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CHAPTER 3 THE QUANTUM THEORY OF LIGHT

Assume that your skin can be considered a blackbody. One can then use Wien's displacement
law, A, T =0.289 8x1072 m-K with T =35 °C=308 K to find

@)

()

(©)

@

(b)

@)

(b)

0.2898x1072 m-K
max ™ 308 K

=9.41x10"% m=9 410 nm.

2
The total energy of a simple harmonic oscillator having an amplitude A is 5—2—,

therefore, E=——=(25 N/m) 04 m) =2.0 ] . The frequency of oscillation will be
1/2 Y2
f-_-(_l_ _k_) .—_(__. 2_5_) =056 Hz.
2 2z N\ 2

If energy is quantized, it will be given by E, =nhf and from the result of (a) there
follows E, =nhf =n(6.63x10™ J s)(0.56 Hz) = 2.0 J. Upon solving for n one obtains
n=54x10%.

The energy carried away by one quantum of charge in energy will be
E=hf =(6.63x107 Js)0.56 Hz)=3.7x107J.

From Stefan’s law, one has % =ogT*. Therefore,

(57x10“" W/m?K*)(3000 K)* =4.62x10° W/m?.

>>|"u

P 75 W

= = =16.2 mm?.
462x10° W/m?  4.62x10° W/m?

Planck’s radiation energy density law as a function of wavelength and temperature is
8zhc

15( AT _ 1) .
extremum in #(4, T) with respect to A. The resultis

0=-5 +(T}Eﬁ el AT Y Il mckaT _ 1) or x =5(1-€7%).
max"B

givenby u(4, T)= Using g—; =0 and setting x = T T yields an

A

max

Solving for x by successive approximations, gives x = 4.965 or

AmaxT = (%—)(4.965) =290x107 m K.
B

Planck length = (hG) =405x10% m
c

12
Planck time = (@) =135x10 s
c

Y2
Planck mass = (E) =5.46x107 kg
c


dvanorden
Note
 3-5 (a)  

  They forgot to put the boltzmann constant in the denominator inside the exponent in the equation for u.
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3-10  The energy per photon, E=hf and the total energy E transmitted in a time ¢ is Pt where
power P =100 kW. Since E =nhf where n is the total number of photons transmitted in the
time £, and f =94 MHz, there results nhf =(100 kW)t =(10° W)t, or
n_10°W__ 10° J/s

t K 663x10°%]s

(94x10° 571)=1.60x10% photons/s.

3-11  Following the same reasoning as in Problem 3-9, one obtains

n P PA 2 500)(].0_‘9 S_1 8 -1 4
~z=—=—=(3.74x10° J §)}——=o—(3x10 =9.45x10™ photons/s.
P e o) a0 s ) photons/
3-12  Asin Problems 3-9 and 3-10,
n P PA 589x10~ m 19
—=—=—=(10 W)———————=3.0x10"" photons/s.
t K ke ( )1.99x10-’51m P /
he
313 K=hf-¢=—"—
p=_te__120eVmm .0 vo204ev
A-K 250 nm
hc 1240 eVnm
3-14 K=hf-¢= = -224eV=130eV
(a) f ~¢ A-p 350nm e €
) Ati=4,K=0Oand 2=7c_1280eVnom .o o
¢ 224 eV
315 (a) At the cut-off wavelength, K =0 so E;——cp:o,or lcut_oﬁ=%=l—2§££%im—=300nm.
The threshold frequency, f; is given by
8
fo= ¢ 30x10° mys 1 9x10% Ha.

uteoff 30><102><10'9

® eV, =K=h-p=—p

vk o 1Moevm Vjee20V

hc 1240 eV nm
3-16 =X K, p=— T 523eV=190eV
@) ¢ A ¢ 300 nm € €
b v,=120eVmm 5 evie=120v

400 nm e


dvanorden
Note
3-14 (a)

   The work function phi should not be subtracted in the denominator.  It should read
K = (hc/lambda) - phi
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The energy of one photon of light of wavelength 4 =300 nm is

pohe _1240eVnm .. v
A 300 nm

(a) As lithium and beryllium have work functions that are less than 4.13 eV, they will

exhibit the photoelectric effect for incident light with this energy. However, mercury
will not because its work function is greater than 4.13 eV.

(b) The maximum kinetic energy is given by K = L

A-¢’
K(Li)=1240eVnm . V183 eV, and K(Be)= m-ss eV=023eV.
300 nm 300 nm
@  Kga, =V, =5(0.45 V)=0.45 eV
he 1240 eV nm
= = —0.45 V =2.03 V
() 4 A-K 500 nm € €
© A=k lA0eVom o om
¢ 203eV
he
¢=200eV, K, .. =€V, =hf—¢=——¢.
(4.14x10™" eV 5)(3x10° m/s)
he _ -2.00eV
=V, = ( 2 ¢) 350x10° m =155V.

e

he he
Kooy =hf -p=—-9= ¢=7—Kmax;
First Source: ¢= %—1.00 eV.
Second Source: ¢= -};—6—4_00 eV= —212—400 ev.
2
As the work function is the same for both sources (a property of the metal),

—h'-:——IOO V-%c-—400eV=>—hl£=300eVand¢ —hE—IOOeV 3.00eV-100eV=200eV.

V,= (ﬁ)-fi . Choosing two points on the graph, one has (E)(4 x 10" Hz) 2 _0and
e e e e

(ﬁ)(B x10™ Hz)-17 eV. Combining these two expressions one obtains:
e .

(a) ¢=16eV
h -15
(b) —=40x10"" Vs
e
() For cut-off wavelength, 4, = % = }% =775 nm.

(d  Accepted B 414%107 Vs , about a 3% difference.
. ‘
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3-22  The force acting on a charge moving perpendicular to a magnetic field has a magnitude given
by quB. For constant B and v the charge moves in a circle of radius r, and from Newton's

2
mv Br L
second law we have F=gob=——,0r v= L Hence, one can express the kinetic energy of
r m

my? _ (qBr)2

the chargegas K= )

. Using the photoelectric equation K = %, there results

2
=E——(5§r—)——. Substituting in the values hc =1240 eV nm, A=450 nm, B=2x10"° T,

¢
p)
r=02m,q=16x10"° C,and m=911x10"%! kg, gives ¢=2.76 eV —1.41 eV =1.35 eV,

6.626x10™ ] s)(3x10°® mys
3-23 E=-h—c=( - I\ 5 m'/)=2.48eV
A (5x107 m)1.6x107" J/eV)
2.48 eV)(1.6x107" J/eV
p=£=£=( X 5 i )=1.32x10'27 kg m/s
A ¢ 3x10° m/s
324 (a) AA= hc(l—-cosﬂ)=(0.002 43 nm)(1 - cos §). When 6=90°, A41=0.002 43 nm.
m, -
() Conservation of energy requires that -Z—z = -'T}':'—CIZ orK, = hc(zlo——%)

x| (6625 107 Js)(3%x10° nys)
° (16x107" J/eV)
=74.4 eV

][(leo-“’ m)-1-(2.0243x10"° m)-1]

325 E=300keV,8=30°

(@) M= -2;= hc (1 -cos 8) =(0.002 43 nm){1 - cos(30°)] = 3.25 x 102 m
mt
=3.25x10" nm
414x107% eVs)(3x10® m/s
(b) E=£:lo =—h-€-=( )3( i )=4.14x10'12 m; thus,
FR Eq 300x10° eV

A=Ay +Al=414x10""? m+0.325 %1072 m = 4.465x107!? m, and
b po (414x10™ eV's)(3x10° mys)
= =

’ 5
=7 446510 m = 278107 eV
(©) he = E, +K,, (conservation of energy)
A 4
1 1) (414x107" eVs)(3x10° nys)
K‘=hc(,l_—_,l_')= i i =22 keV
0 414107 4.465x107
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h (1-cos)=2.426 x 1072 m(1 ~cos®)
e
For 6=30°
AA=2.426x107"2 m(1-c0s30°)=3.25x107" m; A’ =1, + A4,

A=004x10"° m+325x107® m=403x10""' m

he he 1 1
—=—, K| —-—
®) A, A +K, (Ao l')

For 6=30°

6.63x107 Js)(3x10% my/s
’=( 1 I )( il )=(3-7O"10—17 J)—T—=231 eVv.
0.04x10”  4.03x10 1.6x107° J/ev
The remaining calculations are similar and the following table summarizes the values

to three significant figures

(@) A=

1

& AA(mm) A'(nm) K, (eV)
30 0000325 00403 231

60 000121 00412 905

90 000243 00424 1760
120 000364 00436 2570
150 0.00453 0.0445 3140
180 0.00485 0.0448 3330
210 0.00453 0.0445 3140

() The electron which is backscattered corresponding to 8= 180° has the greatest
energy.

Conservation of energy yields hf =K, + hf’ (Equation A). Conservation of momentum yields

p? =p’2+p* - 2pp’ cos . Using Pphoton =— = Ll there results
c

’ 2 ’
= (i) + (E) - Z(EX-’—II—-) cos 8 (Equation B). If the photon transfers all of its energy,
c c cNe

2
f’ =0 and Equations A and B become K, = f and p? (—’i) respectively. Note that in general,
c
2 2
K,=E,-m,? =[pzc2 + m,cz)zlv —m,c?. Finally, substituting K, = hf and P2 =(lg-) into

[p c? +(m,c? ] —-m,c?, yields hf =[(hf)2 +(m¢cz)z]l/z -m,c? (Equation C). As Equation

C is true only if h, or f, or m,, or c is zero and all are non-zero this contradiction means that f~
cannot equal zero and conserve both relativistic energy and momentum.

(a) From conservation of energy we have Ey = E’+K, =120 keV + 40 keV =160 keV . The

photon energy can be written as E; = ihi This gives
0

he _1240nmeV ..o 103 nm=000775 nm.

O E,  160x10° eV


Derek
Note
3-26 (c)

    I think they mean that the PHOTON is backscattered: that is, the photon is scattered directly backwards, in the direction opposite the incident photon.  This is consistent with their definition of the angle theta.

   Keep in mind that a backscattered electron could not simultaneously satisfy conservation of momentum AND energy.
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(b) A=2y+A.(1-cosé)
A’=0.001 22 nm +(0.002 43 nm){1 ~ cos(41.5°)} = 0.001 83 nm
_hc_1240eV-nm

679 MeV
=7 " o00183nm 679 Me

Maximum energy transfer occurs when the scattering angle is 180 degrees. Assuming the
electron is initially at rest, conservation of momentum gives

hf + hf’ =p,c= \Rmecz + 1r<)z —m%ct =y(511+50)2 =178 keV

while conservation of energy gives hf — hf' =K =30 keV . Solving the two equations gives
E=hf =104 keV and hf =74 keV . (The wavelength of the incoming photon is

l=-’;—c=0.0120nm. @

(@) 15'=E A=2y+A4
1 he (6.63x107* J-s)3x10° nys)
0= Eo - 0.1 MeV
6.63x10™ J-s)(1-cos60°
M=( B )(1—cos€)=( o J-sK as ) =1215%10"2 m
m.c (911x107* kg)(3x10° nys)
A=Ay +A1=1364x10"" m
he (6 63x107 J.s)(3%x10°® mys)
A 1.364x10 m

=1243x10 "' m

,—-

=911x10% eV

he ke
Z="4K
(b) lo ll+ e

K =0.1 MeV -91.1 keV =8.90 keV

photon



dvanorden
Note
3-30 
	Note that the total change in energy of the electron is equal to the change in its kinetic energy, as its rest mass energy is constant. Try to work out the details of the calculations and conservation equations. The second quantity under the square root should read:
sqrt[ (511keV + 30keV )^2 - (511keV)^2]
where ^2 denotes a squared quantity 
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Canceling and combining there results

Fou g -2pof )+ 2o =L) i ga g prcose
( ) 2mec

20p _ o ?
which reduces to &({:’—i)- = fof(1-cos 8). Using A f = ¢ one obtains
_ h(1-cos6)

A’ — Ay =———, which is the Compton scattering or Compton shift relation.

mec

Maximum energy transfer occurs when the scattering angle is 180 degrees. Assuming the
electron is initially at rest, conservation of momentum gives

B + B = pec = (mec? +K)? —m2ct = (5114 50)7 =232 keV

while conservation of energy gives hf — hf' =K =50 keV . Solving the two equations gives
E =hf =141 keV . (The wavelength of the incoming photon is A= % =8.79 pm.)

(a) The energy vs wavelength relation for a photon is E = %C- For a photon of

wavelength given by 4, =0.0711 nm the photon’s energy is

(6.626x107 J-s(3x10° mys)

= = 17.4 keV
(0.0711x10™ m)(1.602x107" J/eV)

()] For the case of back scattering, 8=z the Compton scattering relation becomes

A'—Ay= (':hcz ) Setting 4y =0.0711 nm we obtain

e

2hc

A’=0711 nm+—=7.60x107"!

mec
or 0.076 0 nm.

,_hc_ (6626x107*]-5)3x10° mys)

ke =163 keV.
@ A (7.60x10 m)(L602x107° J/eV) =

(d) AE =17.45 keV -16.33 keV =112 keV ~1.1 keV .
A scattered photon has an energy of 80 keV and the recoiled electron has an energy of 25 keV.

(a) From conservation of energy we require that: Ejoo, =80 keV =25 keV =105 keV. As |

6.626x10°* J-sY3x 10° m/s
Eo=1h£,WEhaveﬂ.0=£ ( J-s) mys)

= =0.0118 nm.
o Ey,  (105keV)1.602x107" J/eV)



dvanorden
Note
3-36 (a)

The energy equation should read

Ephoton = 80keV + 25keV = 105keV
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(b)

(©)

The incident photon energy is E; = ihg ,and the energy of the scattered photon is
0

E' = % One can then take their ratio,

ﬁ:i:,{;___ AoEo _ 00118 nmx(lOS keV
E 4 E 80 ke

): 0.015 4 nm.

Using the Compton scattering formula we have:

1,‘"10 =( h
m

mec

)(1—cos6')=:>(l—cos€)=( h

1
7 0.00243 nm

e P

(0.015 4 nm - 0,011 8 nm)=1.487; 8~119°.

The relations between p,, p;, p,, f, and @ are given by pZ + p? + p2 - 2p,p} cos 6 and
P1 = Pe COS @+ p, cos 8. (see the figure to solution 3-31). Substituting in the first of
these equations we have

1 1 2~0.487) ]}‘/ 2

={(6.626x107# J/s)° + +
Pe {( J/s) [0.015 4nm 00118 nm = (0.0154 nm)0.011 8 nm)

=858x1072 kg-m/s.

Now rearrange terms and substitute in the second equation:

=0.819

cosp= (py —py)cos@ - (6626 x 10-% J/s) 1/(0.015 4 nm) —0.4?273/0.011 8 nm
Pe 8.58 x10

and so ¢=35.0°.

When waves are scattered between two adjacent planes of a single crystal, constructive wave
interference will occur when the path length difference between such reflected waves is an
integer multiple of wavelengths. This condition is expressed by the Bragg equation for
constructive interference, 2d sin @=nA where d is the distance between adjacent crystalline
planes, @ is the angle of incidence of the x-ray beam of photons, n is an integer for
constructive interference, and A is the wavelength of the photon beam which is in this case,
0.062 6 nm. Ignoring the incident beam that is not scattered, the first three angles for which
maxima of x-ray intensities are found are 14 =2dsin 8, or

., A _0626x10" m
=™ ex10 0 m

6, =0.078 3 radians = 449°

24 =2dsin @, or

. A_0626x107° m
5inf@; =—=

e =0.1565, 8=9.00°
d  40x10m 1 00


dvanorden
Note
3-36 (c)

   The solutions simply use conservation of momentum in the x direction to solve for the angle phi. (You may find it easier to use conservation of momentum in the y direction.)  
    The final equation for cos(phi) has multiple errors, so I suggest you disregard it and try to work it out for yourself.  I found phi to be around 25 degrees.




