5-4.
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h_ (6.63x107**J5)3.16x107s/y)

h = 2.1x108m
p my (1073 kg) 1 mly,

-34 7.
by v= P - 663XI0TTs _ g 10Pmis = 2.1x102 miy

mA (103 kg)102m,

h  hc 1240 MeV-fm _

h
A= 2= = fc eV - 404
p E/c E 100 MeV fm
2 2 2 . 2
E,= eV, = p- _ h" _ (hq e _ 1, (1240 eV-nm) _ 940V
2m  2mA*  2mc?A? e 2(5.11x10° eV(0.04nm)?
A= h_ h he (from Equation 5-2)
p \/2mEk \/2m02Ek
(a) For an electron: A = 1240 eV nim = 0.0183 nm
((2)(0.511x10% V4.5 x 10 eV
(b) For aproton: A = 1240 ey nm = 427x10% nm
1(2)(938.3x10% eVy4.5x 10 eV
(c) For an alphaparticle: A = 1240 eV nm = 2.14%107* nm

1(2)(3.728x10° V(4.5 x 10 eV,

A=h/p=h/\2mE, = he/2mc*(1.5kT);"*  (from Equation 5-2)

Mass of N, molecule = 2x14.0031%(931.5 MeViuc?) = 2.609x10* MeV/c? = 2.609x10'° eV/c?

A= 1240 eVnm = 0.0276 nm

1(2)(2.609x10'%eV)(1.5) (8.617x 1075 eV/K) (300K);"?
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Chapter 5 - The Wavelike Properties of Particles

_ h he _ 1240 eV-nm = 0202 nm

56. A= -
/2mE, \[2mc?E, (20939.57x10%V)0.02¢V*

L
p

57. (3 If thereisanode at each wall, then n(A/2) = L where n=1,2,3,...0or A= 2L/n.
(b) p=h/A=hm/2L E=p*/2m= hn/2L*/2m = h*n*/8mL?

E - (hc)’n?
" 8mc?L?
o 2 (112
Forn=1E, = 1240eVmm (1" _ 5 0501

8 (938 x10° e7)(0.01 nm 2

Forn=2: E, = 2.05¢V(2)* = 820 eV

58. (@  A/A = 10? isanonreativistic situation, so

A/AczHhc/¢§;;§2i»4hq/mc2”=(nuJ/ZE%ﬁQ

mc® _ 0.511x10%eV _

E =
¢ 2A/A 7 2(10%2

256eV

(b) A/A, = 0.2 isrelativistic for an electron, s0 A = h/ymu = yu = h/Am

u/c h

1-Guiey meh

_(uley® _ (ﬁ)z — u/c= —A”/A
L-(uey | A 1+ A/

_A‘c
A

we=-—1702) 981 v =510
1+ (1/0.2)* 2

E, = mc*(y-1)= 0511 MeV (y-1) = 2.10 MeV
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(Problem 5-8 continued)

© A/A =107

-3
wie-—1A97 59999 - y = 1000
(1+(1/103)%"

E, = mc2(y-1) = 0.511 MeV (999) = 510 MeV

59. E,=mc*(y-1) p=1ymu
@ E, =2GeV mc? = 0.938 GeV
y-1= Ek/mc2 = 2GeV/0.938 GeV = 2.132 Thus, y= 3.132

Because, y = 1/y1-(u/c)* where u/c = 0.948

h _ he
yme(ulc)  ymc*(ulc)

A‘: ﬁ:
p

- 1240 eVnm = 4.45%107 nm = 0.445 fin
(3.132),938 x 105¢7)(0.948)

(b)  E, = 200GeV
y-1= E,/mc?= 200GeV/0.938 GeV = 213. Thus, y = 214 and u/c = 0.9999

_ 1240 MeV-fin - 6.18%10° fin
(214)938 MeV,(0.9999)

5-10. nA = Dsin¢ (Equation 5-5)

he

sin¢ nh_n (see Problem 5- 6)
b D 2mc?E,

1 1240¢Vnm _ (5.705er)*
0.215nm 25.11x10%e¥)" [E, JE,
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(Problem 5-10 continued)

(5.705eV,"

(@ sindp=""20) = 0659 = sin1(0.659) = 41.2°
J75eV
Ya
) sing = 270N _ 0570 ¢ = sin"'(0.570) = 34.8°
Vv 100eV
S as ko R 025m
p ‘/ZmPEk
Squaring and rearranging,
P h: ke (1240 eV nm)?
Fam R 2mc A 2938x10%F0.25 nmy?
E, = 0.013eV
nA = Dsing - sing = nA/D = (1)(0.25nm)/0.304nm
sing = 0.822 - ¢ = 55°
512 @ 4o - Dsing . D= T - nhe
sin ¢ sin¢,/2mczEk

(1)(1240eV-nm)
(sin 55.6°)2(5.11x10%eV)(50eV),”

= 0.210 nm

nai (1)(1240eV-nm)
D (0210mm)2(5.11x10%eV)(100eV),”

= 0.584 ¢ = sin'1(0.584) = 35.7°
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5-13.

5-14.

5-15.

d = tcos42°
nA=t+d=t(1+cosd2°) = 0.30 nm(1 + cos42°)
For the first maximumn=1,s0 A = 0.523 nm
t
2 2

A:ﬁ: h ~ E, - h _ (he)

d )4 2mE, 2mh,  2mc?)?

N2
E, - (1240eV-nm) = 30x103 eV

2(939.6 x 105 e¥/)(0.523 nm )?

A= Dsind (Equation 5-6)
n

For 54 eV electrons 2 =0.165 nm and sin¢$ = (0.165nm)n/0.215nm = 0.767n

For n=2and larger sin ¢ > 1, so no values of n larger than one are possible.

sing = nA/D (Equation 5-6)

A=h/p="h/[2mE, = hc/,/2mc2Ek

_ 1240 eV-nm — 0.0656 nm

2(0.511x 108 eV (350 V)|

sing = n(0.0656nm)/0.315nm = 0.208 n
Forn=1, ¢=12° Forn=2, ¢=246° Forn=3, ¢ = 38.6°
Forn=4, ¢ =56.4° Thisisthelargest possible ¢. All larger n values have sin¢g>1.
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516. (@) Ar<t-_—— 1 _10%s- 10ps
S 100,000 s
b) AfAr~—— . Aaf=—L -1 150x10tHz
27 2nAt  2wx107s
517. (@ y=y +y,
= 0.002m cos(8.0x /m - 400¢ /sy + 0.002m cos7.6x /m - 380¢ /s
- 2,0.002m, cos %(S.Ox/m —7.6x/m, - %(400t/s - 380t/s)}
X cos %(S.Ox/m + 7.6x /m, - %(400t/s . 380t/s)]
= 0.004m cos(0.2x /m - 10¢ /sy x cos(7.8x /m - 390t /s,
) v= L= 3906 _ 50,
k 718/m
Qv =20 2005 _ 50,
£ Ak 04/m
(d) Successive zeros of the envelope requiresthat 0.2 Ax /m = =m, thusAx = 0_112 = Sntm with
Ak= k -k = 04m™" and Ax = 2%,
Ak
dv df . dv , df A2 do
5-18. (a = fA Thus, — = f+ A=, multiplying by A, A== Af+ A*= =y + — ——
@ v=sA Thus, o =T A plying by A, A T T
2
A do | 3 Because k= 21/A, dk = - 271/A2d) and
27 dA dA
do _ )Lﬂ

PTRRCEREPT)

(b) vdecreasesas A decreases. dv/dA is positive.
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519. (@ c=fA=A/T = T=A/c=2x102m/3x10%m/s = 6.7x10" " s/wave

The number of waves = 0.25ps/(6.7 x 10" s/wavey = 3.73 x10?
Length of the packet = (# waves)(A) = 2x1072m 3.73x10% = 74.6 m

(b) f=c/A=:3x108m/s)/2x102m = 1.50x10'° Hz
(© AwAr=1 — Aw=1/At=1/025x10"%s = 4.0%10° rad/s = 637 kHz

520. AwAr=1 = Aw=1/At=1/0.25s = 4.0rad/s or Af=0.6 Hz

5-21. AwAf=1 — 2nAf,At=1 Thus, Ar=1/21x5000,= 3.2x105s

5-22. (a)

(b)

5-23. (a)

(b)

A=h/p="h//2mE, = hc/ 2mc2Ek

_ 1240 eV-nm = 0.549 nm

2(0.511x108 eV (5eV)|"?

dsin® = A/2 For first minimum (see Figure 5-16).
A 0549 nm

= - = i = 3.15nm slit separation
2sin0 2 sin5°

0.5cm
2sin5°

= 5.74 cm

sin 5° = 0.5cm/L where L = distance to detector plane L =

The particle isfound with equal probability in any interval in aforce-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.
The probability of finding the sphere somewhere within 24.9cm to 25.1 cm is proportional
to Ax = 0.2 cm. Becausethereisaforce free length L = 48 cm available to the sphere and
the probability of finding it somewherein L is unity, then the probability that it will be
found in Ax = 0.2 cm between 24.9 cm and 25.1 cm (or any interval of equal size) is:

PAx = (1/48)(0.2cm) = 0.00417.
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L L
* — _ 2 oin2 _
5-24. Because the particle must bein the box, f‘l’ Ydx =1 = fA sin”(nx/ Lydx = 1
0 0

Letu= zx/L; x=0-u=0; x=L -u= randdx = (L/7)du, so we have

fAz(L/‘n:)sinzudu = AZ(L/‘n:)fsinzudu =1
0 0

" - (L/mA(n/2) = LA%/2 = 1
0

(L/n)Azfsinzudu = (L/m)A? % - Sirf”

0

» A% = 2/L~4=(2/L)"?

525. (@) At x=0: Pdr= y(0,0)>dx = de’dx= A2dx
(b) At x=0: Pdc=de /4 dx = de " dx = 0.6142dx
(© Atx=20: Pdx=de */*"? g = de!2dv = 0.1442 dx

(d) Theelectron will most likely be found at x = 0, where Pdx is largest.

5-26. (@) One does not know at which oscillation of small amplitude to start or stop counting.

N AN 1

= A - =

VIR A VAY
() A= A% ang = 2T - 27N o g 27AR 27
N A Ax Ax Ax

1.055x 10734 J-5
10775(1.60x 10" % J/eV)

5-27. AEAt=% = AE=%h/Af= = 6.6x107°% eV
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5-28.

5-29.

5-30.

5-31.

5-32.

-34 7,
AxAp=% - Ax= LI 105510 Fs =102m
mAv  (1076x1073kg)0.01 x 0.01m/s)

b
Ap

-16 a
AEAf~% — AE~%n/Ar= — 038%1077eV's 4 99,102 ep

3.823d (8.64 x 10*s/d)

The energy uncertainty of the excited state is AE, so the « energy can be no sharper than AE.

AxAp =% — AAp=h = Ap=~h/\. Because A - h/p, p = h/A; thus Ap = p.

For the cheetah p = mv = 30kg(40m/s) = 1200 kg-m/s . Because Ap = p (see Problem 5-30),
Ax = %/Ap = 50J5/1200 kg'm/s =~ 42x102m = 4.2 cm

Because ¢ = f4 for photon, A = cf = hc/hf = hc/E, so

E = he/A = 1240 eV-nm _ 2.48x105eV
5.0x103nm
and ]
p= Ejc= 2810V g 3107er-sim
3.0x10%m/s
For electron:
-15 .
Ap = h/Ax = 4.14x107"eV"s _ g 3510 4epsim

5.0x10 2m

Notice that Ap for the electron is 1000 times larger than A for the photon.
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1.055x1073% s
1.4x107%5(1.60x 10" BJ/MeV,

5-33. (a) For®Ti: AE, (upper state) = /At = = 4.71x1071° MeV

1.055x1073% s
3.0x10725(1.60x 10" BJ/MeV)

AE, (lower state) =%/ At = ~220x1071 MeV

AE (total) = AE, + AE, = 6.91x1071" MeV

-10
AE; _ 691x107MeV _ <5, 1010
E 1312 MeV

1.055x 10734 J-5
10785 (1.60x 107 J/e

= 6.59x108 eV

(b) ForHa:AE, =

and AE, = 6.59x108 eV as0.

AE, = 1.32x 1077 eV isthe uncertainty in the He: transition energy of 1.9 eV.

5-34. The size of the object needsto be of the order of the wavelength of the 10 MeV neutron.
A= h/p=h/ymu. y and uarefound from:

E,=mc*(y-1) or y-1= 10MeV/939MeV
y=1+10/939 = 1.0106 = 1/(1-u%/c%" or u=0.14c
Then, A = h/ymu = he/[yme*(ulc),

_ 1240eV-nm
[(1.0106)(939 x 106eV)(0.14)]

= 9.33x10" % nm = 9.33 fin
Nuclei are of this order of size and could be used to show the wave character of 10 MeV neutrons.

34,
535. AEAf~% - teAf~_n o LOSSXIOFs oo 10166

AE  1eVy1.602 x 10" TV,
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5-36.

5-37.

5-38.

ALA} = (rAp)(As/r) = Ap As>Hh

In the Bohr model, L = nh and may be known aswell as AL = 0.1 1. Then
A$p>1/(0.1%) = 10rad. Thisexceeds one revolution, so that ¢ is completely unknown.

E = hf - 4AE = hAf
AEAt ~h - AfAt ~1where 4t = 0.85ms
Af = 1/0.85 ms=1.

For A = 0.01 nm 3.00x 108 n2/s x 10° num/s 18x10° Hz
f = C/A‘ =
0.01nm

f = 3.00x10" Hz

Af _ 1.18x10°Hz
f 3.00x10YHz

= 3.9x10™ 1

ApAx =% — Ap=%Ax = %/1fim Thus (Ap) = p2 = W2/(1fim)>
For neutron:
gl W 1 (hel (1973 MeV:fin)?

_ . - = 20.7 MeV
2m, (1fm)* 2m, 2m c*(1fm)*  2(939MeV)(1fn)* ¢

For electron: The electron is relativistic, because classical kinetic energy p%2mis much larger than

the rest energy. Therefore,
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(Problem 5-38 continued)

(197.30 MeV-fin)*/ (fm)* + (0.511 MeV)?

19730 MeV - 0.511 MeV = 196.79 MeV

E* = (pc)+ (mecz)2
E? = (1;0)2/(fm)2+ (mecz)z
E? =
E* = 3.8928x10* MeV?
~E = 197.30 MeV
and E_ =

5-39. (a) E2= p%c?+ m2c*,

ho _ \/’ﬁ2kzc2 + mict
h hk

% do _ d
& dk dk hk

_ c’k _ c’k _ c’hk _ c?p _
K262 + 2ot w hw E
32
5-40. % = %% (Equation 5-11) V3=Vt 6,
X Y
&y, P P,
ox? ! ox? 2 ox?
1 &y 1 &y,
- Cl( 2 A2 1 2 A2
ve ot ve ot
1 & 1 8y,
= __ C y, + Vo = — ——
v? 8t2( ol 272) vZ or?

E=hf=1%w,p=h/A=1/k, ¥o?=rk?c?+ m?c*

= C\/l + m2ct/Wk? >c

(by Equation 2-41)
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) — 2
541 E-E-L2"+ Lpxr- B2) L 1, 2Ax2  Substitute Ap = —"—
2m 2 2m 2 2Ax
2
E-— "+ 1(Ax?. TominimizeE, set dE/d(Ax) = 0
8m(Ax)? 2
> 2 2
0 = dE _ H 2 +m(.02Ax= mao _ H +(AX‘)4
dAx) 8m (Ax)} (Ax)* | 4m?w?
(AP =
2mw
2 2
E . = W 2me  omeT b l?=,co+ l“rmo= l"hw
&m h 2 2mw 4

W = E = M = IO/S
\J m 102kg

ho = —(1.055x 10734 J5)10 /sy = 5.27x10734J

1
2

542. (@ n(A/2)=L — A=2L/n. Because A = h/p = h/\/2mE , then:

2 2 2.2
E-_P____ "k -\t E = h2/8mL?, then:
2mA? 2mQ2L/n? 8mlL?
2,2
E="" _ g
8mL?

h*  _ (he) _ (1240eV-nm)?
8mL?> 8mc?L? 8(0.511x10%¥)(0.1nm)?

(b) ForL=0.1nm, E, =

E = 17.6eV and E, = 37.6n’eV
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(Problem 5-42 continued)

(©)

(d)

(€)

5-43. (a)

E A !
1000+
(eV) 5
800 -
600 = 4
400+
3
200
2
1
0 >
0 L x
he

f=AE%—*w%=AB%—*A=ZE

1240 eV-rm

Forn=2 — n= l1transition, AE = 112.8¢eV and A= = 11.0nm
112.8¢V

Forn=3 — n=2tanstion, AE = 188eV and A= 1230eVmm _ o com
188¢V

Forn=5— n= ltransition, AE = 903 eV’ and A= 1230eVmm _ 4 400
903 eV

g - (he)
For proton: E, = ——— from Problem 5-42.
8m c?L*
p
. 2
E, = (1280MeVifm) 505 Mey and E, = 205n> MeV
8(938MeV)(1fm)?

~ E, = 820MeV and E; = 1840 MeV
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(Problem 5-43 continued)

5-44.

5-45.

(b)

(©

(d)

(b)

(©

For n=2 — n= 1transition,

5 = he _ 1240 MeV-fm - 2.02fm
AE 615 MeV
For n=3 — n= 2transition,
) - 1240 MeV+fm _ 1.22 fin
1020 MeV
For n=3 — n= 1transition,
5= 1240 MeVifim _ 76 o
1635 MeV

E>%/2mL? (Equation 5-31) AndE = %2/2mA?
For electron with 4 = 1071%m:

2 g2
E- (he)” _ (197.3 eV-nmy _ 381el

2mc?4*  2,0.511x10%¢V) (10" nmy*

For electronwithA=1cmor A =102
E = 381eV10™42/10" nm? = 3.81x107 % ey

W (1.055x 10734 J-s 2

E-= = = 1.39x10° 7= 8.7x10 %8 eV

2mL?  2(100x103g x 1073 kg/gy 2x 1072}

Ap = mAv = m(0.0001)(500m/s) = 0.05m
For proton: Ax Ap =%

For bullet: Ax = = (1.055x 10734 Js5)/(0.05m/s)10x 10 3 kg = 2.1x 103! m

Ax = h/Ap = (6.58 %10 6eV-5)/(0.05m/s)938 x 108V
~1.40x103m = 1.40x10%fin
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5-46. ﬁ = iaz—z (Equation 5-11) where y = f(¢) and ¢ = x- vt

x?  v?or

dy _ of . 9¢
ox 0J0¢ oOx
9 _ 9f.9¢
ot 0¢ ot

Noting that & ¢/ax% = 0, ddp/ox = 1, 3*$/ot? =
9f . &f.
0+ (-v)- “(-v)
a¢?

ﬂ:ﬂ

¢ 3¢?
o¢?

0, and o¢/0r =

-v, we then have:

5-47. (@) A= h/p Theé€lectronsare not moving at relativistic speeds, so

A=h/mv=6.63x103*Fs/9.11x1073 kg)3 x 105 m/s)

= 243x10%m = 0.243 nm

(b) The energy, momentum, and wavelength of the two photons are equal.

E = lmv2
2

= 0.511 MeV
(¢ p=E/c=0.511MeV/c

(d) A= he/E = 1240eV-nm/0.511x100 eV = 2.43x1073 nm

= lmcz(vz/cz) + mc
v2/c?) + 1}

0.511x10% eVB(s x106/3x 1087 + 1}
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548. (a)

2

2 2

mpc -m,cCcT-m.c

1.007825uc? - 1.008665u c? - 139.6 MeV

938.8 MeV - 939.6 MeV - 139.6 MeV

-140.4 MeV

AE = 140.4 MeV
(b) AEAt= — Ar=%/AE = 6.58 x107'6eV+s/140.4x10% eV = 4.7x 10725

(© d=cAt=3.0x10%m/s4.7x102s) = 1.4x10 5m = 1.4 fn

549.  pf= yme2 - y= - 1
mc? 1-v2/c?
2

1-v%/c? = _mc2
hf
21/2

v_|j-| me?

c hf

Expanding the right side, assuming mc? << hf,

o<
I

al<

mc2

hf

m02

hf

2

1| me? ) : i
3 " + +++ and neglecting all but the first two terms,

Solving this for m and inserting deBrogli€' s assumptions that

Y 50.99 and A = 30m, misthen:

c

_ ((1-0.99)2) 6.63 10" Jss)

= 1.04x10 % kg

(3.00 % 108 m/s)(30m)
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5-50. (@) AxAp=h = mAxAv_=h = Av_=h/mAx
. .m
12 12
2 2
yO = lgt‘z —> t‘: (ﬂ] lAX_: AVth: Avx( ﬂ]
2 g 2 g
Yo 12
2
2y 12 2%( ﬂ)
AX = 2Avx( _0] = &
g mAx
~ AX =

(b) If alsoAyApy =h — Avy =h/my and %AX = Ax(t+ Ar) where Avy = gAr or

At = Avy/g = h/mglAy

2%

551 Lmy?= ST
2 2
_ | 3kT _ [ 31138110 37K (300K) | _ 366.mls
" m 56u(1.66 x 107" kglu)
f=f,(L+v/e)y = hf' = hf,(1+v/c)
AE = hf' - hf, = hf,v/c = 1ENGOOMS) 45 106 e
3.0x108mls

Thisis about 12 times the natural line width.

6
AE = hf.v/c = (10°eV)(366m/s) _12eV
3.0x10%m/s

Thisis over 10’ times the natural line width.
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5-52. p

@ E

(b) Erecoil =

2 2
. E
_ _ _ (precozl) _ Y
recoil ~ py - Ey/ ¢ Erecoil - 'm - Yme?

(leV)? uc?
2(56uc?) 931.5x10%eV

= 9.6x10° 12y

) recoil

Thisis about 10 * times the natural line width estimated at 107 eV.

(1MeV)? uc?
2(56uc?) 931.5x10%eV

=96eV

Thisis about 108 times the natural line width.
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