energy is conserved. Before the proton reaches the barrier, it has a kinetic
energy of 3.0 MeV and a potential energy of zero. After passing through the barrier, the

proton again has a potential energy of zero, thus a kinetic energy of 3.0 MeV.

(c) Energy is also conserved for the reflection process. After reflection, the proton has a
potential energy of zero, and thus a kinetic energy of 3.0 MeV.

(d) The mass of a deuteron is 2.0141 u = 3.3454 x 10 kg, so

87” (3.3454x10 7" kg)(10MeV —3.0MeV ) (1.6022x10™" J/MeV )
(6.6261x1073s)

=8.2143x10"m™.
This gives bL=(8.2143x10"*m™ )(10x10™"°m)=8.2143,and

T=e?%" =733x107°.

(e) As in the case of a proton, mechanical energy is conserved. Before the deuteron
reaches the barrier, it has a kinetic energy of 3.0 MeV and a potential energy of zero.
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After passing through the barrier, the deuteron again has a potential energy of zero, thus a
kinetic energy of 3.0 MeV.

(f) Energy is also conserved for the reflection process. After reflection, the deuteron has a
potential energy of zero, and thus a kinetic energy of 3.0 MeV.

70. (a) We calculate frequencies from the wavelengths (expressed in SI units) using Eq.
38-1. Our plot of the points and the line which gives the least squares fit to the data is
shown below. The vertical axis is in volts and the horizontal axis, when multiplied by
10", gives the frequencies in Hertz.

From our least squares fit procedure, we determine the slope to be 4.14 x 107" Vs,
which, upon multiplying by e, gives 4.14 x 10" eV-s. The result is in very good
agreement with the value given in Eq. 38-3.

V
3.5

~

LA AL L T O I O I O
0 2 4 6 8 10 12

(b) Our least squares fit procedure can also determine the y-intercept for that line. The y-
intercept is the negative of the photoelectric work function. In this way, we find ® =

2.31 eV.

71. We rewrite Eq. 38-9 as
and Eq. 38-10 as

We square both equations and add up the two sides:

Y11 SN AT
(oG (oo |
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where we use sin® 0+ cos” 0= 1 to eliminate 6. Now the right-hand side can be written as

=
1-(v/e)? 1-(v/¢)*
1 1 .

Now we rewrite Eq. 38-8 as

SO

i@ip{l:;
mc A V1-(v/c)? ‘

If we square this, then it can be directly compared with the previous equation we obtained
for [1 — (v/c)’T". This yields

{%(%—%)+1} :(%j K%—%cowﬁ) +(%sin¢) ]+1.

We have so far eliminated #and v. Working out the squares on both sides and noting that
sin® ¢+ cos® ¢= 1, we get

A=A =AA= i(1—<:os¢5) .
mc

72. (a) The average kinetic energy is

K:%kT:§€38x1023 J/Kh)Ong 621x107'J=3.88x107 eV.

(b) The de Broglie wavelength is

h 6.63x107*7 -5

_ _ =1.46x10""m.
J2m,K - [2(1.675x10 7 kg)(6.21x10]) o

73. (a) The average de Broglie wavelength is
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_ h _ h _ _h _ he
T D \/2mKan \/2m®cT/2g \/2@c2ml"

1240eV -nm

) 30 Mev @62 x 10 ev /K IB0K]

=73%x10" m=73pm.

A

(b) The average separation is

1 | (1.38x107 J/K ) (300K )
davg = = =3 3 =3.4nm.
In 3plkT 1.01x10° Pa

(c) Yes, since A,, < d

avg*®

74. (a) Since
Epn=h/A=1240 eV-nm/680 nm = 1.82 eV <d =228 eV,

there is no photoelectric emission.

(b) The cutoff wavelength is the longest wavelength of photons which will cause
photoelectric emission. In sodium, this is given by

Eph = hC/?\,max = (D,
or
Amax = hc/® = (1240 eV-nm)/2.28 eV = 544 nm.

(c) This corresponds to the color green.

75. Using the value hc=1240eV -nm, we obtain

p=le 12806Vomm o 600y = 5.9
% 21x10" nm

76. We substitute the classical relationship between momentum p and velocity v, v = p/m
into the classical definition of kinetic energy, K =1mv’ to obtain K = p*/2m. Here m is

the mass of an electron. Thus p =+/2mK . The relationship between the momentum and
the de Broglie wavelength A is A = A/p, where £ is the Planck constant. Thus,

If K is given in electron volts, then
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~ 6.626x107"J s ~1226x10” m-eV'"”?
J2(9.109 x 10~ kg)(1.602 x 107 T/ eV) K JK
_ 1226nm-eV"”?

JK

77. The de Broglie wavelength for the bullet is

A

i_ 6.63x107*J.s

A = x10 m.

h
— =1.
p mv (40x107kg)(1000m/s)

78. (a) Since p,=p, =0, Ap, =Ap,=0. Thus from Eq. 38-20 both Ax and Ay are

infinite. It is therefore impossible to assign a y or z coordinate to the position of an
electron.

(b) Since it is independent of y and z the wave function ¥(x) should describe a plane
wave that extends infinitely in both the y and z directions. Also from Fig. 38-12 we see
that [¥(x)|* extends infinitely along the x axis. Thus the matter wave described by ¥(x)
extends throughout the entire three-dimensional space.

79. The uncertainty in the momentum is
Ap =m Av=(0.50 kg)(1.0 m/s) = 0.50 kg-m/s,

where Av is the uncertainty in the velocity. Solving the uncertainty relationship AxAp >n
for the minimum uncertainty in the coordinate x, we obtain

Ac= o gOO0TS _gig0
Ap 2n@50kg-m/sg

80. The kinetic energy of the car of mass m moving at speed v is given by E =1mv?,
while the potential barrier it has to tunnel through is U, = mgh, where h = 24 m.
According to Eq. 38-21 and 38-22 the tunneling probability is given by T ~e™", where

. /8n2m(Ub—E)_\/8n2m(mgh—;mv2)
- n’ - n’

27(1500kg) \/2[(9.8m/sz)(24m)—%(20m/s)2}

T 6.63x10 7 -5
=1.2x10*m™.
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Thus,
2bL=2(1.2x10"m™")(30m) =7.2x10%.

L

One can see that T ~ e " is very small (essentially zero).

81. We note that
|e[kX|2 — (e[kX)*(e[kX) — e*ikxe[kx — 1

Referring to Eq. 38-14, we see therefore that |y[* =|\P|*.

82. From Sample Problem 38-4, we have

AE AL _ (h/mc)(1—cosg) _ hf'

E :k+Ak_ A mec?

(1—cos¢)

where we use the fact that A + AL =A"=c¢/f".

83. With no loss of generality, we assume the electron is initially at rest (which simply
means we are analyzing the collision from its initial rest frame). If the photon gave all its
momentum and energy to the (free) electron, then the momentum and the kinetic energy
of the electron would become

pzﬂ, K=hnf,
c

respectively. Plugging these expressions into Eq. 38-51 (with m referring to the mass of
the electron) leads to

(pc)’ = K* +2Kmc’
(hf)* = (hf)’ +2hfinc’

which is clearly impossible, since the last term (2Afinc?) is not zero. We have shown that
considering total momentum and energy absorption of a photon by a free electron leads to
an inconsistency in the mathematics, and thus cannot be expected to happen in nature.

84. The difference between the electron-photon scattering process in this problem and the
one studied in the text (the Compton shift, see Eq. 38-11) is that the electron is in motion
relative with speed v to the laboratory frame. To utilize the result in Eq. 38-11, shift to a
new reference frame in which the electron is at rest before the scattering. Denote the
quantities measured in this new frame with a prime ('), and apply Eq. 38-11 to yield

AN'=N'-A, =L(1—cosn) = %,
m,c C

e e
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where we note that ¢ = 7t (since the photon is scattered back in the direction of incidence).
Now, from the Doppler shift formula (Eq. 38-25) the frequency /"y of the photon prior to
the scattering in the new reference frame satisfies

_ ¢ _ s |I£B
fo—m fo 5

where = v/c. Also, as we switch back from the new reference frame to the original one

after the scattering
, 1= c [1-
f=r _ﬁ:_, _ﬂ
I+ AM\1+p

We solve the two Doppler-shift equations above for A’ and Ay and substitute the results
into the Compton shift formula for AL

av= L l=p 1 1=p_ 2h
f\N1+p  fo\1+ m,c’

Some simple algebra then leads to

w2 Al
E—hf—thEmecz 1—ﬂ|k'




