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Quantum Physics ( &i="P7El) ’E’" )
Robert Eisberg ( Second edition )
CH 01 : Thermal radiation and Planck’s postulate

1-1 - At what wavelength does a cavity at 6000°K radiated most per unit wavelength?

((6000°K [ » — A PEAEFHUAVIR AL R LT 7 )

<FE>
%2

1-2 ~ Show that the proportionality constant in (1-4) is i . That is, s%tﬂa@ relation
2%¢

78

between spectral radiancy R;(v) and energy d%Qf pr(v) s
RT(v)dV:%pT(v)dv. 2 W
<> (1-4) pr(v) c R (v) / <
872'1/2 hv 2~ //g/

pr(V)dy =———dv = .JX:

e —1 nﬁi

8zk‘T* x° Cﬁ@%ﬂ e xXdx At
= pT(V)dV_ h3 3 exzx ‘/ma 3 15 <H|nt' '[ x_q 15)

, . 27KE
<~ R =0T", o= —A/ tefan’s law )

“T‘“\'ﬁ 4 27°k* 4
d ?%F ZEEE ST =ZR (1)
pT(V) V= {15 c l5h302) c T(V) 14
%

Bl R;%dyf— %pT V)dv ...l it
/Ar

f
13)«6.{ ider two cavities of arbitrary shape and material, each at the same temperature
iT,\ connected by a narrow tube in which can be placed color filters (assumed ideal)
which will allow only radiation of a specified frequency v to pass through. (a)
Suppose at a certain frequency v', p,(v')dv for cavity 1 was greater than
o (V)dv for cavity 2. A color filter which passes only the frequency v’ is

placed in the connecting tube. Discuss what will happen in terms of energy flow.
(b) What will happened to their respective temperatures? (c) Show that this would
violate the second law of thermodynamic; hence prove that all blackbodies at the
same temperature must emit thermal radiation with the same spectrum
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independent of the details of their composition.
<EJZLL> :

1-4 ~ A cavity radiator at 6000°K has a hole 10.0 mm in diameter drilled in its wall.
Find the power radiated through the hole in the range 5500~5510A. (Hint : See

Problem2 )
(- 7 6000°K e T~ 0 225 00.0mm ] o AL
=7t 5500~5510A I fpurisk o )
. ) Vy 1 Vo 1 Q@“‘
<ifg> 1 P= AR (v)dv =" Ac[ pr (v)dv = Acp; (v, )Av
< 4 v 4 ‘]
%
8
=" M =5.4509x10" Hz AL
2 5.50x10 Wi
c _2.988x10° \,
= =————— =54401x10" Hz \ﬂ\
V2= T B51x107 g YR

/}/
Therefore, v,, = %(vl +v,) =5.46x10" Hz %, p

.‘{
Av=v,-v, = 99><1011HH/Z< /

87zhv 1 &{{"" /

hvay
X

ans

Since p;(v,,) =

>
S

hvay
Numerically %06 107 %:4.37 » e —1=78.04

-13
pr(vy,)= @% 1.289x107"°

The areaﬁﬁ holeis A=zr?=z(5x107)? =7.854x10°m?

H&{%‘.ﬁ ally,
1

D347, b= " Acp; (v, )Av = %(7.854><10‘5)(2.998><108)(1.289 x107°)(9.9x10™)

\I*

1-5 ~ (a) Assuming the surface temperature of the sun to be 5700°K ,use Stefan’s law,
(1-2), to determine the rest mass lost per second to radiation by the sun. Take the
sun’s diameter to be 1.4x10°m. (b) What fraction of the sun’s rest mass is lost

each year from electromagnetic radiation? Take the sun’s rest mass to be
2.0x10%*kg .
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<> : (a) L=47R*0T* =47(7x10°)*(5.67x107°)(5700)* = 3.685x10°°W

( Rsun =7x10°m )
, dm
dt
26
dm _ L _3685x107 _, h94x10%kg /s

dt 2 (3x10°)?

(b) The mass lost in one year is
AM _d—mt = (4.094x10°)(86400x 365) =1.292x10" kg %iz )’
dt /’J\

:i(mc )=cC

The desired fraction is , then, )
¢
17
A 1292107 g5 g0t 3
M 2.0x10 Vo
W

i,

1-6 ~ In a thermonuclear explosion the temperature iyfge fireball is momentarily

10" °K . Find the wavelength at which the on emitted is a maximum.

(BEWygAE FaRE A EE107 °K ﬁ‘ﬁﬁ'ﬂ\ «Hé‘p ISR ? )

s Y )
<EJ%;¢> : ,,;:;4/

WA
/_ 6500 A for a blackbody cavity. What will 4__ be

1-7 ~ At a given temperatu
cavity wall is increased so that the rest of emission of

. ¢
if the temperaty S of

spectral radia ydouble7
(- R i zsf> V% A = 6500 A » FERIT Y1 1B R
f Eﬁ 7 Et;’,m )
<i> %Iaw R, =0T’
)
LA 14
(/F'R' ol : - T'= 4’/§T
~oT
Wien’s law :

0 0
AT =4 T = A (42T)=(6500A)T = A = 6\5;2)0 A=D5466 A ..... #

1-8 ~ At what wavelength does the human body emit its maximum temperature radiation?
List assumptions you make in arriving at an answer.
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<EJZLL> :

1-9 ~ Assuming that A_,, is in the near infrared for red heat and in the near ultraviolet
for blue heat, approximately what temperature in Wien’s displacement law
corresponds to red heat? To blue heat?

<EJZLL> : %j{\/\?’

/,\
PN,

1-10 ~ The average rate of solar radiation incident per unlt the earth is
0.485cal /cm? —min (or 338W /m?). (a) Explain the mékncy of this number
with the solar constant (the solar energy falling pen upi %%l e at normal incidence
on a unit area) whose value is 1.94cal/cm }Tgln (or 1353W /m?). (b)
Consider the earth to be a blackbody radiati /gjergy into space at this same rate.
What surface temperature world the e?rth hav%(; der these circumstances?

i

<##> : (a) The solar constant S is defwié’é}'dy S =

r = Earth-sun dlstangeﬁ‘ﬁ“f *Bﬁ”{{vﬁ@) L,,, =rate of energy output of the
sun (*f‘ﬁ@ff%}/ R ‘J R =radius of the earth ( BY5RF @) - The
®

rate P at which y impinges on the earth is

=5
L, %
P:%vn = 7R?S
47r? {

The)%r‘fge rate, per m?, of arrival of energy at the earth’s surface is
Y, z
)()@kizﬁzis :3(1353\/\/ /m?) = 338W / m?

‘, 47R*  AzR’
/,"55 4 -8\T 4
“""Fﬁb’ 338=0T* =(5.67x10°)T
L T=27786% ............ HH
ﬁ:t DA F‘\“ ppendix S » S-1 £4(b) 280°K -

1-11 - Attached to the roof of a house are three solar panels, each 1mx2m. Assume the
equivalent of 4 hrs of normally incident sunlight each day, and that all the
incident light is absorbed and converted to heat. How many gallows of water can

343 1 &314F ?E;@K%%.i
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be heated from 40°C to 120°C each day?

<EJZLL> :

1-12 ~ Show that the Rayleugh-Jeans radiation law, (1-17), is not consistent with the
Wien displacement law v, o« T, (1-3a), or 4T =const, (1-3b).

<EJZLL> : {2{%
D

1-13 ~ We obtain v, inthe blackbody spectrum by setting %‘@ and A4, by

dv '\/'
dpr (1)

setting =0. Why is it not possible to gé\(\* Amax] =cCONSt to

Vo =CONStxT simply by using 4., -_° hi{§why Is it wrong to assume
|4

that v__ 4 :c,wherecisthespeet}ofligm{?}{/

max” "max

i

<EJZLL> : ,ﬁ% '
'S /.4

Pale 0P

Y

ns‘//

1-14 ~ Consider the followi ber : 2,3,3,4,1,2,2,1,0 representing the number of hits
garnered by each member of the Baltimore Orioles in a recent outing. (a)
Calculate dire'é;’ Jthe average number of hits per man. (b) Let x be a variable

signifyin{t e Aufnber of hits obtained by a man, and let f(x) be the number of
4

> xf (%)
0

. (c) Let p(x) be the probability of

/
/A%d
tirﬁé%ﬁ{ number s appears. X =

4

y 0 f(x

'255 st ; ( )
;F‘

4
the number x being attained. Show that X isgivenby X = Z Xp(x)
0

<EJZLL> :

1 2
=—(10- <x<
1-15 - Consider the function )~ 19 0% 0<x=<10

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

j f (x)dx

—00

were discrete rather then continuous. Assume Ax=1 so that x takes on only
integral values 0,1,2,...... ,10. Compute X and compare to the result of part(a).
(Hint : It may be easier to compute the appropriate sum directly rather than
working with general summation formulas.) (¢) Compute X for Ax=5, i.e

x=0,5,10. Compare to the result of part (a). (d) Draw analogies bet‘)%@.ihe

results obtained in this problem and the discussion of Section 1- 4/§e ou
understand the roles played by &,A&,and P(g). /1\1/(/\

\(m

x—(lO X)* dx x(100 20x + x*)dx >{/+ oo
L SRl
Iljé)(lo—x)zdx '([(100—20x+x )d{}<10{}(_1ox + X ‘to

0

<PJ;’#> (@ x=

4/
50X—@X2 1x3‘1° 1000 V/%'

_ 3 4 °_ 12 5
100—10X + = x\“’ 100 “"
ﬂ}.
/) ‘/
A A

Zx(lo\xé’ 100x - 20%° + X°
(b) x= m

@%}w\'l&) ;100—20x+ X2

lell _ 20x 10><ll><21+(10><11)2
:: i 2 6 2

;
:% 100><11—20><10X11+10X161X21
\J/\ \
L 825
N =522 5143
/ 385

(Hint in:”(n;l), inz:n(””)f””), Z”:ngz[n(n;l)]z)

2 2
ZSnllo(lo 5n)° > 20n-20n’+5n’
(c) Set x=5n = x—”=°2 =10
Z (10-5n)°
10

n=0
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20 2><3_20>< 2x3x5+5(2x3)2
= 2 6 2 :E:l ...... ##
4X3_4X2x3+2><2><5 5

&

i .
1-16 ~ Using the relation P(g) ekT and jP(e)dezl,evaluate the integral of (1-21) to
0
S
deduce (1-22), £ =kT . A\ \%‘
.
" N
ek _ % . i Y _
(F1P(e)=— 1 [ P(e)de =144 » o+ 1-21 VAT » 1M AR2 2 £ =KT )
kT "9 ALK
Y
<FE> N,
¥
%%
AN
7 3

. Z/ .
1-17 ~ Use the relation R (v)dv=%pT (v)dv b / spectral radiancy and energy

density, together with Planck’s radiatig%w, to derive Stefan’s law. That is, show

2 2zh vidy ‘{z%/ ‘ 27°k? T9%dgq 7t
that R, = [~ — =0T whefe o= (Hint: [=="")
bt @ 15¢*h bei-1 15

ekt —1 $ie

e 44 o
o Bl
0

.S
"‘ % OekT _1 0

T 4 4
= = =0
\/ c 5 15¢°h®
YK,
~ A
;%)) :
LG o hc . .
1-18 ;ﬁberlve the Wien displacement law, AT :0.2014?, by solving the equation

M: 0. (Hint: Set _he =X and show that the equation quoted leads to
dA AKT
e +% =1. Then show that x =4.965 is the solution.)

<EJ]4;£> :
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1-19 ~ To verify experimentally that the 3°K universal background radiation accurately
fits a blackbody spectrum, it is decided to measure R, (1) from a wavelength

below A, where its value is 0.2R;(4,,) to a wavelength above A, where
its value is again 0.2R;(4,,). Over what range of wavelength must the
measurements be made?

) 272Kt X°
<> 1 R (1) =—p (1) =2
> 1 R ()= 5o () =
hc AXD
With x=——_At 1=41,,, Xx=4.965, by problem 18. Thus &
KT a A
(kt)S ,1
R (1,,) = 42.4037 7Y
e’ £
Now find x such that R. (4) =0.2R, () 'ﬁ'\/ '
545 5 5
N
27kt x = (02424037 (LN S\
h%c® e" - h'c?® /1
5
X 42403 p) /
-l %,
x, =1.882 » x,=10.136 <5

he 1 (6.626><1J %‘998x108) 1

Numerically, A =—
y KT %xlb‘m)(@ X
3% N
1o 4798%8 /

X5

4.79 g
Sothat A4, = A}gﬁ% 2.55mm

‘743 10°°

A, = =0.473mm...... #Ht

0:136
VAs ;

4!\/\’
120 ﬁi@\ﬁ) that, at he wavelength 4., , where p (1) has its maximum

/% 1707z (kT)
pr m o

<#E> 1 If x= 1 thT , then, by Problem 18, e™* +1=1 = e —1:L

max —X

Hence, pr () = 8;;” (5-).

But, x=4.965, +=(4-965K—T)4
4 hc

max

BOE /BT ARy

Tunghai University




=\ 2341922383 CHO1
(kT)°

Upon substitution, there give p; (4, (ho)?

max

)=170x

1-21 ~ Use the result of the preceding problem to find the two wavelengths at which
p; (A) has avalue one-half the value at 4, . Give answers in terms of 4__, .

(kT)®
(he)*

2
So that the wavelengths sought must satisfy@# = 1 1707 (KT,
A L 2 “he

he
KT _
e /,J\‘V&\
Again let x—£ */g?x’v
KT ALY

Y
. . X° N
In terms of X, the preceding equation becomes }‘_} .

e
Solutions are x, =2.736 ; X, =8.090. }\
Since, for A , x=4.965 , thes%utions give 4 =18154_,

4, =0.6141 ... ## ; 5
x’h\n Léi

1-22 ~ At i %/ [ i

-22 ~ A tungsten sphere 2.30cm jn diameter is heated to 2000 . At this temperature
tungsten radiates only abal ¥30% of the energy radiated by a blackbody of the
same size and tem fa. (@) Calculate the temperature of a perfectly black
spherical body of the.same size that radiates at the same rate as the tungsten
sphere. (b) Ca@’ the diameter of a perfectly black spherical body at the same
temperatg{e s\l’é}ljngsten sphere that radiates at the same rate.

<##> : By Problem 20, pr(4,,)=1707

/
& . /:'\, 4 4 4
<EJ]i{> : (‘ EW x O-Ttungsten = O_Tblack = 30% x (2000 + 273) = T

'y
;7.

4@;’;;-’ T =1682°K =1409°C
(b) 30%xoT,!

tungsten

x 47(2.3cm)’ = oT,; , x 4xr?

T

tungsten

=T,

blacl

, = r=126cm...... H#t

1-23 ~ (a) Show that about 25% of the radiant energy in a cavity is contained within

BoR/BUM @) rEk ¥
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wavelengths zero and A i.e., show that

max !

hc
Ao KT
integral in the numerator above.) (b) By the percent does Wien’s approximation
used over the entire wavelength range overestimate or underesti .the
. . ¥
integrated energydensity? /<<
%@.
<%>:
'3{/
&7
.k\A\
\(\

1-24 -~ Find the temperature of a cavity having a radlant/T nS|ty at 2000A that is
3.82 times the energy density at 4000A. zg

=4.965; hence Wien’s approximation is fairly accurate in evaluating the

<EJZLL> : Let A'=200nm, /1”:400nm;ther) A7

he=

T

11 gt e Ul ge Ay

/1/ m l ﬂ,” eﬁ ,;x eﬂ’kT 1 /1!!
e — —

hc _ (6.626%10°)(2.988x10%) 173K
’k «107)(1.38x107%)

hc \' 6x107**)(2.988x10°)

Numerically,

— ——~ =35867K
@%{ (4x107)(1.38x107%)
35867‘
-1 1.
so that “—; _3'82X(§) =0.1194
Moo -1
\\/ 35867 x—1 1 35867
JALet'x=e T ;then 5 —=01194=—"— = x=7.375=¢ T
4(;F:- x- =1 X+1
J
T =387 _17050K oo 1
In7.375
<ﬁit 7 FA‘“ ppendix S » S-1 £318020°K -
3103 /1 £314 3

K
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1-001 ~ (a) P B BITRSHF 0T > S AP H T kB - (B)
. 8zhe, 1 ...,
BRSO B R(A) = 2 (T —— » BFfA 0 2o i

e —1
T TR

<##> : (a) Blackbody (;IFEI) s P E,ﬁlﬁaﬁy 5@ e Jpg,qw’;sa PQJE[ @I{Q fi
A RGBS TR R~ ) 4~q¢3§3~5@§>¢ i
F%[u%b$ﬂ~anwa%
i“‘ili%&plguj R B PER L K %@/ﬁa

(b) EIFRIEF I 5% ELR(A) = E(S”hc) 1 \NA
)§

R(1 —0) = %(8’”‘0) L lﬁ?%%re AT (Wien's law)

eﬂkT _

Dy )
_c 8rhc 1!,5’1" /

&
xﬁiﬁ;y/l
AT T ey

g%y"g KT
87kT

R(A - 0) =

1

X
))Ldzz e )... (Rayleigh-Jeans law) ...... Hit
VAz
“» VLAY
1-02}\ I@APlancks radiation theory show (a) Wien displacement law
/,‘k{( o 51,4
Al G et
AT =2.898x10°mK . (b) Stefan’s law : R=o0T*, o= 22K
15c¢°h
<> (a) mf:“ﬁﬁ'iﬁ,‘ﬁﬁf L',O(/l)dl_— hc dA
/1 elkT _1
dp(4
PR ST A (i > i+ '0( )‘lm ...... (1)
BT/ 8143

8) Rhk %
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-5
R L
dadA A e dr e,
hc hc
_5(eT —1) A + 45 gnT
— 8rhe[ _ KT )=
(eAT 1)’
, hc
i [_5(em D+ - eﬂkT]\ L =0..... )
%
& xe ()78 By —5(e* —1) + xe* = 0 Q)
1 X ﬁ,kT  JI2)=¢ P F'@ ( )+ X 4)\1
¢
~ |y=-5(€"-1) _ et e
] {yzxeX AT \ﬁ&&//
hc \
{5 Wien displacement law A, T = k_z%lo mK
X
Cc 87rhC@
(b) HEFfOEE - R(/1)——,0(/1)—— ﬁ'yé
31"5_ F ’Q{ e/ikT _1
” ﬂ r‘m dA
_ 7hc?
RERS ¢ R, —j , I e
Af 3)}/ A (e —1)
& x:£ m =oT? 0—27[—5k4 ( Stefan’s law ) i
i ;tk}}}}\ ! ' 1’k T
sy
o/
YA

\
1-003 ~ A sphere dius r is maintained at a surface temperature T by an internal heat

sou}@(ﬂh sphere is surrounded by a thin concentric shell of radius 2r. Both

).Q;fbjekt emit and absorb as blackbodies. What is the temperature of the shell?

MY

<> R, =oT* (Stefan’s law )

S| R EERER TR R A Aok A

2128 /1 3143 "‘F;@k%%.i
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P, =4zr’R=4oxr T* (HIFimgr)

S A SR JF;‘ » R gﬁ;ﬁ , :a:ﬁﬁ}ﬁ}%iﬁ@< B
P, =2[47(2r)"IR = 3207r°T"* (LA 1FH)

R SR, ;l ﬁﬁ"iﬁ rggﬁ P =P

AT 9t SRR B

FiE)
_|
1
DS
m
1
o
(é]]
8
_|
I+
I

2

)Y
1-004 ~ Assuming that the probability distribution for occupation@the cillator is

- s
given by Boltzmann law. (a) Show that the mean energy E /a scillator for a

given temperature is h? . (b) Show that fO% su?f\' ntly high temperature

elkT -1 }\

this expression becomes equal to the classm%e Give the other of magnitude of

this temperature. in

<iit> : (3) EZZEP(&) (nhV)ﬁf?ﬁ P !
ZP( ) %@ e‘?g‘) ek¥ -1

(b) FEET > k'\yﬁ}
,‘r‘

B F*L = =KkT ...... [ﬁléﬂ ARG o L
ekT -1 1+M—1
))44 KT
Y.
-85

o U
1-(@&' -€osmic background radiation peaks at a wavelength of about 1 mm. What is the
L
J temperature of the universe? (Hint: use Wien’s law)
<##> : According to the Wien’s law

Avax] = 02014%—2898 10°m°K

B

For A, =1lmm=10"m

T=2.898°K ~3%K ...... HH#
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1-006 ~ What is the wavelength of a photon whose energy is equal to the rest mass

energy of an electron?

<if> 1 myc’ :E:hv:h%

A

hc
m,C

0
...... #H#

2

3143 /1 3143
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