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Quantum Physics (&~ $22E) ?ﬁﬁg

'z 1 ' 1
Robert Eisberg ( Second edition ) ANS : P= Aj R (v)dv =7 ch pr(V)dv =2 Acp; (v, )Av
CH 01 : Thermal radiation and Planck’s postulate e B
PR R R R R R R R RS R R T RN T T R S R R N RS R R R N R R R R R R R RS R R N 8
_ _ _ =& 29880 00910 He
1-1 - At what wavelength does a cavity at 6000°K radiated most per unit wavelength? /11 5.50x10
0 . oL . £ i 2 8
(6000°K [ » — AR R EIL R L 2 ) vy =& 29880 g 401104 He
ANS : A, 5.51x10

PR S P S R R L R R L R L R R L L R R L L N L L R R R R R R R R L R

Therefore, v,, = %(v1 +v,) =5.46x10" Hz

1-2 ~ Show that the proportionality constant in (1-4) is 4 . That is, show that the relation; m@én
c ?
s Av=v,—v; =9.9x10" Hz

Since pT(vav)—B”hV hV1

ekt -1

ANS : (1-4) p (v) <R, (v)

8zv? hv
pr )y ==5———dv = 8t s, v
o _1 Numerically T =1.006x10"" > k—_li‘v=

872'k4T4 X3 1.006><10713 15

- dv— e =R 128910
Py == Pra) =25 04 )
5y . 225K The aera of the hole is A= 7r? =”(5X1073)2M_
N RT :O'T y 0:72
15¢2h? 1 T A,

. 1
Hance, finally, P ==Acp (v, )Av =5 (7.854x1

8zk‘T* z* _4 27°* 4
h%® 15 ¢ 15h%?

pr (V) =

5 R (v)dv = % P (V)dv .4

oY

% 4

T determine the rest mass ! gipggzecond to radiation by the sun. Take the sun’s diameter to be
1-3 -~ Consider two Caviﬁ% of “arbitrary shape and material, each at the same temperature T, 1.4x10°m. (b) WHatfractien of the sun’s rest mass is lost each year from electromagnetic
connected by a nv tube in which can be placed color filters (assumed ideal) which will £
allow onlyﬁraglatlon of a specified frequency v to pass through. (a) Suppose at a certain
frequency »" ““ﬁ ‘(v)dv for cavity 1 was greater than oy (v)dv for cavity 2. A color filter
Whlchﬁ $§es only the frequency v' is placed in the connecting tube. Discuss what will
happen ‘m"ierms of energy flow. (b) What will happened to their respectlve temperatures? (c)

kk k k ok Kk ok _k k Kk Kk

ackbodies at the same temperature must emit thermal radiation W|th the same spectrum | dm L 3.685x10%

; . . o / === =4.094x10°kg /s
independent of the details of their composition. dt ¢ (3x10%)

ANS : (b) The mass lost in one year is

PR L LR R R R N R G S L ST U UL ST U N R G N R N N N N R N N R N N R L NG G N dm

. . . o o ) AM =——t = (4.094x10°)(86400x 365) =1.292x10"" kg
1-4 ~ A cavity radiator at 6000"K has a hole 10.0 mm in diameter drilled in its wall. Find the dt

power radiated through the hole in the range 5500~5510A. ( Hint : See Problem2) The desired fraction is , then,
-7 0 £ % £%10. SO =L Y L B s L 2 P TS A S M
(~ 7 6000 KMF, SHEE |~ 0 520.0mm [ 4 S AR R 7 5500 foAM _1.292x107 oo qgu i
~5510A Vfpushaks - ) M 2.0x10%
-1-
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1-6 ~ In a thermonuclear explosion the temperature in the fireball is momentarily 10 °K . Find the
wavelength at which the radiation emitted is a maximum.

(F“ﬁ%‘ﬁ‘ﬁ FENEVE 107 °K R MEHEUE VIR ?)

ANS :

1-7 - At a given temperature, 1. =6500A for a blackbody cavity. What will A, be if the
temperature of the cavity wall is increased so that the rest of emission of spectral radijation is
double? :
(= BT — S A, = 6500 A 3 g 17 1)
TEELIF 2 )

ANS : Stefan’s law R, =oT*

R’ oT™
—=2="rp =421
R oT*

Wien’s law :

0
AT =21 = A, (42T)= (6500 AT = #
PR R R R R R R R R R R R R T T R R R :k__,*_.,*_., ~;§’__*__*~*__*~*~*__,*__,*__,*.,*_.,*__*_,*__*__

G Fe e

1-8 ~ At what wavelength does the human body iemt“ its maximum temperature radiation? List

m | |

assumptlons you make n arrlvmg at an swer.

1.94cal /cm? —min (or 1353W /m?). (b) Consider the earth to be a blackbody radiating
energy into space at this same rate. What surface temperature world the earth have under
these circumstances?

ANS : (a) The solar constant S is defined by S :%
zr

r = Earth-sun distance (PYER-NHEEEE) o L, =rate of energy output of the sun ([
?%”Wﬁti_-} Elﬁi@}t) > % R =radius of the earth (f%,j‘d( ) = The rate P at which energy
impinges on the earth i |s

KAEE
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P= Lo =7R’S
4rzr
The average rate, per m?, of arrival of energy at the earth’s surface is
P 7R’ 1

R :%(1353W/m2):338W/m2

" 47zR* 4zR* 4
(b) 338=0T"*=(5.67x10°)T*
T =277.86°K ............ #H
NOTE : Fﬁiprpendlx S S-1 £%(b) 280°K -

.\."'CN*.\.*.\.*.\.’\‘N‘k.\.‘k.\.‘k.\."'f.\.‘k.\."'CN‘o'(.\.*.\.*.\.*.\.’\‘N‘k.\_‘k.\_‘k.§,‘kN‘k,w‘k.w3\'“,*.&,*.&,7\‘.“’\‘.‘,)\‘.‘:)(.\_‘k.§,‘k.§,‘¢'€,§,‘¢'€.§,*.‘c

1-12 - Show that the Rayleugh-Jeans radiation law, (1-17), i
displacement law v, « T, (1-3a),or AT =const, (13
ANS :

~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~¥

~Fk ko k ok ok kk k ko k

1-13 - We obtain v, in the blackbody spectrLng by setting W:O and A, by setting
N

AN
LAY

=0. Why is it not possible to am‘rom A ] =cCONSt to v, =constxT simply by

dpr (A)
di

using A, = }';s%rong to assume that v, 4., =C, where c is the speed

of light?
ANS :
PR R R R R R R R Kok hk hk ko ko k k k ko k kK k kA kA kA kA kA h _d _d _d_K*_K*_*_
1-14 - Consider the f@lld%lng number : 2,3,3,4,1,2,2,1,0 representing the number of hits garnered by
each membém of'the Baltimore Orioles in a recent outing. (a) Calculate directly the average

numﬁé’r%f hlts per man. (b) Let x be a variable signifying the number of hits obtained by a

fo (x)

i’ and let f(x) be the number of times the number s appears. X=-2——. (c) Let
) 2
0

p(x) be the probability of the number x being attained. Show that X

X = ZA: xp(x)

ANS :

P N G G G G S DU S N S G R S L G I S N S I G e N S I S L

is given by
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1 2
-~ (10- <x<
1-15 ~ Consider the function oo 10 (10-%) 0<x<10

f(x)=0 all other x
j xf (x)dx
(a) From X===——— find the average value of x. (b) Suppose the variable x were
j f (x)dx

—0

discrete rather then continuous. Assume Ax=1 so that x takes on onIy integralsyalues

sure you understand the roles played by £ ,A¢,and P(e).

10
Ix% 10— x)*dx _[x(100720x+x2)dx 50x2 —
ANS : (@) X= =2 = -
IlO (10— x)2dx !(100—20x+ x2)dx |

0

50X—@X2 +£x3 ‘})0 1000
3.4

100-— 10x+

10
1
ZX—(lO—X)Z lOOXlell_ZOXlOXHX21+(10><11)2
() x= 0 10 _ 2 6 2
1OO><11—20><10211+10X1;'X21

’ inz _N(n +l)6(2n +1) ’ Z”:ng =[n(n2+l)]2)

2
5n%(lO—5n)2 >"20n-20n% +5n°
l — n=0 5
—(10-5n)? > 4—4n+n?
n=0 10 n=0

><2;3 ><2><f:‘;><5 5(2><3

2><3 2x3x5
2 6

PO S S LU U P S S S 0 UL S U S S S DUt P L S U AU L S S R S S LRt e S S S

)?

4x3-4x
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e

KT A
1-16 ~ Using the relation P(g)ek—T and _[P(g)dg:l, evaluate the integral of (1-21) to deduce
0

(1-22), &=KT.

&

kT *®
(ﬁ”P(s)ﬁ(—Tﬂle(g)dgﬂm,ﬂ 3R 121 VARG o TIEEPH 122 75 0 £=KT )
0

ANS :

PO S0 S0 0 (0 S0 (T UrA v e L R LR L O S (T Tra TV S UL G S S S S S S AL UEAT UL S S R L L L .

1-17 ~ Use the relation R; (v)dv:%pT(v)dv between spectral radiancy and;

© 51,4
R, :J'zzh ‘;Vdv =oT* where o= Zka.(
0 C i g c“h
. T 2zh % vy 27k*T* % xdx
ANS : R, :IRT(V)dVZ 2 J v = 2 .[
0 Oeﬁ:_l ¢

_ 27k‘T* 2t 22%* T4 T

c?h® 15 15¢%h°

]
ok k Lk k k h ok ok ko Lk ko k ik Lk Lk ko

1-18- 4o (A g

hc . .
0.2014—, by solving the equation
K y g q ai

that x =4.965 is thesolition. )
ANS :

~*N*~*N*N*N*N*N*,_*N*;,*N*N*~*N*N*N*N*~*~*~*~*~*~*~*N*N*N*N*~*~*~*~*~*~*~*~*~*~
AV 4

1-19 ~ To verlfy Xpef‘lmentally that the 3°K universal background radiation accurately fits a
black at!y spéctrum it is decided to measure R;(4) from a wavelength below 4 _, where

max

its va}g@(wf 0.2R; (4,,) to awavelength above A, where its value is again 0.2R; (4

mu)'

egwhat range of wavelength must the measurements be made?
27k x°
h'c® e*-1

AstRAM=—pAM=

hc

With x= KT At 1=2, x=4.965, by problem 18. Thus

‘max !

5
R, (4,.) = 424037 ﬂ‘gz

Now find x such that R; (1) =0.2R; (4,

max)'

KAEE
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27Kkt x° (kt)®
R (0.2)42.4037 i
5
X 42403
X1

x =1.882 » x, =10.136

—34 8
Numerically, /= N6 L _ (8:626x10°)(2.098x10°) 1

KT x (1.38x107)(3) X
4 4798x10°
X
-3
Sothat 4 = 4.798-10" _ 5 55mm
1.882
-3
2, = M =0.473mm...... ##
10.136

kKR Kk Kk Kk Kk Kk ok ok ok ok h hk hk k _k k ok Kk Kk Kk Kk Kk Kk _k_ % *

5
1-20 - Show that, at he wavelength 4., where p; (1) hasitsmaximam p;(4,,) =170z ?;T))A .
4 C
. hc x, X /
ANS : If x= , then, by Problem 18, e +—=1
A KT 5
Hence, py (A )= 8”4” G-X).
1
But, x=4.965, —;
Upon substitution, there give ,«‘;gi‘gife;‘f) =170x k1) #H#
LAY (he)*
Kk k Kk ik Kk Kk Kk Kk Kk Kk Kk AN*~*.,*~*..~*,._*N*N*N*N*N*N*~*~*~*~*~*~*~*~*~*~*~*~

value one-half the vl at A, . Give answers in terms of 4.

%

: A (kT)®
ANS : By Problem20,..0; (1,.) =1707 ho*
J .
“wavelengths sought must satisfy Bﬁ?c hcl :1-1707r (kT)4 .
A gaw_g 2 (he)

Again let x=JC_.

AKT

x* 170

In terms of x, the preceding equation becomes

-1 16
Solutions are x, =2.736 ; X, =8.090.
Since, for 4, x=4.965, these solutions give 1, =1.8154,, , 4,=0.6144,, ....... #H#

max ?
P G G G G G S DU N G G R S L L S N S G L G S S N L S S L L

1-22 ~ A tungsten sphere 2.30cm in diameter is heated to 2000 . At this temperature tungsten

KAEE

Tunghai University

-7-
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radiates only about 30% of the energy radiated by a blackbody of the same size and
temperature. (a) Calculate the temperature of a perfectly black spherical body of the same
size that radiates at the same rate as the tungsten sphere. (b) Calculate the diameter of a
perfectly black spherical body at the same temperature as the tungsten sphere that radiates at
the same rate.

ANS : () 30%xoT!

ungsten

=0Ty = 30%x(2000+273)=T*

T =1682°K =1409°C

(b) 30%xoT?

tungsten

x47(2.3cm)? = 0Ty, x4’
tungsten :Tblack = r=126cm...... #it

ko ko ke kk ke kk Lk ok k Lk kL k kL k k ok Uk Lk k ke k ke ke kRl

; i.e., show that

‘max !

zero and 4,

percent does Wien’s approximation,t
underestimate the integrated energy!
ANS : 2

he _ (6.626x10*)(2.988x10°)

=71734K
Ak (2x107)(1.38x107%)
—34 8
h:: =(6.626x17(7) )(2‘9882310)=35867K
A"k (4x107")(1.38x10™)
35867
e’ - 1
so that ———— =3.82x (%)’ =0.1194
Lol 2
e’ -1
35867 35867

Let x=e ™ :then "1 _01194=—1 — x—7.375-e T
1 X+1

KAEE
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35867
In7.375

NOTE : % EjéﬁAppendix S > S-1 £318020°K -

P I G G G G L DU N G G N S L L S S S D N G S L S L L

Pk FEE

P NG G G G U G U S L S S UL S S G I U S (U e S S G S I G R e

1-001 - () Pt# B PRIV IEET - oS A ARy ﬁmpﬁ%yﬁlm)%ﬁﬁ%wﬁ

e c 8zhc, 1
HELILR(A) =2 () — Ea A0 Ao I g
e — A

PE o
ANS : (a) Blackbody (i) >~ # = fFHRES 2 pupis
G RSBRL > R BRI - - AT HZLBE Jﬁ;

53 R o d

/Jr‘iik%plpj T [[ ¢ B — E[PE‘

QT SRR
‘Wﬁﬁﬁmmﬁbﬁﬁﬁﬁ

%,
>

= O -

(b) EUBRFHOMEHTIS 5 R(A) =

. (Wien’s law)

; 51,4
Stefan’s law: R=oT?, :2”73(3
15¢*h
ANS : 7 o oydao8Eohe 4
@ FiAR R 22 p(2) =R
elkT _1

R SR A > TSR dgiﬂ)‘/‘w —0....(1)

R

Tunghai University

=8rhc[

d 8r
dﬂ 15 _he

he

(e 1)1 4 45 NC

AKT

-5
1=8rhe 42

lkT -1 eAKT _

e}kT

he

(e"7 -1

hc

he hc
H[-5* -1)+——e]|, =0...... 2
HESET )+ —e][, &)

?J X= /1kT Pz #r79 -5(e* 1) + xe* =0
~ Jy=-5(e"-1) T
1 {y — xe* E q%!\ j\ jg‘

fH%]] Wien displacement law A, T = X 2.898x10;
X #

(6) M

SRS : R

~ hc

4 ox=oe,

AKT

ko k ke ke kK ke kK S

RUD=2p(1) =

hc

¢ 8rhc
4° 20

) =7

27°k*
15¢%h®

S o)
AP ]
1B ]

blackbodies, What i tﬁe temperature of the shell?

wsz gl
&
]

\V/. V|
IR 74 PR

ANS : R, =oT* (Stefan’s law)
VEWR > PR = %H‘ﬁi’ > B A A SN
P, =4zr’R = 4onr’T* I

BT

S 2T

> PR G SRR D

-10-

( Stefan’s law )
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P, = 2[4x(2r)*1R =3207r*T" ( S A
PR B e T BN B =R

4
Al 9 SRR LS 0 T = ‘{/% =0.595T ...... ##

1-004 ~ Assuming that the probability distribution for occupation of the oscillator is given by
Boltzmann law. (a) Show that the mean energy E of an oscillator for a given temperature is

hv
hc b
e -1

(b) Show that for a sufficiently high temperature this expression befeqkmes} gﬁﬁég‘fégto

Py

the classical one. Give the other of magnitude of this temperature.

nhv

1 RLLG
_zgp(g):Z(nhv)ﬁe kT ~ hv

ANS (@) 7 =50 T
c _nhv v
—e KT ekT _1
2T
hv  hc
b) FWRBET >—=—
(b) i =K
. — hv hy 3R]
IEE == =kT Ht
el -1 1+ﬁ_1
PR R R R R R R R R R R R R R R R PR R T R RN RN R R R R R R R R R R R

5,
% LD )
% V.

1-005 ~ Cosmic background radiatio&ﬁ%%gsgat a wavelength of about 1 mm. What is the temperature
Ao SoF
of the universe? (Hint: use ;éVié?g#s*”law)
ANS : According to the Wiefi's 1av

“m°K

hc
A=—5=00243A ... 44
,C
PR S R N R R R R R R R R R R R R R R R R R R N R R

- Tk S

Tunghai University




1 128 B CHO2

Quantum Physics (&~ $22E) ;nggg
Robert Eisberg ( Second edition )
CH 02 : Photons-particlelike properties of radiation
PR R R R R R R R RS R R T RN T T R S R R N RS R R R N R R R R R R R RS R R N
2-1 ~ (a) The energy required to remove an electron from sodium is 2.3eV. Does sodium show a
photoelectric effect for yellow light, with 4 =5890 A? (b) What is the cutoff wavelength for
photoelectric emission from sodium?
ANS :

~*N*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*—~4’§ i~

2-2 ~ Light of a wavelength ZOOOA falls on an aluminum surface. In aluminum 4. 2eVg‘z§7§ reqcllregto

|
~*~*~*~*~*~*~*~.*~*~_*~*~*~*~*~*~*~.*~.*~.*~.*~_*~*~*~*chM#K*~*~.*~*—_*~*~*~*~*~*~*~*~

2-3 ~ The work function for a clean lithium surface is 2:3eV. ~Make a rough plot of the stopping
potential V, versus the frequency of the incident

important features.
ANS :

potential is found to be 1,/
ANS : 38204

~F ko kk ok k%

2-5~In a photoelectric’ M{)éziment in which monochromatic light and sodium photocathode are used,
we find asia@ppmé fotential of 1.85V for 2=3000A and of 0.82V for A =4000A. From
these data efe%;errﬁlne (a) a value for Planck’s constant, (b) the work function of sodium in
electﬁd' MQlts ‘and (c) the threshold wavelength for sodium.

ANS : The pﬁotﬁelectrlc equation is hc =eV 4 +w,4

with V =1.85V for A =300nm,and V,=0.82V for A=400nm

/hc=8.891x10"% +3x107w,
hc =5.255x10%° +4x107"w,
Hence, 8.891x107% +3x107w, =5.255x10% +4x107 w,

W, =3.636x10°J = 2.27eV

KAEE

Tunghai University
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(b) Therefore, hc=8.891x10" + (3x107")x(3.636x107°) =19.799x10*J —m
19.799x10°%

@ h= — =6.604x10%J —s
2.988x10
—26
© wy =", 3636x107 = 1979910
o P
Jy =5.445x107m = 54450 ............ "

PR L P L R L N R L R NG G R L R G R R L L R R R L N N R R L

ok

2-6 ~ Consider light shining on a photographic plate. The light will be recorded if it dis
AgBr molecule in the plate. The minimum energy to dissociate this molecule i

photoelectric effect when K>0.1, if errors greater thq;ﬁ?abo % are to be avoied. For
c

photoelectrons ejected from an aluminum surfg@e ( @, »&ZeV) what is the amallest
xpression may be used?

2-8 - Xrayswith 1=0.71A eject photoel
of radius r in a region of smagnetic induction B. Experiment shows that
rB=1.88x10*tesla—m. Find (; ﬁeg,maxmum klnetlc energy of the photoelectrons and (b)

_ (3.012x20° 23)(2 988><108) 0.05637MeV

c@, 602x10) c

—’pc +E2

b )

E® =(0.05637)% +(0.511)°
E =0.5141MeV
Hence, (a) K =E-E,=0.5141-0.5110=0.0031MeV = 3.1keV
(b) The photon energy is
1240 1240
Eph (e )

——=0.0175MeV
A(nm)  0.071

W, =E,, ~K=175-3.1=14.4keV ......##

P NS G G S U G S DU N G S G I S G S DU R S G IS I S G S S I S S S S B
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2-9 ~ (a) Show that a free electron cannot absorb a photon and conserve both energy and momentum
in the process. Hence, the photoelectric process requires a bund electron. (b) In the Compton
effect, the electron can be free . Explain.

ANS : (a) Assuming the process can operate, apply conservation of mass-energy and of momentum :

hw+E,=K+E;, >hv=K
hv

—+0=p
c

These equations taken together imply that p = Ko 1)
c

But, for an electron, E*= p’c®+E;

JKZ+2EK/

(1) and (2) can be satisfied together only if E, =0 WhICh |sm§; true for an electron.

(K+E)* = p’c®+E? = p=

(b) In the Compton effect, a photon is present after the colimon this allows the conservation
laws to hold without contradiction. -

~Fk ok k ok ok k ok k k ko Lk Lk Lk k ko ok kU h

Kk Kk Kk ke _k _k_h kK kK
>

2-10~Under ideal conditions the normal human eyewill record a visual sensation at 55004 if as few
as 100 photons are absorbed per second Wm&a@ﬁver level does this correspond to?
ANS : 3.6x107"'W

photons does it produce%&%ﬁgsgcond over the other bulb?
ANS : )

~*~*~*~*~*~*~*~*~*§u ~Fak ik Kk Kk Kk Kk k ok ko ok h ko ok ko ok Lk h ok ko kL

2-12 ~ Solar radlaglgn fall$ on the earth at a rate of 1.94cal/cm? —min on a surface normal to the
|ncom|ng rva)ﬁs Assummg an average wavelength of 55004, how many photons per

Vif, is this?

ANS : 12‘35x16’z°Hz 2.427x1072 A, 2.731x10%?kg —m/sec

&;w 73

*.,_*.;k~*~*~*N*N*N*N*N*N*N*~*~*~*~*~*~*~*N*N*N*N*~*~*~*~*~*~*~*~*~*~*~*~

2-13

.

What are the frequency, wavelength, and momentum of a photon whose energy equals the rest
mass energy of an electron?

ANS :

PR L L R R R N R NG S L ST U UL ST T U N R N R R R N N R N R R N N R NG G NG N
2-14 ~ In the photon picture of radiation, show that if beams of radiation of two different
wavelengths are to have the same intensity (or energy density) then the numbers of the
photons per unit cross-sectional areas per sec in the beams are in the same ratio as the
wavelength.
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ANS : Let n = number of photons per unit volume. In time t, all photons initially a distance <ct will

2
cross area A normal to the beam direction. Thus | =M:M: nhw:m.
At At A
n
For two beams of wavelengths 4, and A, with I, =1,, %:1:ni = &:%, and
2 _2 2
A

n1

s
At

the factor ¢ (which is the same for both beams), then if p, = p,, the atioh“above holes
again. V

electron. (b) Do the same if the scattering angle is 120°.

(Hint : See Example

.,_*,._*,._;r._*._*.,,*._,*._,*.,_*.._*.,_*.,_*._*._*._*.,,*._,*._,*._,*._,*.,_*,.._*,._*,._*._*._,*.,*.,,*~*~*~*~*~*~*~*~*~*~*~
2-18 ~ An x-ray photon of initial energy 1.0x10°eV traveling in the +x direction is incident on a
free electron at rest. The photon is scattered at right angles into the +y direction.Find the

components of momentum of the recoiling electron.
ANS :

P N G G G G S DU S N S G R S L G I S N S I G e N S I S L
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2-19 -~ (a) Show that % the fractional change in photo energy in the Compton

0
ANS :
2-20 ~ What fractional increase in wavelength leads to a 75% loss of photon energy in a Compton
collision? 4
ANS : 300%

********************************i{;k

P SRS S B0 0 20 S LS S S S LUL U S S S S S S S T S S S S U R e

10% of its energy?
ANS : 44°

is 186kahat|s A ’.7‘

ANS : (

~*~*~*~*~*~*~*~*~*~ ~Fk ik k Kk Kk Kk ok ok ko h Lk ko ko Lk Lk k ok ko kL

2-25 ~ (a) What is the mmlmum voltage across x-ray tube that will produce an x ray having the
Compton M@eTeﬁgth” A wavelength of 1A? (b) What is the minimum voltage needed across
an x- VStube if the subsequent bremsstrahlung radiation is to be capable of pair production?

ANS :

“/

SO NG G L S S G S DU N G I S I G G G S DU e L S G I I S S )

2- 26 . AZOKeV electron emits two bremsstrahlung photons as it is being brought to rest in two
successive deceleration. The wavelength of the second photon is 1.30A longer than the
wavelength of the first. (a) What was the energy of the electron after the first deceleration, (b)

what are the wavelength of the photons?

ANS : Set K, =20keV, K, =0; K, =electron kinetic energy after the first deceleration; then

KAEE

Tunghai University

A =A+AL

with A2 =0.13nm since hc=1.2400keV —nm

o 1280050 g,

A
1.2400

%
4, =24,+0.13

=K,

solving yields, (a) K, =5.720keV

Note : ﬁiiifﬁiprpendixS » S-1 £ (26a)5.725keV (26b)0}.g<870V

~*~*N*~*N*N-k;k;k~_*~*~*~*~*N*~*~*~*~*~*~*__*~_*~*~*d&

0
(b) 4 =0.0868nm =0.868 A

0
A, =0.2168nm = 2.168A ...... HH

b1 I B CHO2

interaction. )

ANS :

Hk Kk

2-28 ~ A y ray can produce an electk
well as a nucleus. Sho%\g\ﬁgtfh;fgfgirﬁ'tﬁis case the threshold energy is 4m,c?.

ignore the recoi

toge
ANS :

~* ik k%K

nucl

ANS : (a)

(b)

kK k Kk Kk kK k Kk K
P |

20108 3
A'a'%2 i

ther. )

S S
T
|

Fk ko kk ok ok k ko h ok k k k ko h kL

Qsitron pair in the neighborhood of an electron at rest as

(Hint : Do not

of .the/ briginal electron, but assume that all three particles move off

i;~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~

articdlar pair is produced such that the positron is at rest and the electron has a kinetic
energ)l 0f“1.0MeV moving in the direction of flight of the pair-producting photon. (a)

Lectlng the energy transferred to the nucleus of the nearby atom, find the energy of the

eus?
E+Myc® = Myc® +2mc® + K

E = 2x0.511+1=2.022MeV
_E_2.022MeV
C c

gncndent photon. (b) What percentage of the photon’s momentum is transferred to the

KAEE
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1.422MeV
C

+

P=0; P,:E(K2+2m0c2K)”2:1(12+2x0.511><1“2:
c c

P —2.022-1.422 = 220OMEV.

Transferred }153 F*= 0.600
2.022

x100%=29.7% ............ ##
PR S R N R R R S N R R R R N R R R R R R R R R

2-30 ~ Assume that an electron-positron pair is formed by a photon having the threshold energy for

the nucleus to be that of a lead atom and compute the kinetic energy of the rece‘i};@uéi s. Are
we justified in neglecting this energy compared to the threshold energy assun‘i ] ﬁgye?
ANS : (30a)5.46x10 kg —m/sec  (30b)2.71eV, yes

7
N*N*N*N*N*N*N*~*~*~*~*N*N*~*~*~*~*~*~*~*~*~*N*N*N*N*N*N*N*‘&*LW~*~*~*~*~*~*~

2-31 ~ An electron-position palr at rest annihilabe, creatmg two ph@t‘a t what speed must an
twice that of the other?

ANS : Use the Doppler shift to convert the given wave
frame of the pair :

2 =4

(C V)1/2 i(c+v)1/2

,-.,_*__*__*__*__,*_,,*.,,*__,*.,__*.,_,*._*._*__*__*__*.,*__*_,*_,*.,*.___*..__*._*__*__*__*___*___
2-32 ~ Show thatihe resufts of Example 2-8, expressed in terms of o and t, are valid independent
of the assun‘fei;i “areas of the slab.

tge‘fore being scattered or absorbed.
ANS : The number of particles stopped/scattered between distances x and x+dx is
dl (x) = ol (x). Hence, for a very thick slab that ultimately stops/scatters all the incident
particles, the average distance a particle travels is
jxdl o‘p.[ xldx Ixe’“pxdx 1

= =—=A,thelimitsonall x integralsbeing x=0 to
jdl o-p_[ldx j.e""’xdx op

KAEE
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PO L G G S UL G (U S N G S G A S S L NS G S S S S I S S S G I S I S S L S

2-34 ~ Use the data of Figure 2-17 to calculate the thickness of a lead slab which will attenuate a
beam of 10keV x rays by a factor 100.
ANS :

L N G G S UL G UL S G S S S G A U S U D e G G I I S IS G S S I S S S e L
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Quantum Physics (&~ $22E) ;nggg
Robert Eisberg ( Second edition )
CH 03 : De Broglie’s postulate-wavelike properties of particles
PR R R R R R R R R R R ST R T T T T R R N RS R R R R R R R R R R RS RS R R N
3-1 ~ A bullet of mass 40g travels at 1000m/sec. (a) What wavelength can we associate with it? (b)
Why does the wave nature of the bullet not reveal itself through diffraction effects?
ANS :

...*~_*_._*.._*.._*_._*__,*__.*__*__.*__*._*.._*.._*.._*_._*,._,*_.*__,*__,*__*__*~*_._*.._*._*__*._*~*_.*_.*__*__*__*._*._*

3-2 - The wavelength of the yellow spectral emission of sodium is 5890A. At what klnetlc ’ens@gﬁ

PAT

would an electron have the same de Broglie wavelength?
ANS : 4.34x10°%eV

~*,__*__*__*__*,__*;k~_*~*~_*~*~*,__*~*~*~~k~_~k~*;k_.*~*~*.._*._*._*._*...*._*...*~.*4;m§;,*~*...*’._*._*._*._*...

%

3-3 ~ An electron and a photon each have a wavelength of 2.0A. What are thgir ( a)"momenta and (b)
total energies? (c) Compare the Kinetic energies of the electron a@nglg ?fglE; photon
ANS : A

~*~*N*N*N*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*4&?

#4

~*~_*__*~_*~*~*~*~*~*~*~*~

st a$ arff*electron. The ratio of their de
dentify the particle.

3-4 ~ A nonrelativistic particle is moving three times as
Broglie wavelength, particle to electron, is 1.813x10

3-6 ~ A’partlcle moving with kinetic energy equal to its rest energy has a de Broglie wavelength of
1.7898x10° A. If the kinetic energy doubles, what is the new de Broglie wavelength?
ANS : 1.096x10°A

PO G G G S UL G (U et I G S G S G S D e S G S I I S G S DU R L S S

3-7 ~ (a) Show that the de Broglie wavelength of a particle, of charge e, rest mass m,,moving at

relativistic speeds is given as a function of the accelerating potential V as
h

N s eV )
\2meV - 2mge

h . L
=— in the nonrelativistic
p

KAEE
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limit.

J2KE
ANS : (a) E?=p?%?+EZ; (K+E,)?=p%c?+EZ, |<):1(|<2+2|<E(,)1’2:7°(1+%)“2
c c o

But K=eV and E,=my?, so that

2
KE, (ZKEo)uz (2(eV)(mc))1,2 \/W

c

K ev Therefore /I:D— h

—= . , =—(1+
T b~ Jomev "

> =1 toget

And

(b) Nonrelativistic limit : eV <<m,c’; set 1+
0

_h h  h
(2myeVv)"?

- (2m0K)”2 -

_1.24x107 (1- )"

b where f=—
YATE M) B p=
ANS: 1=—-
V
Numerically .
34 0 35185
_ (6:626x107 ) ~5)2.998540°M/S) _ 1 538,10 MeV — nm ~1.2400x10-*MeV —nm
(1.602x10 2 / MeV3 nm)
403
A(nm) = 1.2400 x19Q

A “‘L"ff‘flo (1_'32)1/2(2\) ...... wh
JE(Mev) B

V£*~%~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~

s

3- 9 Dete‘rmmev“at what energy, in electron volts, the nonrelativistic expression for the de Broglie
i m@Jength will be in error by 1% for (a) an electron and (b) a neutron. (Hint : See Problem
ANS :

P I L G G G S DU S N G N G G G N S S L S S S S G L S S L L

3-10 ~ (a) Show that for a nonrelativistic particle, asmall charge in speed leads to a change in de

Broglie wavelength given from % _av . (b) Derive an analogous formula for a relativistic

VO
particle.
ANS :

KAEE
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3-11 - The 50-GeV (i.e., 50x10°eV ) electron accelerator at Stanford University provides an
electron beam of very short wavelength, suitable for probing the details of nuclear structure
by scattering experiments. What is this wavelength and how does it compare to the siza of an
average nucleus? (Hint : At these energies it is simpler to use the extreme relativistic

relationship between momentum and energy, namely p =E. This is the same relationship
c
used for photons, and it is justified whenever the kinetic energy of a particle is very.much

greater than its rest energy mc?, as in this case.)

ANS :

PO G G G G DU e L G S S I G N G N S S L S S L A

3-12 - Make a plot of de Broglie wavelength against kinetic energy for (a) elémwﬁs and (b) protons.
Restrict the range of energy values to those in which classical, menﬁranlcs appliesreasonably

A Yit}

well. A convenient criterion is that the maximum kinetic energy Qn ‘each plot be only about,

connecting 4 §§g;‘5ﬁally placed atoms. (a) Find the longest wavelength electrons that can
progééé‘@a;ﬁr%t-order maximum. (b) If 300eV electrons are used, at what angle from the

3-15 ~ What is the wavelength of a hydrogen atom moving with velocity corresponding to the mean
kinetic energy for thermal equilibrium at 20°C ?
ANS : 1596 A

3-16 - The principal planar spacing in a potassium chloride crystal is 3.14A. Compare the angle for
first-order Bragg reflection from these planes of electrons of kinetic energy 40keV to that of
40keV photons.

KAEE
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ANS :

3-17 - Electrons incident on a crystal suffer refraction due to an attractive potential of about 15V that
crystals present to electrons (due to the ions in the crystal lattice). If the angle of incidence of
an electron beam is 45° and the electrons have an incident energy of 100eV, what is the
angle of refraction?

ANS :

P NG G UL S G G N DU L N G N S N G L S T S R S R e S S L

microscope” using 0.2MeV y rays?
ANS : 37.7kV

3-19 ~ The highest achievable resolving power of a microscope is Iu:n& ani/ﬁby the wavelength
used; that is, the smallest detail that can be separated |§ abo .equal to the wavelength.
Suppose we wish to “see” inside an atom. Assuming thé aieom to have a diameter of 1.0A ,
this means that we wish to resolve detail of sgpgratldn about 0.1A. (a) If an electron
microscope is used, what minimum energy of elecmms saneeded” (b) If a photon microscope
is used, what energy of photons is needed’)ﬁln what region of the electromagnetic sepectrum
are these photons? (c) Which mlcroscope seewmore partical for this purpose? Explain.

ANS : (a) p _E 6. 626x11? - (2 9878&;;0%/3) _ 0.12400MeV

(10 ™m)c (;,,602 {10, 23/ MeV) c

E?=p’c®+E;

4 E
() p=2 12406Mé\i :T"“ = E,, =124keV

2

3-20 »Sﬁow that for a free particle the uncertainty relation can also be written as Aﬂszj—
T

where Ax is the uncertainty in location of the wave and AA the simulataneous uncertainty
in wavelength.
ANS :

PO S S LUL o U D S S L S U S R S DS L L L U U (LT S S R P S S SR L L S S

321~ If % =107 for a photon, what is the simulataneous value of Ax for (a) 4=5.00x10"*A

KAEE
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(yray)? (b) A=5.00A (xray)? (c) A=5000A (light)?
ANS :
PR R R R R R R R R R R RS R R RS R R R R R RS R N R R R R R R R R RS R R R R N N
3-22 ~ In a repetition of Thomson’s experiment for measuring e/m for the electron, a beam of
10%eV electrons is collimated by passage through a slit of which 0.50mm. Why is the
beamlike character of the emergent electrons not destroyed by diffraction of the electron
wave at this slit?
ANS :

differ from a straight line.
ANS :

3-24 ~ Show that if the uncertainty in the location of a partiéiégié about equal to its de Broglie
wavelength, then the uncertainty in its velocity is abeugeqﬂal to one tenth its velocity.
ANS :

~*~*._*..*..*..*..*...*-..*...*~*~*~*~*~*~*..*..*-.*..«*-..*A,*._ ~FFF KKK KKKk kK kK

3-25 ~ (a) Show that the smallest possible uncertam@%@ ‘the position of an electron whose speed is

given by ,B:f IS AXyin = ; AC\/l B> where 1. is the Compton

wavelength N . (b) What lgthe medning of this equation for #=0? For g =1?
m,C

Msr
0

ANS :

velocity of a positron is measured to be : v, =(4.00+0.18)x10°m/sec ,

&y/ym: (0.34+0.12)x10°m/sec, v, = (1.41+0.08)x10°m/sec. Within what minimum volume

was the positron located at the moment the measurement was carried out?

ANS : 1.40x10* 2«3

KKk ik k Kk Kk KKk ko ko k Kk Kk ko k Kk ko _h ko Kk k Kk Kk Kk K _d_k_k_k_ Kk K _K_d_*_

3-28 ~ (a) Consider an electron whose position is somewhere in an atom of diameter 1A. What is the
uncertainty in the electron’s momentum? Is this consistent with the binding energy of

KAEE
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electrons in atoms? (b) Imagine an electron be somewhere in a nucleus of diameter10™
What is the uncertainty in the electron’s momentum? Is this consistent with the binding
energy of nucleus constituents? (c) Consider now a neutron, or a proton, to be in such a
nucleus. What is the uncertainty in the neutron’s or proton’s, momentum? Is this consistent
with the binding energy of nucleus constituents?
ANS : (a) Set Ax=10""m
h  6.626x10™*J -
ArAx 47[(10’1°m)
_ 5.2728x10 kg —-m/s N 2.988x10°m/s _ 0.9835keV
c 1.602x107°J / keV c

p=Ap=

E = (p°c® + EZ)"* =[(0.9835)% + (511)*]"* = 511.00095keV

K =E-E, =511.00095keV —511keV =0.95eV
Atomic binding energies are on the order of a few electsng
consistent with finding electrons inside atoms.
(b) Ax=10"m; hence, p=9.835MeV /c, from (a).

E = (p%c + E2)" =[(9.835)% + (0.511)°]"* =

K =E-E,=9.8812MeV —0.511MeV #9. 37M; /¢

; n o

This is approximately the average blndmgéer‘fergy per nucleon, so electrons will tend to
escape from nuclei.
(c) For a neutron or proton, p=

E =(p%c?+E2)"? = [(9 835 4 (@38) ]“2 938.052MeV

¥

uncertainty ™
nucleisu

gncértainty in energy of the y -ray photon emitted?

ANS :

e e Fe e Fe e Fe e Fe e e e e e e e e

3-30 -~ An atom in an excited state has a lifetime of 1.2x10®sec; in a second excited state the
lifetime is 2.3x10®sec. What is the uncertainty in energy for the photon emitted when an
electron makes a transition between these two levels?

ANS : 4.17x10%eV

P S G T N N R R R N S L R R L R R I N R L R R R R N R R R L
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3-31 ~ Use relativistic expressions for total energy and momentum to verify that the group velocity g
of a matter wave equals the velocity v of the associated particle.
ANS :

P G G G G G S DU N N G N S L S S G S S G S S S L G L L R L L

3-32 ~ The energy of a linear harmonic oscillator is E = p* +7 (a) Show, using the uncertainty
. . h? Cx?
relation, that can be written as E :WJFT (b) Then show the minimum energy of
mx

the oscillator is %V where v——\/7 is the oscillatory frequency. (Hint, :

classwally the minimum energy would be zero.) \
ANS : (a) Since p, >Ap, and x> Ax, for the smallest E use px : Dy éfhd X =Ax to obtain

E-—1 (ap,)+Ic(any
2m( p,) 2 (Ax)
With Ap Ax == 1
2 Ar

2
L lomwe

/ ’% -
The minimum energy becomes Es 2+ C L —
e T T2 = g T2

dE e 1 &8,
d(Ax) 1672°m (Axg @éA)é)é

diameter for the second aperture. (b) Using reasonable TV tube parameter, estimate the
minimum possible spot size.

ANS :

PR L LS R R R N R G NS R ST UL T T T T R R N R N N N N R N R R N L RS NS S NG N

3-34 ~ A boy on top of a ladder of height H is dropping marbles of mass m to the floor and trying to
hit a crack in the floor. To aim, he is using equipment of the highest possible precision. (a)
Show that the marbles will miss the crack by an average distance of the order of

KAEE
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(i)“ 2(ﬂ)““, where g is the acceleration due to gravity. (b) Using reasonable values of H
g

and m, evaluate this distance.
ANS :
PR L LR R R R N R G S L ST U UL T T U N R N R R R N N R R N R R N R NG G NG N
3-35 ~ Show that in order to be able to determine through which slit of a double-slit system each
photon passes without destroying the double-slit diffraction pattern, the condition

AyAp, Sg must be satisfied. Since this condition violates the uncertainty prmﬁljﬁ&e

cannot be met.
ANS :

PO G G G L S G DU L G S I S S G L I S T L L S e T
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Quantum Physics ( &I+ P22f) ??‘iééj
Robert Eisberg ( Second edition )
CH 04 : Bohr’s model of the atom
Rk sk Uk sk Uk sk sk sk sk sk sk ok sk sk sk sk Uk sk sk sk sk sk sk ok sk %k sk sk sk sk ok sk %k sk sk %k %k
4-01 ~ Show, for a Thomson atom, that an electron moving in a stable circular orbit rotates with the
same frequency at which it would oscillate in an oscillation through the center along a
diameter.
Q17 =S LAC I ut A ¢ T AR REGE T helsgse g
SR »
ANS :

#
N*N*N*N*N*N*~*N*N*N*N*~*N*N*N*N*~*~*~*~*~*N*N*N*N*N*N*N*N*N*N*Nﬁlg

J/ ? FI?P%yS @I[“:[j Ifr’ ° )
ANS :

N N N N N L L .

4-03 ~ Assume that density of positive charge in any Théiiij
atom. Find the radius R of a Thomason atom of atomyx‘; number Z in terms of the radius R,

rd§ .

of the hydrogen atom. ) é»’i{&“”

ANS : Z'°R,

interacts with th g@’sﬁlve charge of a Thomson atom of radius 1.0 A is also about 10~*rad .

Hence, argug t that é < 10“‘ rad for the scattering of an o particle by a Thomson atom.

AN

ANS : ;M% s

|

ANS :

Ak kU Uk Uk Uk ke ke ke Uk Uk kU Uk Uk Uk ke ke ke sk sk sk Uk Uk Uk Uk ke Uk sk sk kU Uk Uk

4-06 ~ A 5.30MeV o particle is scattered through 60° in passing through a thin gold foil. Calculate

(a) the distance of closest approach, D, for a head-on collision and (b) the impact parameter, b,

corresponding to the 60° scattering.
ANS : (2)4.29x10™m (b) 3.72x10™m

A R R R R R Rk Uk R R kK R kR R R Uk Uk Uk Uk Uk Uk Uk Uk Uk kK kK
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4-07 ~ What is the distance of closest approach of a 5.30MeV a particle to a copper nucleus in a
head-on collision?
(IPHBERE > 5.30MeV [V o THRh Sl L A IO BHEERL T 2 )

ANS @ 1.58x10™*m

R K Rk Rk Uk ok Uk ok Uk Uk sk Uk sk Uk sk Uk sk Uk sk Uk ok Uk ok Uk ok Uk Uk Uk Uk sk Uk Uk Uk Uk Uk

4-08 ~ Show that the number of « particles scattered by an angle © or greater in Rutherford
. 1 . Ze*, ,.0

scattering is (——) 7l pt(—=)" cot™(—).

gis (Al ol )

ANS :

incident beam into a region where scattermg angles exceed 600 Ns?*&ﬁqual to 2.0><10 ’,

4-10 ~ A beam of a-particles, of kinetic energy 5.30MeV and iﬁtépgity 10* particle/sec, is incident
normally on a gold foil of density 19.3g/cmé atbmic weight 197, and thickness

foil. If @ is the angle between the incidenﬂpgam and+ line from the center of the foil to the
center of the counter, use the Rutherford scattﬁ{ " differential cross section, (4-9), to find the
nd for @ =45, The atomic number of gold is 79.

2.

number of counts per hour for ® = 14(}’“
ANS : By equation 4-8, 4-9

2Z¢°

dN = (7) (2Mv2

g

The solid angle@f i 5 =10"strad

/ (10)2
Also, n wg#;aucl’ei’ per cm®)(thickness)

%”}wv
1%1(91.66“10’“)

(107°)=5.898x10*'m™

1

The number of counts per hour is #=(3600)dN = 0.2445

sin® —
2

This givens : ©®=10° #=4237
0=45" #=114...... ##
NOTE : ﬂ%‘ié'ifﬁ‘Appendix S S-1 £% 4240, 11.4 -
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4-11 ~ In the previous problem, a copper foil of density 8.9g/cm’, atomic weight 63.6 and
thickness 1.0x107°cm is used instead of gold. When ®=10" we get 820 counts per hour.
Find the atomic number of copper.

ANS :

ARk Uk sk sk k sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk Uk %k

4-12 ~ Prove that Planck’s constant has dimensions of angular momentum.
CRATP I e 22 AT < )

ANS :

W

4-13 ~ The angular momentum of the electron in a hydrogen-like atom is 7.382x joule-sec.

What is the quantum number of the level occupied by the electron?

ANS : L:nﬁ:th
2w

7382107 = (6.626x10*)
2

hydrogen atom to the Coulomb attraction. Ag@ we Just
F as%’fié“’i‘*‘*
ANS 1 22 —44x107", yes %

coul

| A

as*v aC where o is the fine-structure constant. (b) From the value of a what can you

conclude about the neglect of relativistic effects in the Bohr calculation?
ANS :
ARk Uk sk k sk ke sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk Uk Uk %k
4-18 ~ Calculate the speed of the proton in a ground state hydrogen atom.

ANS : The periode of revolution of electron and proton are equal :

KAEE
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rp
=> v, = (r—)ve

e p e

The motion is about the center of mass of the electron-proton system, so that

m,r,=mr, =

P

_m
m

m 3x10*
Vo= () = Moy &y L =1.2x10°m/s ...... #H#
P (me) =( )(137) 1836 137 )

N*N*N*N*N*N*N*N*N*~*~*N*N*N*N*~*~*~*~*~*~*N*N*N*N*N*N*N*N*N*N*N* *;i*

the recoil speed of the hydrogen atom in this process.
ANS : 13.46eV, 13.46eV/c, 921.2A, 4.30m/sec

AR Uk Uk Uk Uk Uk sk sk sk sk sk sk sk sk sk ok kK kK ok sk sk sk %k
A
4-20 ~ (a) Using Bohr’s formula, calculate the three longest w"av&fengths in the Balmer series. (b)
Between what wavelength limits does the Balmer seri 1ié? pY

ANS :

N*N*N*N*N*N*N*N*N*N*N*N*N*N*N*N*N*N*N*Nﬁ;«h* * K

4-21 ~

I I I I I I

¢ of the Lyman series to that of the Pfund series?

P c 1 1
ANS : (a) Frequél oi;ghe firstline: v, =—=CcR,{—~—-———
(a) Freq maz =7 H{mz (mH)z}

rs
ff"’f‘ ’r@ncy of the series limit: v, = /% =cRy {#—0}

o

0

. R
“Therefore, Av=v, —-v, = R
: (m+1)
cR,
Ay, 2
(b) by a+h =9...... H#
Av, _CRy
(5+1?
Ak Uk Uk Uk Uk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk Uk

4-23 ~ In the ground state of the hydrogen atom, according to Bohr,s model, what are (a) the

quantum number, (b) the orbit radius, (c) the angular momentum, (d) the linear momentum, (e)
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the angular velocity, (f) the linear speed, (g) the force on the electron, (h) the acceleration of
the electron, (i) the kinetic energy, (j) the potential energy, and (k) the total energy? How do
the quantities (b) and (k) vary with the quantum number?
ANS :
ARk Uk sk ke k ke sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk Uk %k
4-24 ~ How much energy is required to remove an electron from a hydrogen atom in a state with
n=_8?
ANS :

the free electron and (b) the energy of the original photon?

ANS : (a) E,, =1 =12400_ 56 6rev
T 466

K =26.61-10.2=16.41eV

(b) E,, =13.6+16.41=30.0leV ...... Liiii

NOTE : ¢F+’AF> Appendix S » S-1 £i(a)23.2eV (b)36.

~*N*N*N*N*N*N*~*~*~*~*N*N*N*N*N*N*N*N*ng‘“* *, ~*~*~*~*~*~*~*~*~*~*~*~*~*~*~
4-26 ~ A hydrogen atom is excited from a state M@}’Q‘ﬁ—l to one with n=4. (a) Calculate the

energy that must be absorbed by the,

the different photon energies that

Calculate the recoil speed of xﬁg i}yglrogen atom, assumed initially at rest, if it makes the
Haye
transition from n=4 to_ ’“‘gfnaé single quantum jump.

ANS : \

electron) oi; (}856\7 makes a transition to a state with an excitation energy (this is the
difference il gnergy between the state and the ground state) of 10.2eV. (a) Find the energy of
theméﬁ;ﬁk%@fg photon. (b) Show this transition on an energy-level diagram for hydrogen,

labélif;f/g‘?iﬁ%é appropriate quantum numbers.

4-28 ~ Show on an energy-level diagram for hydrogen the quantum numbers corresponding to a

transition in which the wavelength of the emitted photon is1216A.
ANS :

4-29 ~ (a) Show that when the recoil kinetic energy of the atom, ﬁ, is taken into account the

frequency of a photon emitted in a transition between two atomic levels of energy difference
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AE is reduced by a factor which is

). (Hint : The recoil

momentum is p= v .) (b) Compare the wavelength of the light emitted from a hydrogen
C

atom in the 3 — 1 transition when the recoil is taken into account to the wavelength without

accounting for recoil.
ANS :

ARk kU Uk Uk ke Uk ke Uk Uk kU Uk Uk Uk ke ke Uk Uk sk sk Uk Uk Uk Uk Uk Uk Uk Uk Uk ek Uk

with Z=1?
ANS : 4.90A

ARk Uk kU Uk Uk ke ke ke Uk Uk kU Uk Uk Uk ke Uk Uk Uk kU Uk Uk Uk

A Wa Y

liberated electron?
ANS : 1.50x10°m/sec

e e K ok kK sk ok sk ok kK sk k%

*L*N*N*N*N*N*N*N*N*N*N*N*N
pi
FAN

t6 a-helium atom with one electron

4-32 ~ Apply Bohr’s model to singly ionized helium, that i
% nd the hydrogen spectrum?

Lo

@aw

ANS : IJ;&@E@% (0511MeV)(\/7 1)

< voo12x10
Hirp=—=—"—"——"-=0.04
s c 2.988x10*

K =409.3eV
For helium, the second ionization potential from the ground state is
E 13.62° 13.6x2

on = e =54.4eV

E,, =54.4+409.3=463.7eV

A= =26.74A...... H
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ARk Uk sk k sk ke sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk

4-35 ~ A 3.00eV electron is captured by a bare nucleus of helium. If a 2400A photon is emitted, into
what level was the electron captured?

ANS : n=

ARk Uk sk ke sk ke sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk %k

4-36 ~ In a Franck-Hertz type of experiment atomic hydrogen is bombarded with electrons, and
excitation potentials are found at 10.21V and 12.10V. (a) Explain the observation that three

different lines of spectral emission accompany these excitations. (Hint : Draw an energy level

diagram.) (b) Now assume that the energy differences can be expressed as hv an( fﬁﬁ g.;ae

three allowed values of v. (c) Assume that v is the frequency of the emltt&ﬂ“ radiation and

determine the wavelengths of the observed spectral lines.
ANS :

atom, in giving up the energy absorbed from 4.9¢V elecg;ons‘% %yals hv, where v is the
frequency corresponding to the 2536A mercury resonéfn@e hne Calculate the value of h
according to the Franck-Hertz experiment and com wiﬁ1 F;T’anck’s value.

ANS :

I I I I I I I

4-38 ~ Radiation from a helium ion He" is early equal in wavelength to the H_ line (the first

L V4 ny n (7)2 (7.)2

' (b) Now take into account the reduced mass
=( 1 % Hy ’e*

1 2)%e*
4re, 4x7°¢C =(—)’ M€ @(4RH )
0

: dne,”  4ni’c N Hy

> Ny

m,m, X m,(4m,) m,
Hy =———"—=m, (1_7) e =~ =M(I-—%)
m, +m, m, m +(4m,) 4m,
Hye > Hy
-7 -
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1 I 1 1 1
— =R, {—-—1>4R, {———
AHE He{n? nlz} H {n? nlz}

Compare to the hydrogen H_, line, the helium 6—4 line wavelength is a little shorter.

*. smaller

(c) Since A oc u™

(the factor Z* is combined with Lz—iz to give equal values for H and He)
n n

f i

Ay~ e _ e —Hu __ Mu

Ay Hie Hye
Lm
m
le_ipziﬂzimzzu)g@(lo%
A 1- m_ 4m, 49383

4-39 -~ In stars the Pickering series is found in the He*
He* jumps from higher levels into the level with'

wavelength of lines belonging to this series%b&) In Wi /region of the spectrum is the series?

(c) Find the wavelength of the series limit. (dﬁgﬁnd the ionization potential, if He™ is in the
ground state, in electron volts.

ANS : (a) A(A) 647”6 1=5,6,7,.

4-40 ~ Assuming that an ait

spectroscopic exami
separation from %ﬁe
observed. Eg‘ggress%tfl&e ?esult as a difference in wavelength.

ANS : 238 A N

4-41~A gfé %écﬁarge tube contains H',H?,He*, He*, Li®,and Li’ ions and atoms (the superscript

Ny
2

the atomlc mass),with the last four ionized so as to have only one electron. (a) As the

po%ntlal across the tube is raised from zero, which spectral line should appear first? (b)
Given, in order of increasing frequency, the origin of the lines corresponding to the first line

of the Lyman series of H'.
ANS :
4-42 ~ Consider a body rotating freely about a fixed axis. Apply the Wilson-Sommerfield

quantization rules, and show that the possible values of the total energy are predicted to be
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n=0,1,2,3...,where | is its rotational inertia, or moment of inertia, about the
L=Ilw . The total energy E is

iZnZ

Y

K=—lw’=—. L is independent of & for a freely rotating object. Hence, by the
‘ 1

axis of rotation.
ANS : The momentum associated with the angle 6 is
2

E=
2
Willson-Sommerfeld rule,

f; Ld@ =nh
Lpdo=L(27)=V2IE(27)=nh

~V2IE =n%
2 22
n-z
= ... #H
21
N>I<,\,*,\,*,\4>i<N>l<N>l<,\_,>l<,\,*N>l<,\,>l<,\‘>l<,\,>I<,\,>i<,\,*,\,>l<,\_,*N*N*,\_,*N*N>1<N>l<,\,>i<,\,*,\,*,\4*,\_,>l3
A e
4-43 - Assume the angular momentum of the earth of mass 6:0 %{624 kg

the sun at radius 1.5x10"'m to be quantized acc@ff&jﬁg to Bohr’s relation L= >

e 3 =
/5y
ntization be detected?

&

P
o
s

py
V4
Y4

4
&

the value of the quantum number n? Could
B k

ANS :

R K R U R Uk Uk kR K

due to its motion around
nh .
— . What is

such qua
P
£ L
ke ke k k Uk Uk Uk kK Kk Kk k%

R
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Quantum Physics (&= 72 ?7‘@
Robert Eisberg ( Second edition )

CH 05 : Schroedinger’s theory of quantum mechanics
PR R R R R R R R R R R ST R T T T T R R N RS R R R R R R R R R R RS RS R R N
5-01 - If the wave function ¥,(x,t), ¥,(x,t), and W¥,(x,t) are three solutions to the
Schroedinger equation for a particular potential V(x,t), show that the arbitrary linear

combination W(x,t) =c,¥,(x,t)+C,¥,(X,t)+c;¥,(x,t) isalso asolution to that equation.
ANS :

ke k ke k ek ke ok ko k ko k ok ok kK kK Kk ok ok kK ok ko ko ko ko ko ko ko ko ko ko

5-02 ~ At a certain instant of time, the dependence of a wave function on posmon ]‘3 ,as ShOwh in
Figure 5-20. (a) If a measurement that could locate the associated partlcle i énetement dx
of the x axis were made at that instant, where would it most likely be foh s ,
it least likely be found? (c) Are the chances better that it would be fouﬁd at‘ ﬁ’ny positive value
of x, or are they better that it would be found at any negatlvetvaJue *‘Qf ) (d) Make a rough

ity

sketch of the potential V(x) which gives rise to the wave fuhéimn (e) To which allowed

energy does the wave function correspond?

Figure 5-20 The space dependepce ofe ve function considered in Problem 2, evaluated at a
certain instant OfIi»

ANS :

KKk ok kk kK .‘_*.._*..*..*..*...*...*..,*._*._*...*...*-..*..*..*...*..*..*..*..*..*..*-.*..*..*..*..*..

5-03 ~ (a) Determlne the Trequency v of the time- dependent part of the wave function quoted in

1/2

=t
(cm)1/4

1 C iET

ANS : (a) The time-dependent part of the wavefunction is e 2m _g 7 =g

Therefore, 1\/§=2m/ = v=i E
2\m 47 \'m

—i2zvt

(b) Since E = hv = 27w, E:E/;\E
2 m
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(c) The limiting x can be found from %sz =E
2E 1,

X=x(—

( C )

P RS G G S UL G U G G G U S UL S G S S G S e S S G S S G S e S S I

=+ (Cm) 2L

5-04 -~ By evaluating the classical normalization integral in Example 5-6, determine the value of the
constant B® which satisfies the requirement that the total probability of finding the particle
in the classical oscillator somewhere between its limits of motion must equal one.

ANS : According to Example 5-6, the normalizing integral is

2
C
0

X

2E
2 m\E dx )
1=28B 7} X gz Mgt X
Cq [2E C 2E
Vc

C
1:8%\@ = BZ:(%)“ ...... #it

ke ko k ke ke ke ke ke ke k ke ke ke ke ke ke ke ke ke kK

S L R N P L I L L

5-05 + Use the results of Example 5-5, 5-6, and 5-7 to evaluate the probability of finding a particle,
in the lowest energy state of a quantum mechaﬁfggl simple harmonic oscillator, within the
limits of the classical motion. (Hint : (i) lee cldssmai limits of motion are expressed in a
convenient form in the statement of Problem (i; gﬂ The definite integral that will be obtained
can be expressed as a normal proba itty integral, or an error function . It can then be
evaluated immediately by consulting n att{ématlcal handbooks which tabulate these quantities.
Or, the mtegral can easily be £val A@ted by expanding the exponential as an inifinite series

’gratlng the first few terms in the series. Alternatively, the

0 :ijeted by plotting the integrand on graph paper, and counting

(Cm)1/8 zc/iﬂ Ze—i(/)l
( 5)1/4

ANS : Problem 5;31@) Prowdes the limits on x; the wavefunction is ‘¥ =

(Cm)1/4 (cm) 4 @Xz
() j e 7 dx
0
(4cmy*
If u:iﬁu2 X

w2

Prob. = 2j eZdu 2(0.42) =084 ......##

P G G S G G S DU B N G N S L G S S S S S S S T e N S S I S L

5-06 - At sufficiently low temperature, an atom of a vibrating diatomic molecule is a simple
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harmonic oscillator in its lowest energy state because it is bound to the other atom by a linear
restoring force. (The restoring force is linear, at least approximately, because the molecular
vibrations are very small.) The force constant C for a typical molecule has a value of about
C ~10°nt/m. The mass of the atom is about m~10%kg. (a) Use these numbers to evaluate
the limits of the classical motion from the formula quoted in Problem 3c. (b) Compare the
distance between these limits to the dimensions of a typical diatomic molecule, and comment
on what this comparison implies concerning the behavior of such a molecule at very low
temperatures.
ANS :

end of the box of length a. The particle is in its lowest energy mte (b) Compare with the
probability that would be predicted classically from a véry é’lmple calculation related to the
one in Example 5-6.

ANS : (a) Since ¥ :(g)“2 cos ==
a a

»2
Prob.= fJ‘ cos ( )dx =
a a
6
Independent of E.

(b) Classically Prob, = &3

5-08 - Use the results E%éiré};;ile 5-9 to estimate the total energy of a neutron of mass about 10™'kg
which is assumed*”tdﬁm%ve freely through a nucleus of linear dimensions of about 10
but which |s”§rTET1y confined to the nucleus. Express the estimate in MeV. It will be close to
the g%}ﬂié’ggnergy of a neutron in the lowest energy state of a typical nucleus.

5- 09 ‘f(ﬁ%) FoIIowmg the procedure of Example 5-9, verify that wave function
iEt
Asm2” e’ .
?KXJ)— a 2 2
a a
0 X<—— 0Or X>+—
2 2

is a solution to the schroedinger equation in the region —g< X <+% for a particle which
moves freely through the region but which is strictly confined to it. (b) Also determine the

KAEE
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value of the total energy E of the particle in this first excited state of the system, and compare
with the total energy of the ground state found in Example 5-9. (c) Plot the space dependence
of this wave function. Compare with the ground state wave function of Figure 5-7, and give a
qualitative argument relating the difference in the two wave functions to the difference in the
total energies of the two states.

27° ﬁ

ANS : (b) = 4E,

,_*,_*___*___*___*,.__*~_*~*~*~__*,,_*,,_*___*___*___*,.__*~_*~_,*~_,*~_,*.._*.._*.._*.._*.._*,.._*~.*~*~*~*~*~*~*~*~*~’?’-*~*~

-E

_-Et
With ¥ = Asin%e 2 this become
a

1= ZAZ.[sm2 2”)(

(b) This equals the value 0’ tor the ground state wavefunction and, in fact, the

§
~Fk ok ko ok k ok k% * K, ~Fk ok kh hk ok k ko hh Lk k ko ok Lk Lk Lk ke ko

5-11 ~ Calculate the efv tion value of x, and the expectation value of x?, for the particle

2 27X

d therefore X:gj'xsin 22 dx=0......##
: ad a

2

Asfor x*:

a

2 27X

7 2 ¢ 5. a’ f o, 11 1., 2
X =—fx sin de:ﬁj‘u sin Udu:Z(§_ﬁ)a =0.07067a"...... #H
a-’, "% Vs

2
PR R R R R R R R R R R RS R R RN R R R RS R RS RS R R R R R R R R R R R R R R R
5-12 - Calculate the expectation value of p, and the expectation value of p?, for the particle
associated with the wave function of Problem 10.

4 TR S
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ANS : The linear momentum operator is —i}z‘a3 and therefore
X

2 o
*=g.|'sm@[ |/7—(sm@)]dx——M.[sinucosudu=0 ...... #
a,i a sy

Similarly,

L2

2 j sin 22X itgt 2 o - (sin @)]dx Sﬁiz(é)zjsinz udu = 4;;2(2)2 - (2)2
0

2

5-13 -~ (a) Use quantities calculated in the preceding two problems to calculate thé&f‘@nﬁ}ﬁuct of the
uncertainties in position and momentum of the particle in the first excrﬁ&»state of the system
being considered. (b) Compare with the uncertainty product whefi 1h p partlcle is in the
lowest energy state of the system, obtained in Example 5- 1&. Exp?am why the uncertainty
products differ.

ANS : 7

PR S S R S R G R G N S L D G U L N N R N L *~*—w*~*~*~*~*~*~*~*~*~*~*~*~

U sl

the lowest energy state of a simple harmoni@o§cillator»using the wave function of Example

F

5-7. (b) Compare with the time- averaged klneties@nd potential energies for a classical simple

ANS :

~*~*~*~*~*~*~*~*~*~*~*~*~*~*~£

v *~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~

5-15~ In calculating the expectatlon val-r‘re’of the product of position times momentum, an ambiguity

arises because it is not a;s rgia@bwhlch of the two expressions

= | \I’*x(fi/?a—ax)‘}’dx

Px= j ‘P*(—i/z‘g)x‘i’dx

Zx‘{’ .) (a) Show that neither is acceptable because both violate the obvious requirement that
xp should be real since it is measurable. (b) Then show that the expression
.0 .0
w X(=172—)+ (-17—)X
(iA )+ (7 )

xp=[¥ X_1wd
Xp=[ ¥ - ¥dx

—0

is acceptable because it does satisfy this requirement. (Hint : (i) A quantity is real if it equals
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its own complex conjugate. (ii) Try integrating by part. (iii) In any realistic case the wave
function will always vanish at X =+w.)
ANS :
PR R L R R R R R R R R T RN T T R N R R N RS R R N N R R R R RS RS RS L R R N
5-16 - Show by direct substitution into the Schroedinger equation that the wave function
iEt
Y(x,t)=w(x)e 7 satisfies that equation if the eigenfunction w/(x) satisfies the
time-independent Schroedinger equation for a potential V (x).
ANS :

ANS :

~Fxak ok k k ok ok k ok k ko Lk ik k k ko Lk Lk ik k k ko kK %% ~Fak ok kh kK
I |

5-18~By using an extension of the procedure leading to (5-31),»/69&@1% the Schroedinger equation for
a particle of mass m moving in three diamensions (gesgribgd bf‘/ rectangular coordinates x,y,z)
ANS : “

# %

T

5-19-~ (a) Separate the Schroedlnger equation of Protyem 18, for a time- |ndependent potential, into a

(5-38), and explam the srmrlar}r;rre;
ANS : &

with (5- 37)ﬁ(&c) Explaln clearly what must be assumed about the form of the potential energy
in order to’ rma”Re the separation possible, and what the physical significance of this

assuﬁ*riaffm’
ANS :

is! (d) Give an example of a system that would have such a potential.

P L R L T N R L L R R R R R L L R N G R N R R S R N R L

5-21 isSEarting with the relativistic expression for the energy, formulate a Schroedinger equation for
photons, and solve it by separation of variables, assuming V =0.
ANS :

P NS G G S UL G (U S N G S G A S S L S I S UL S S S S S S S S L S S S S S L S

constant, which is illustrated in Figure 5-21. (a) Use qualitative arguments, very similar to
those of Example 5-12, to make a sketch of the first eigenfunction and of the tenth
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eigenfunction for system. (b) Sketch both of the corresponding probability density function.
(c) Then use the classical mechanics to calculate, in the manner of Example 5-6, the
probability density function predicted by that theory. (d) Plot the classical probability density
functions with the quantum mechanical probability density functions, and discuss briefly their
comparison.

Figure 5-21 A potential function considered in Problem 22.
ANS :

5-23 ~ Consider a particle moving in the potential V (x),
ranges of the total energy E, state whether thef;éff ny allowed values of E and if so,
whether they are discretely separated or cong@niyougly distributed. (a) E <V,, (b) V,<E<V,,
© V,<E<V,,(d) V,<E<V,, (&) V,<E A"

b1 P22 7 CHOS

_— -

Figure 5-23 A potential function considered in problem24.
ANS :

P G G G I G G DU L G G I N S G S S S I L L S e T

5-25 ~ Suppose the bottom of the potential function of Problem 24 is chang%'g&;pz

Y i
B /% 4
%

potential now looks like

the center of height about \1/—(0) and width %. That is, suppos&ég

g

From these consideration predict, qualitatiye
lowest allowed energy E,. L

5-24 ~ Co\g%j:a‘ét;g éiarticle moving in the potential V(x) illustrated in Figure 5-23, that has a
rectanﬁ@fé?? region of depth V,, and width a, in which the particle can be bound. These

;;amé@ters are related to the mass m of the particle in such a way that the lowest allowed

[ Y

energy E, is found at an energy about \{T" above the “bottom.” Use qualitative arguments

to sketch the approximant shape of the corresponding eigenfunction y;,(x).

KAEE
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ofthe particle in the presence of the bump can be obtained by taking it as the sum of the
énergy in the absence of the bump plus the expectation value of the extra potential energy
represented by the bump, taking the W corresponding to no bump to calculate the
expectation value. Using this point of view, predict whether a bump of the same “size”, but
located at the edge of the bottom as in Figure 5-25, would have a large, smaller, or equal
effect on the lowest allowed energy of the particle, compared to the effect of a centered bump.
(Hint : Make a rough sketch of the product of ¥"W¥ and the potential energy function that
describes the centered bump. Then consider qualitatively the effect of moving the bump to the
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edge on the integral of this product.)

Figure 5-25 The same rectangular bump as in Figure 5-24, but moved to the edge of the pqi
for Problem 26.
ANS : smaller

5-27~By substitution into the time-independent Schroedinger equation for tHézQQEefffial illustrated in
Figure 5-23, show that in the region to the right of the binging r@é’i@y%g’tgéfeigenfunction fas

%) a
the mathematical form w(x)=Ae 7 X > +5'

ANS : Schroedinger’s equation is

(E -V)y =0

d? v, 2m
dx’ %
In the region in questin, V =V, —constant}éwl <“Vo,so that

R

9@ s

Hence, y = Ae™® +Be™, is thegeneral solutlon However, y(x=)=0, requiring B=0
w=Ae™ asthe WavefunctgoW‘s,f.s H
,._*~*~*~*~*~*~*_‘,*__*_‘,*__*;‘&,’%ﬁ N
5-28 ~ Using the proba
expression to estlma the distance D outside the binding region of the potential within which
there would,be an app;'eaable probability of finding the particle. (Hint : Take D to extend to
the pomt atrwhlch Y% is smaller than its value at the edge of the binding region by a

ity aeﬁs:tyA corresponding to the eigenfunction of Problem 27, write an

—2q(%a+D)

-2qGa)

=e'A%
eqa—2qD — e—qa—l

I A—

29 22m(V, - E)]”?

P I G G S G G S DU B G S G N S L L S S S S S S S N S S S L L L

for D gives A’e

5-29 ~ The potential illustrated in Figure 5-23 gives a good description of the forces acting on an

KAEE
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electron moving through a block of metal. The energy difference V, —E, for the highest

energy electron, is the work function for the metal. Typically, V, —E =5eV . (a) Use this

value to estimate the distance D of Problem 28. (b) Comment on the results of the estimate.
ANS : 0.4A

P G G G S UL G UL S S S G S S S S S S G S U e S I S G I S G S S L S

5-30 ~ Consider the eigenfunction illustrated in the top part of Figure 5-26. (a) Which of the three
potentials illustrated in the bottom part of the figure could lead to such an eigenfunctiom

continuously distributed. (d) Sketch the form of the eigenfunction vvf%ic_[ifié{ffresponds to the
second allowed energy E,. (e) To which energy level does @égg@jié@pfﬁnction presented in

Figure 5-26 correspond?

e\ J,/\

\Xx“ﬂh
E | & T

Figure 5-26 An eigenfunction (top curve) and three possible forms (bottom curves) of the potential
energy function considered in Problem30.

ANS :

P N G G G G S DU S N S G R S L G I S N S I G e N S I S L

5-31 - Estimate the lowest energy level for a one-dimensional infinite square well of width a
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containing a cosine bump. That is the potential V is

V:VOcos”—X “8 x4
a 2 2
P a a
=inf inity X<—= 0or X>+—
2 2

2 22
where V, << =7
2m

ANS :

ANS :

,\_"k,\_'k,s,u'c,\,3'6N*.§,~k~_~k~_"k,«'k,\_"k,s_a'c,\,'k,s,u'cNicN*.\:k.\:k__"k__"k__"k,\:k,\:k,\jc,NJ'c,\;";;,E;i P N S N L T R R N
f.Problem32, calculate the expectation
he energies E, and E, of the two
parameters. (b) Interpret carefully the

5-33 ~ (a) Using the normalized “mixed” wave function
value of the total energy E of the particle in teiir
states and the values c, and c, of the @mjxmg

meaning of your result. AN

ANS : (a) ¢cE +C,05E,

__*__*__*_,*_,*_,*.,__*.,_*__*._*__*__*___*_,*_,,:A? v *.,__*.,_,*._*__*__*__*_,*_,*_,*.,__*.,_,*._,*._*__*__*__*__*_,*_,*.,*.,*.___

5-34 - If the particle described by thewave function of Problem 32 is a proton moving in a nucleus,
it will give rise to a chaj;gg ejisgglbutlon which oscillates in time at the same frequency as the
oscillations of its probability density. (a) Evaluate this frequency for values of E, and E,

corresponding t ;!

rqton mass of 107% kg and a nuclear dimension of 107 m. (b) Also

evaluate the@ftequency and energy of the photon that would be emitted by oscillating charge
distribution/ é;zfﬁé“proton drops from the excited state to the ground state. (c) In what region

- Tk S
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CH 06 : Solutions of time-independent Schroedinger equations
PR R R R R R R R R R R ST R T T T T R R N RS R R R R R R R R R R RS RS R R N
6-01 ~ Show that the step potential eigenfunction, for E <V, can be converted in form from the
sum of two traveling waves, as in (6-24), to a standing wave, as in (6-29).
ANS :

...*~_*_._*.._*.._*_._*__,*__,*__*__.*__*~_*_._*.._*.._*_._*,._,*__,*,__,*__,*__*__*~_*_._*.._*._*__*._*._*_.*_.*__*__*__*._*._*

6-02 - Repeat the step potential calculate of Section 6-4, but with the particle initially lrkihg,w:ggrgn
x>0 where V(x)=V,, and traveling in the direction of decreasing x towargs the point
x=0 where the potential steps down to its value V(x)=0 in the reglon % sShow that

in Section 6-4.

the transmission and reflection coefficients are the same as those obtai
ANS : Assume that

v, = Ce—iklx

—ik,x ik,x

v, =Ae """ +Be

Where A=amplitude of incident wave
B=amplitude of reflected wave
C=amplitude of transmitted wave ’

There is no wave moving in the,

region I. ‘

Also, k, =

(ZmE)UZ Lgmcﬁ"‘_'v )}1/2
i o= N A

5
i WAt

Continuity of wavefuricti

:dderlvatlveat x=0 imply A+B=C, —k,A+k,B=-kC

These equations Jiay. he sblved to give the reflection and the transmission amplitudes in
terms of the incident'amplitude, the results being: B = K~k A; C= 2k, A
% ' kz + k1 k2 + k1

(ﬁkl ) 2k, ) = 4k Kk,
i vaA 7K, k1+k (k, +ky)?
These expressions for R and T are the same as those obtained if the incident wave came

from the left....... #H#

L N G G S UL G (U e N G IS G A S S S D G S S I S S S S S (S e R S S IS S

6-03 ~ Prove (6-43) stating that the sum of the reflection and transmission coefficients equals one,
for the case of a step potential with E >V, .

ANS :

KAEE
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6-04 ~ Prove (6-44) which expresses the reflection and transmission coefficients in terms of the ratio
E
V—O.

ANS :

6-05 ~ Consider a particle tunneling through a rectangular potential barrier. Write the general
solutions presented in Section 6-5, which give the form of (// in the different regions of the

rectangular potential barrier, reduces to the form quoted~
large. ’

ANS : If ka>>1,then e >>e™* and the transmlssm

circumstances, T ={1+

Now 0< E <1 and therefo@ 6= (1——) <4, the upper limit occurring at E =£.
vV, > N,V vV, 2

Hence, if e?%*

2k,a

Since, in f*@em;@;s assumed that e" >>1, — 551,
E E
16 (1-2)
VO VO
nd Ehergfore, under these conditions, T =16VE(1—VE)e’2kza ....... Ht
5 0 0

L S S X 0 U S S S S IS UL R S S S S S S S U 6 S B L S S S S S e S S S S )
5

6-07 - Consider a particle passing over a rectangular potential barrier. Write the general solutions,
presented in Section 6-5, which give the form of  in the different regions of the potential.

(a) Then find four relations between the five arbitrary constants by matching w and dy
X
at the boundaries between these regions. (b) Use these relations to evaluate the transmission
coefficient T, thereby verifying (6-51). (Hint : Note that the four relations become exactly
the same as those found in the fires part of Problem 5, if k, is replaced by ik, . Make

KAEE
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this substitution in (6-49) to obtain directly (6-51).)
ANS :
e e e e e e e e e e e e e e
6-08 - (a) Evaluate the transmission coefficient for an electron of total energy 2eV incident upon a
rectangular potential barrier of height 4eV and thickness 10°m, using (6-49) and then
using (6-50). Repect the evaluation for a barrier thickness of (b)) 9x10°m and (c) 10°m.
ANS : (8a) 0.62 (8b) 1.07x10° (8c) 2.1x10

....*...*...*...*...*...*~..*~..*....*~*....*...*...*.._*.._*.__*~_,*~_,*~_,*~__'k,,_'k,_*___*___*~*~*~*~*~*__*~*~*~*~*~*~* £

6-09 - A proton and a deuteron (a particle with the same charge as a proton, but twice: ?[a mggs)
attempt to penetrate a rectangular potential barrier of height 10MeV and thlékmess «Id 14
Both particle have total energies of 3MeV . (a) Use qualitative arguments*t
particle has the highest probability of succeeding. (b) Evaluate quantltatﬁiely thé probablllty

of success for both particles.

) . _— . 2mv,a’ o WA
ANS : (a) The opacity of a barrier is proportional to and therefo

ﬁ?

(proton) has the higher probability of getting through?’

The required masses are m, =1. 673x10ﬁ kgn m, ~2m, . For the proton k,a=5.803

3.36e’2(5'°83) =3.06x107°.

Since m, ~2m_, as notedeaﬂb\@vigﬁf" k,a = /2 x5.803 =8.207 . Hence, for the deuteron,

oY

nuclear es‘tzfr‘face (b) The proton is incident upon the nucleus because of its thermal motion. Its

Léeéﬁergy cannot realistically be assumed to be much higher than 10kT, where k is
E oltzmann’s constant (see Chapter 1) and where T is the internal temperature of the sun of
about 107 °K . Estimate this total energy, and compare it with the height of Coulomb barrier.
(c) Calculate the probability that the proton can penetrate a rectangular barrier potential of
height V extending from r’ to r”, the point at which the Coulomb barrier potential drops to
VE' (d) IS the penetration through the actual Coulomb barrier potential greater or less than

through the rectangular barrier potential of part (c)?

KAEE
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ANS : (@) Vy =199 _ (g107) QOEEx10T)
ey ¥ 2x10

-13
1.6x107J / MeV

(b) E =10kT = (10)(1.38x10%*)(10") =1.38x10™* J =8.625x10°*MeV = 0.002V,

(c) Numerically, a=2r"—r"=2x10"m;

Jmv,—E
also, 16\/5(1—5) ~0.032; kza:%a:o.gl

0 0

(2.484-0.403)? -

T={+ =0.0073
0.032

\
.\\\
\‘\_‘
W -
w b AUl
‘lu; = _,l_!_ll: H’_I:_ K-E-__\-_-_--r
e T ar T

;?&%% ?‘»j

14 Appendix S - [, : (10g) 32Mé\/ (10b) 2x107*V, (10c) 0.0073

independe@&,SCH%roedlnger equation, (6-2), for the finite square well potential in the region
inside the well™"

Jtime- independent Schroedinger equation (6-13) for the finite square well potential in the
regions outside the well.

ANS :

o o I R R I I I A A

6-13~(a) From qualitative arguments, make a sketch of the form of a typical unbound standing wave
eigenfunction for a finite square well potential. (b) Is the amplitude of the oscillation the
same in all regions? (c) What does the behavior of the amplitude predict about the
probabilities of finding the particle in a unit length of the x axis in various regions? (d) Does

KAEE
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the prediction agree with what would be expected from classical mechanics?
ANS :
e e e e e e e e e e e e e e e
6-14 ~ Use the qualitative arguments of Problem 13 to develop a condition on the total energy of the
particle, in an unbound state of a finite square well potential, which makes the probability of
finding it in a unit length of the x axis the same inside the well as outside the well. (Hint :
What counts is the relation between the de Broglie wavelength inside the well and the width
of the well.)
ANS :

moving over a finite square well potential. (Hint : Use a trick similar m the one |nd|cated in
Problem 7.) (b) Find a condition on the total energy of the pafﬁf.le Z’Whlch makes the
transmission coefficient equal to one. (c) Compare with the congtﬁgen found in Problem 14,

and explain why they are the same. (d) Give an example o?an optlcal analogue to this

system.
2 2 22
ANS © (153) [w] -E sy T4
ax(x-1) v,

6-16 ~ (a) Consider a one-dimensional square well Jéd;eﬂ’mal of finite depth V, and width a. What

becomes small, will the numbe; mf bound levels become 1 or 0? Give convincing

HFaye asa

justification for your answe[s ”;f s

ANS :

a very abrupt@nset Because of this it is a reasonable approximation to describe the potential

as an attracgve” square well, of radius equal to the 4x107°m radius of the atom.

Expe’?fhﬁams show that an electron of kinetic energy 0.7eV, in regions outside the atom, can

\ I%’ugh the atom with essentially no reflection. The phenomenon is called the

/*Ramsaure effect. Use this information in the conditions of Problem 14 or 15 to determine the
gepth of the square well potential. (Hint : One de Broglie wavelength just fits into the width
of the well. Why not one-half a de Broglie wavelength?)

ANS : Numerically a=2(4x10""m) and K=0.7eV. E=K+V, where

n’h’> (6.626x107%*)?
= z=N 31 “10y2 19
8ma 8(9.11x107*)(8x10)*(1.6x10™™)
Set n=1; E, =0.588eV < K, which is not possible.

=n?(0.588eV)

KAEE
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Using n=2 gives E,=2°E, =2.352¢eV

V, =E-K =1.65V
The electron is too energetic for only half its wavelength to fit into the well; this may be

verified by calculating the deBroglie wavelength of an electron with a kinetic energy over
the well of 2.35eV...... it

~Fk ko ok ok ok ok ok k k ko Lk Lk ik k ko Lk h h ok k k kL h h Lk ok ko ok Lk Lk Lk ok kL

6-18 - Aparticle of total energy 9V, is incident from the —x axis on a potential given by )

8V, x<0
V=20 O<x<a
5V, X>a
Find the probability that the particle will be transmitted on through to t

X axis, x>a.
ANS :

IT]
35 PR
~*~*N*N*N*N*~*~*~*~*~*~*~*N*N*N*N*~*N*Nﬁg§5*p*N*N*N*N*~*~*~*~*~*~*~*~*~*~*~*~

) ” -

s moving freely in a region of length a, but strictly
» Figure 6-37. When the particle is in the state

Figure)6-37 Two eigenfunctions considered in Problem 20

ANS : (a) In the lowest energy state n=1, y has no nodes. Hence y, must correspondto n=2,
2

w, to n=3.Since E, cn® and E, =4eV ,5:3—2; E, =9%V.
E, 2
2
(b) By the same analysis, % = %; E,=1eV ....... H#it
I

P N S S T N N R N R N T N R L R R L R N R S L R R R R R R R S
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6-21 - (a) Estimate the zero-point energy for a neutron in a nucleus, by treating it as if it were in an
infinite square well of wide equal to a nuclear diameter of 10™**m. (b) Compare your
answer with the electron zero-point energy of Example 6-6.

ANS : (21a) 2.05MeV

PR L L R R R N R G R L ST U G NG T T NS U G R N R N N R R R R N R R L N G N N

6-22 ~ (a) Solve the classical wave equation governing the vibrations of a stretched string, for a
string fixed at both its ends. Thereby show that functions describing the possible shapes
assumed by the string are essentially the same as the eigenfunctions for an infinite;‘square
well potential. (b) Also show that the possible frequencies of vibration of the< sg ng@@re

%y i

essentially different from the frequencies of the wave functions for the poter}@tiﬁj; g

ANS :

. (b) Use this formula to dlscus§ then classwal limit of the

AE, 2n +l
E

n

system.

2 £2 e
ANS : (a) The energy in questionis E, =n’ ;[ 4 ) and;iﬁlé fore the energy of the adjacent level is
ma’

AE,  E s-E (n41)2—n _2n+l

2 22
=(n+1)? Z ﬁz , S0 that = o Tl
ma / g

Meaning that the energy || Ievé 4l§ get so close together as to be indistinguishable. Hence,

Faye 2%

quantum effects are Qot%apﬁ@reht

~*~*~*~*~*~*~*~*~*~*~*4g;¥g ;*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~*~

n=3 eigenfunction/of the infinite square well potential, (6-79), is B, = \E
a

&y F
Y

nz

2 VX gy ZBZ—Icos udu

or.normalization, 1= Iwzdx sz'cos

_E

1=282( )5 =2 = Bn:Jz
nz’' 4 2 n

For all odd n and, therefore, for n=3.

6-25 ~ Use the eigenfunction of Problem 24 to calculate the following expectation values, and
comment on each result : (a) x, (b) p, (€) X2, (d) p°.

T Tk S
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ANS : (25a) zero (25b) zero (25¢) 0.0777a* (25d) 88.826(?)2
PR R R R R R R R R RS R RS R R R R RS RS R R RS R R R R R R R R R R R R R R R R
6-26 ~ (a) Use the results of Problem 25 to evaluate the product of the uncertainly in position times
the uncertainty in momentum, for a particle in the n=3 state of an infinite square well
potential. (b) Compare with the results of Example 5-10 and Problem 13 of Chapter 5, and
comment on the relative size of the uncertainty products for the n=1, n=2, and n=3
state. (c) Find the limits of Ax and Ap as n approaches infinity.
ANS : (a) Using the results of the previous problem,

_fz_ & o 6 2 _444;= 7
Ax—\/x——r(l pee) . Ap=1p? 7 ()

Hence, for n=3, AxAp= @a-
J_

7 )“237z§ =267%.

(b) The other results are n=1, AxAp=0.57%
n=2, AxAp 1.67%

&1)1
vy

6-27 ~ Form the product of the elgenfunctlon for th@fm—
times the eigenfunction for n=3 .$

1 state of an infinite square well potential
that potential. Then integrate it over all x, and

o

show that the result is equal tg
A

In other words, prove that J' v, (X)w,(x)dx =0. (Hint :

-0

%
i

Use the relation : cos

cos(u+v) er cos(u-v) .) Students who have worked Problem

36 of Chapter Sié‘v already proved that the integral over all x of the n=1 eigenfunction
times the <n = 2 ‘%eVlgenfunction also equals zero. It can be proved that the integral over all x
of any two’ d;ffé”?ent eigenfunctions of the potential equals zero. Furtherrmore, this is true for
q;ﬁerent eigenfunctions of any other potential. (If the eigenfunctions are complex,
the® 5 fmplex conjugate of one is taken in the integrand.) This property is called

tjgogonallty

L2 a

Jas 2

ANS I wwLdx =— j cos”—xcos?”r—xdx _L j‘{cos@— cos%}dx
—0 _a a a a
2 2

J' X = _[ (cos 2u —cosu)du

The integrand being an even function of u....... #it

P NS G NG S U G S DU N G S G S S S DU e L G S I I S S S (T e R S G IS
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6-28 ~ Apply the results of Problem 20 of Chapter 5 to the case of a particle in a three-dimensional
box. That is, solve the time-independent Schroedinger equation for a particle moving in a
three-dimensional potential that is zero inside a cubical region of edge length a, and
becomes infinitely large outside that region. Determine the eigenvalues and eigenfunctions
for system.

ANS :

~Fx ik k ok ok ok ok ok k k ki Lk ik ik ok ko hh h ok ko Lk Lk Lk Lk ok ok ok ok Lk Lk Lk ok ko

6-29 ~ Airline passengers frequently observe the wingtips of their planes oscillating up and_down

ANS :

271 MA?

VO
2 2

Thus, the value of M atwhich E=E; is

—34 "

M- h;l' - (e.eze‘:xle1 2)(1) _ 168103
47N 47°(107) K
This is less than the mass of an e

not the zero-point motion.

Hence E>> E, and the observed vibration is

; 201 A2 2MA2
(b) Clearly then, n>>1 andtheiefére € =nhy =225 — Z”hﬁA

T (6.626x107)(1)

A Appendix S F/\T

P L S S S S R A R N R L N R R R R L N N N L R R R R N N R R L R
E Y

6-30 ~ The restoring “force constant C for the vibrations of the interatomic spacing of a typical
dlat’bm"ig mdecule is about 10° joule/m?. Use this value to estimate the zero-point energy
of the ‘Molecular vibrations. The mass of the molecule is 4.1x102 kg .

ANS{THE zero-point energy is E, = %/z‘a) :Eﬁ(a)“

Therefore, E, = (1 055x107*)( Y2(1.6x107)*

41 1026

6-31 - (a) Estimate the difference in energy between the ground state and first excited state of the
vibrating molecule considered in Problem 30. (b) From this estimate determine the energy of
the photon emitted by the vibrations in the charge distribution when the system makes a

KAEE
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transition between the first excited state and the ground state. (c) Determine also the
frequency of the photon, and compare it with the classical oscillation frequency of the
system. (d) In what range of the electromagnetic spectrum is it?

ANS : (a) Using E, =0.051eV , the level spacing will be AE = A(n +%)}7‘a) =/ =0.102eV = 2E,.
(b) The energy E of the proton = AE =0.102eV .

(c) For the proton, E = Zaw,,

But E=AE=/i0 = o, =0

Where o =classical oscillation frequency. Thus,

—19
poEOIDAE0Y) iy,
h 6.626x10

(d) Photons of this frequency are in the infrared spectrum, A =12,

(a)@ Frequency of oscillation, (b)
;antum number for oscillation, (d)
separation in energy between adjacent allowed ene , (e) separation in distance between
adjacent bumps in the probability density fungﬁ@n near the equilibrium point.

EEAQ
2 L

(b) E:EKAZ:

(c)Since n>>1, n=tsi== — ———— =1 5x10%.
% (6.626x107%)(0.498)
=hy=3.3x10*J.
e)A polynomlal of degree n has n nodes; hence,
2A  2(0.)

tge@gtanqe between “bumps”=distance adjacent nodes=— = =1.3x10%m
i 7 n

1.5x10%

endix S Fﬂk : (32a) 0.5Hz (32b) 0.049joule (32c) 1.5x10% (32d) 3.3x10™* joule

] (32¢) 1.3x10¥m

PR R R R R R R R R RS R R R RS RS R R R R R RS R R R R R R R R R R R L R R R R N

6-33 ~ Devise a simple argument verifying that the exponent in the decreasing exponential, which
governs the behavior of simple harmonic oscillator eigenfunctions in the classically excluded
region, is proportional to x*. (Hint : Take the finite square well eigenfunctions of (6-63) and
(6-64), and treat the quantity (V,—E) as if it increased with increasing x in proportion to
x2.)

ANS :
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6-34 ~ Verify the eigenfunction and eigenvalue for the n=2 state of a simple harmonic oscillator
by direct substitution into the time-independent Schroedinger equation, as in Example 6-7.

ANS :

P S G G S UL G (U e G G S G S G S D e S G S G I I I G S (DT e G S S

&
=4

i %
i
£
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L
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