Chapter 2 Relativity Il

the total kinetic enerpy cannot be converted tnto rest energy because of conservation of
momenturtt. However, i the zero-momentum reference frame in which the two initial pro-
fons are Moving toward each gther with equal speed u, the total kinetic energy can be con-
verted into rest energy. (@) Find the speed of each proten # such that the total kinetic energy
in the zero-momentum frame is 2me2. (b} Transform to the [zboratory's frame in which one
proton is at rest, and find the speed u” of the other proton. (¢) Show that the kinetic energy of
the moving profon in the lzboratory's frame is £, = Gme?.

2-48. In a simple thought experiment, Einstein showed that there is mass associated with
electromagnetic radiation. Consider a box of length L and mass M resting on a frictionlesg
surface. At the left wall of the box is a light source that emits radiation of energy E, which
i absorbed at the right wall of the box. According to classical electromagnetic theory, this

d carries mo of magnitude p = Efc. (o) Find the recoil velocity of the box
such that momentum is conserved when the light is emiticd. (Since p is small and M is
lacoe st s e aleene et v i ik g 15 wDNUEDR AL (e Nght wall of

the box. the box stops, so the total momentumn remains zero. If we neglect the very small
velacity of the box. the time it takes for the radiation to travel across the box is At = Lic.
Find the distance moved by the box in this time. () Show that if the center of mass of the
system 18 to remaib at the same place, the radiation must capry mass m = E/c®.

2-49. A pion spontanecusly decays into a muon and an antineutrino according to (among
other processes) m~ — p” + ¥,.. Curment experimental evidence indicates that the mass
of the 7, is no greater that about 190 keV and may, in fact, be zero. Assuming that the pion
decays at rest in the laboratory, compute the energies and momenta of the muon and tuon
antineutrino {@} if the mass of the antineutrinc is ze¢ro and () if its mass is 190 keV. The
mass of the pion is 139.56755 MeV/c? and the mass of the muon is 105.65836 MeV/c?
2-50. Use Equation 2-47 to obtain the gravitational redshift in terms of the wavelength A.
Use that result to determine the shift in waveiength of light emitied by a white dwarf star
at 720.00 nm. Assume the white dwarf has the same mass as the san (1.99 X 10% kg). but
aradius equal to only 1 percent of the solar radius R, (R = 6.96 % 10" m.)

2-51. For a particle moving in the xv plane of S, show that the v’ component of the accel-
eralion is given by

. ar a,upvic’
a, = . + :
Yt —uyicy ¥ = ey

2-52. Cansider an object of mass » at rest in S acted upon hy a force F with components
F, and F,. System 5’ moves with instantaneous velocily ¥ in the +x direction. Defining
the force with Equation 2-8 and using the Lorentz velocity transformation, show that
{a) Fy = F,and () F}, = F /vy. (Hint: See Problem 2-51.)

2-53. An unstable particle of mass M decays into two identical particles, each of mass
m. Obtain an expression for the velocilies of the two decay particles in the Jab frame
(a) if M ix at rest in the lab and (B} if M has 10tal energy 4me? when it decaye and the
decay particles move along the direction of M,

Chapter Quantization of Charge,
| Light, and Energy

At Quantization of

e idea that all matter is composed of tiny particles, or atoms, dates back lo the Flectric Charge
speculations of the Greek philosopher Democrius' and his teacher l{euclpp_tus 2 Blackbody
sbout 450 B.C. However, there was litrle attempt to correlate such speculations with Radiation

ions of the physical world until the seventeenth century. Pierre Gassendi, in ) .
m;:km:)f the seﬁe:teenlh century. and Robert Hooke, somewhat fater, attempted 3-3 :_:;;zh"“'?m‘""
to explain states of matter and the transitions between them with a n:mdel of tiny, L o th
indestructible solid objects Alying in all directions. But it was Avogadro™s hypothesis, 3-4 X Rays an d the
advanced in 1801, that all gases at a given temperature contain the sarhe number (?f Compton Fffect
molecules per unit volume, which led to great Success in the interpretation of chemni-
cal reactions and to development of the Kinetic theory, around 1900. 1t enabled quan-
titative understanding of many bulk properties of matter and led to general (ﬂ}mlgh
hot ynamimous) acceptance <f the molecular theory of matter. Thus, mx?ter is not
continuous, as it appears, but is quantized (i.e., discrete) on the microscopic scale. [t
was understood that the small size of the atom prevented the discreteness of matter
from being readily observable. o

In this chapter, we shall study how three additional great quantization dufcov_er-
ies were made: (1) electric charge, (2) light energy, and (3} energy of mcdlan_ng
mechanical systems. The quansization of electric charge was not p'articularly Surpris-
ing to scientists in 1900; it was quite analogous to the gq on of mass, How-
ever, the quantizations of light energy and mechanical encrgy, which are of central
importance in modern physics, were revolutionary ideas.

3-1 Quantization of Electric Charge

Early Measurements of ¢ and e/m

The first estimates of the order of magnitude of the electric charges found in atoms
were abtainied from Faraday's law. The work of Michael Faraday (1791~ I867‘) in the
early to mid-§800s stands ot even today for its vision, experimental ingenuity, and
thoroughness. The story of this self-educated blacksmith’s son whl? rose _l'rom emand
boy and bookbinder's apprentice to become the director of the distinguished Royal
Institution of London and the foremast experimental investigator of his 1i_me is & fas-
cimating one. One aspect of his work concerned the study of the conduction of ele:.:-
thicity in liquids. His results and his subsequent statement of the law of electrolysis
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{1833) were of great importance for the evidence they gave of the electrical nature of
atomic forces. The phenomenon stilf has interest in that it provides the hasis for the
study of the field of electrochemistry.

In his experiments, Faradey passed a direct corrent (dc) through weakly conduct.
ing solutions and ohserved the subsequent liberation of the components of the soly-
tion at the electrodes. Quantitatively, Faraday discovered that the same quantity of
electricity, £, called the faraday and equal to about 96.500 C, always decomposes
1 gram-icnic weight of monovalent fons. For example, if 96,500 C pass through g
solution of NaCl, 23 g of Na appear at the cathode and 35.5 g of C1 at the anode. For
ions of valence 2. such as Cu or SO,, M takes 2 faradays to decompose | gram-ionic
weight. Since a gram-fonic weight is just Avogadro's number of jons N, it is reason-
able to assume that each monovalent ion contains the same charge, e. and

£ = Nae L%

Equation 3-1 is called Faraday's law of electrolysis. Since the faraday could be
measured quite accurately, My or ¢ could be determined if the other were known.
Faraday was aware of this but could not determine either quantity. Even so, it seemed
logical to expect that efectric charge, like matter. was not continueus but consisted of
particles of some discrete minimum charge, In 1874, G. J. Stoney? suggesied that the
apparent minimum amount of charge be called an electron e and used an estimate of
N, from kinetic theory to compute the value of e to be about 10 2 C. Based on accu-
mulating experi | evidence, Helmholiz* pointed out in 188(} that it is apparently
impossible to obtain a subunit of this charge. The first discrete measurement of this
smallest unit of charge was made by Townsend in 1897, by an ingenjous methed thal
was the forerunner of the famous Millikan cil-drop experiment.

Pieter Zeeman, in 1896, obtained the first avidence for the existence of atomic parti-
cles with a specific charge-to-mass ratio by looking at the light emitted by atoms placed
in a strong magnetic field. When viewed through a spectroscope withaut the magnetic
field, this light appears as a discrete set of lines called spectral lines. According to classi-
cal electromagnetic theory, a charge oscillating in simple harmoenic motion will emit
electromagnetic radiation at the freguency of oscillation. If the moving charge is placed
in a magnetic field, there will be an additional force on the charge which, to a first
approximation, merely changes the frequency of oscilfation. The frequency is either
shghtly increased, slightly decreased, or unchanged from its original value, depending
on the orientation of the line of cscillation relative to the direction of the magnetic field.
‘Then, according to classical theory, if a spectral line from atoms is due to the oscillation
of charged particles in the atoms, that line will be split into three very closely spaced
lines of slightly different frequencies when the atom is placed in a magnetic field. ( This
phenomenon is called the Zeeman effert and will he dizeusced further in Chapter 7.) The
magnitude of the frequency difference depends on the charge-to-mass ratio gim of the
‘oscillating particle. Zeeman measured such a splitting and calculated g/m to be about
1.6 X J0"' C/kg, which compares favorabiy with the presently accepted value for the
electron of 1.759 X 18" C/kp. From the polarization of the spectral lines, Zeeman con-
cluded that the oscillating particles were negatively charged .

Discovery of the Electron: J. |. Thomson’s Experiment

Many studies of electrical discharges in gases were done in the late nineteenth cen-
tury. It was found that the ions responsible for gaseous conduction carried the same
charge as did those in electrolysis. The year following Zeeman's work, J. J. Thomson?

V1 OAN T A TION © BEEe TR Cragi

Fip. 31 1.1 Thomson's tube for megsuring e/m, Electrons from the cathode C pass through
by i‘t: at A and B and sirike a phosphorescent screen. The heam can be deflecied h’f nr{ o
ot field between the plates IY and E orby a magnetic field (not shown) whose direction is
e;ﬂ:'-ﬂcd‘n:ulmr (o the clectric field between D and E. From measurements of the deflections
pﬂ?:,.‘-.d e & ek o the tuhe at the screen. efm can be determined. $Fmm J . Thomson.

~athode Rays,” Philosophical Magazine. (5), 44, 293 (18971]

r the so-called cathode rays and pointed out that .if their
charge was Faraday’s minimum charge ¢ as determined by Smne?r. then ::Iclr m::;
was only a small fraction of the mass of a hydrogen atom. He had, in fact.. m}c:ove 4
the- electron. The cathode-ray tube used by J. 1 Thom:mn (the apparfalus is :e :v::l l::
Figure 3-1) is typical of those used by his comemporanes. I_t was 1!13 Imﬁn cr o the
lelevision picture tube, the oscilloseope, and a host of vtdeo-d!sp ay :";md ;adm
everything from word processors and personal computers to video game';m nd radar
screens. At sufficiently low pressure, the space near the cathode bec:)meﬁ‘a " .Teacm.s
the pressure is lowered, this dark space extends actoss the tube unti :rl;e namyl;d e
the glass, which then glows as a result of the energy .absorbed fr(;n:k " m:i;aQ fe lhe.
When apertures are placed at A and B, the glow 1s hrm‘l.ed o a wel - i .51);1‘! o
glass. This spot can then be deflected by electrostatic or magnetic hiel s.d o 18 m
1. Perrin had collected these *'cathode rays” on an electrometer and foun :
c;arry a negative electric charge. That direct measur.emenl of l!m ch:ria-tlx:rl::znml:;
eim of electrons by J. J. Thomson in 1897 can be justly considered the beg! g
our understanding of atomic structure.

measured the gim value fo

Measurement of e/t When a uniform _mﬂgnetic field of s!tvelngth ml: is e::ll:;
lished perpendicular to the direction of motion of charged paric| c:_ [E::‘Dn‘s
move in a circular path. The radius R of the path can be obtained from B v
second law, by setting the magnetic force quB equal to the mass m tmes
centripetal acceleration wIR.

miu
quB = MT or R= ﬁ 32
Present-day paiticle physicists routinely use the modFm equlvzllent ;fz't.':ntxrzs::“ sz
experiment to measure the momenta of eleme.nlary particles. Equation 3- :;1 he
relativistic version of Equation 2-37, i.e., with y = |3 Thomson. who d! lll ﬂ:.;:e
about relativity at the time, of course, was fortunate in _that the speeds of his “ca e
rays” {electrons) were decidedly nonrelativistic; that is, the ell.:ctron spee;ls |:¢ “f'i ©
much smaller that the speed of light ¢, with w/c <= 0.2, {See Figure 2-2.) In his firs ;
measurement, Thomson determined the velocity from measurements of _the Itnttad
charge and the temperature change occurring when the !Jeam struck ar: insulate
collector, For N particles, the total charge is ¢ = Ne, while the femperalure rise s
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Fig. 3-2 Deflection of the electron beam in Thomson's apparatus. The deflection plates are
7 and £ in Figure 3-1. Deflection pf the beam is shown with the magnetic field off and the
tap plate positive. Thomson used up to about 200 V between [ and E. A magnetic field was

appicy P penUiCEl Lo e [Raie ol e diageamn direcied INto the page 1o bend the beam back
down to its undeflected position.

proportional 1o the energy loss W = N(}mu?). Eliminating N and u from these equa-
tions, we obtain

W
BRY(Q

e
= 33
m
In his second measurement, which came to be known as the J. 1 Thomson
experiment, he adjusted perpendicular B and € fields so that the particles were unde-
flected. This allowed him 1o determine the speed by equating the magnitudes of the
magnetic and electric forces:

%
B

quB = ¢¢€ or = 34

He then turned off the B field and measured the deflection of the particles on the
screen, This deflection is made up of two parts (see Figure 3-2). While the particles
are between the plates they undergo a vertical deflection y,, given by

1. J. Thomson in his laboratory. He is facing the screen end of an e/m tube; an older cathode-ray
tube is visible in front of his left shoulder. [Courtesy of Cavendish Laboratory.)
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pere 3, is the horizontal distance traveled. After they leave the plates they undergo
;diiiﬂ“al deflection y., given by

Y €& n\n) _ ¢€ix
Y= W= a'ﬁ(—) = _(“')(_) I 36
u, mo\u/ \K, mody

where x; is the horizontal distance traveled beyond the deflection plates. Thedl(;ta:
. - .. ' Lal Lt e Taiadlman 2 A4 2 € an
deflection Ly + p2p = prupisiivene D s L2 Th .

and noting that u = u, for the undeflected beam, we have

e (B\(d
ntwn= ;(g)(il + II‘:) 31

Note the “direct” character of the measurement. Thomson needed only a voltmeter, Thomso.n's techn_iqug of

an ammeter, and a measuring rod to determine efm. Tt is also interesting to note that  controlling the duect[on of

his original values of e/m from his first method, about 2x !0“ C/kg, were closer to 't‘he elect:on be?m with

the present value of 1.76 X 10" C/kg than these from his second method, 0.7 X (rc.'ss?d ahectric and mag-

10" C/kg. The inaccuracy of the results obtained from the second mclhod was due  netic fields V\.las §ubse—

to his having neglected the magnetic field outside the region of the deflecting plates.  quently applied in the

Despite this inaccuracy, however, the second method had the advantage of developmerjlt of c:ﬂhnderay

reproducibility and is considered the superior experiment. ! tubes use‘d in oscilloscopes
Thomson repeated the experiment with different gases in the tube and different and t.h_e pu;tun.a tubes of

metals for cathodes and atways obtained the same value of efr within his experimen- television receivers.

wl accuracy, thus showing that these particles were common to all metals. The agree-

ment of these results with Zzeman's led to the unmistakable conclusion that these

particles —called corpuscles by Thomson and later called electrons by Lorelntz#

having one unit of negative charge ¢ and about 2000 times less mass than the lightest

known atom, were constituent in all atoms.

Wekrons S

1. One advantage of Thomson’s evidence over others’ (such as Faraday’s or
Zeeman's) was its tirectness. Another was that it was not just a statistical
inference. How is it shown in the Thomson experiment that e/m is the same
for a large number of particles?

2. Thomson noted that his values for e/m were about 2000 times larger than
those for the lightest known ion, that of hydrogen. Could he distinguish from
his data between the possibility that this was a result of the electron having
either a greater charge or smaller mass than the hydrogen ion?

The Mass Spectrometer  One of several devices currently used to measure the
charge-to-mass ratio g/m of charged atoms and molecules is the mass spectrometer.
The mass spectrometer is used to find the charge-to-mass ratio of ijons of known
charge by measuring the radius of their circutar orbits in a uniform magnetic field.
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Fig. 3-3 Schematic drawing
of a mass spectrometer. lons
from an ion source are accel-
erated through a potential
difference AV and enter a
uniform magnetic field, The
magnetic field is directed out
of the plane of the page as
indicated by the dots. The
ions are bent into circular
arcs and strike a photographic
plate or exil through an aper-
ture to an ion detector at P,.
The radivs of the circle is

proportional to the mass of
the ion,

Equation 3-2 gives the radins of R for the circular orbit of 3 paeticle of mass m ang
charge g moving with speed u in a magnetic field B that is perpendicular to the veloc.
ity of the particle. Figure 3-3 shows a simple schematic drawing of a mass spectrom.
eter. lons from an ion source are accelerated by an electric field and enter & uniform
magnetic field produced by an electromagnet. If the ions start from rest and move
through a potential drop AV, their kinetic energy when they enter the magnetic field
equals their loss in potential energy, gAV:

Lmu® = gAV 38

The ions move in a semicircle of radius R given by Equation 3-2 and strike a photo.
graphic plate or exit through a narrow aperture to an ion detector at point P;, a dis-
tance 2R from the point where they enter the magnet. The speed 1 can be eliminated
from Equations 3-2 and 3-8 to find g/m in terms of AV, 8, and R. The result is

ZAV

= R 39

1
m

In the original mass spectrometer, invented by F. W. Aston (who was a student of
Thomson’s) in 1919, mass differences could be measured 1o a precision of about
1 part in 10,000. The precision has been improved by introducing a velocity selector
between the ion source and the magnet, which makes it possible to limit the range of
velocities of the incoming ions and to determine the velocities of the ions more accu-
rately. Today, values of atomic and mwolecular masses are typically measured with
mass spectrometers o precisions of better than 1 part in 10°, The method normally
used is to measure the differences in R between standard masses and the ions of
interest, as illustrated in the foliowing example.

EXAMPLE 3-1 Mass Spectrometer Measurements A *Ni ion of charge +e and
mass 9.62 X 107* kg is accelerated through a potential difference of 3 kV and

deflected in a magnetic Reld of 0.12 T, {2} Find the radius of curvaturc of the oibit

f of the ion. (b) Find the difference in the radii for curvature of **Nj jons and ®Nj
ions. (Assume that the mass ratio is 58/60.)

|l Solution

1. For question (a), the radius of the ion's orbit is given by rearrenging
Equation 3-9:

pt = ImAV
gB?

2. Noting that in this case ¢ = +¢ and substituting the values yield:

_ (2)(9.62 X 10~ % kg)3000 V)
(1.60 X 107 Cy0.12 T)?

= 0.251 m*
R =+0251m! = 0.501 m

RZ

3-1 QUANTIZATION OF FLECTRIC CHARGE

1, For question (b}, note that according to Equation 3-9 an jon’s orbit radivs is
‘ proportional to the square root of its mass. For identical values of q,, V .and
B, if R, is the radius for the *Ni ion and R, is the radius for the Ni jon,

their ratio is:
R _ \,&
R, M,

_ 4%
- Nsg

— Lyl

o

w
-y

Substituting the value for the **Ni radius computed above gives:

R,= LOITR,
= (1.017X0.501 m)
=0510m

The difference AR in the radii is then:

AR = Rz - RI
=0510m—05H m
= (.009 m = 9 mm

Measuring the Electric Charge: Millikan’s Experiment

The fact that Thomson's e/m measurements always yiclded the same results rcgardlgss
of the materials used for the cathodes or the kind of gas in the ml?e was a persuasive
argument that the electrons all carried one unit e of negative electric charge. Thomso_n
initiated a series of experiments to determine the value of e. The first of r.h@ experi-
ments, which turned out to be very difficult to do with high precision, was carried oyt by
his sru'dcnt 1. S. E. Townsend. The idea was simple: a smalt (but visible.) cloud of lde!-l-
tical water droplets, each carrying a single charge e, was observed to drift downward in
response to the gravitational force. The total charge on the cloud Q = Ne was measured,
as was the mass of the cloud and the radius of a single drop. Finding the radius allowed
calculation of N, the total number of drops in the cloud, and, hence, the value of e.

The accuracy of Thomson’s method was limited by the uncertain ra.le of evapo-
ration of the cloud, and the assumption that each droplet contained a single charge
could not be verified. R. A. Millikan tried to eliminate the evaporaflion problem by
using a field strong enough to hold the top surface of the cloud stationary so that he
could observeutﬁc rate of evaporation, and correct for it. That, too, turned out to be
very difficult, but then he made a discovery of enormous impolm%ncc, one .tha(
allowed him to measure directly the charge of a single electron! Millikan described
his discovery in the following words:

Tt was not found possible to balance the cloud as had been originally p.lan.ngd.
but it was found possible to do something much'belter: m?mcly, to hold individ-
ual charged drops suspended by the field for periods varying from 30 to 60 sec-
onds, [ have never actually timed drops which lasted more than 45 seconds,
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atthough T tiave séveral fities observed drops which in my judgement lasted
considerahly longer than this. The drops which it was found possible to balance
by an electric field always carried multiple charges, and the difficulty experi-
enced in balancing such drops was less than had been anticipated.®

The discovery that he could see individual droplets and that droplets suspended in
a vertical electric field sometimes suddenly moved upward or downward, evidently
because they had picked up a positive or negative jon, led to the possibility of observ-
ing the charge of a single ion. Tn 1909, Millikan began a series of experiments which
not only showed that charges occurred in integer multiples of an elementary unit e, but
s Ui, value UL E W dOUUL | PART IR 1VULL |0 ehiminate evaporation, he used oil
drops sprayed into dry air between the plates of a capacitor. These drops were already
charged by the spraying process, ie., friction in the spray nozzle, and during the
course of observation they picked up or lost additional charges. By switching the field
between the plates, a drop could be moved up or down and observed for several hours.
When the charge on a drop changed, the velocity of the drop with the field “on”
changed. Assuming only that the terminal velocity of the drop was proportional to the
force acting on it (this assumption was carefully checked experimentally), Millikan's
experiment gave conclusive evidence that charges always occur in multiples of a fun-
damental unit ¢, whose value he determined to be 1.601 X 107" C. The currently
accepted value is, to three decimal places, 1.662 X 10~ C. The expanded discussion
of Millikan’s experiment on the home page includes the value to eight places.

More

Millikan’s Oil-Drop Experiment,” ane of the few truly crucial sxperi-
mients in physics, is also remarkable for its simple directmess and its
excellent precision. The discussion of Millikan's experitnent on cur
home page includes a portion of the data on drop number 6, onc of
several thousand oil drops he used in determining the value of the
electron’s charge.  See also Equations 3-10 through 3-18 and Figures
3-4 and 3-5 on the home page: www.whireeman.com/madphysicsde

3-2 Blackbody Radiation

The first clue to the quantum nature of radiation came from the study of thermal radi-
ation emitted by opaque bodies. When radiation falls on an opagque body, pert of it is
reflected and the rest absorbed. Light-colored bodies reflect most of the visible radia-
tion incident on them, whereas dark bodies absorb most of it. The absorption part of
the process can be described briefly as follows. The radiation absorbed by the body
increases the kinetic energy of the constituent atoms which oscillate about their equi-
librium positions. Recalling that the average translational kinetic energy of the atoms
determines the temperature of the body, the absorbed energy causes the temperature
to rise. However, the atoms contain charges (the electrons) and they are accelerated
by the oscillations. Consequently, as required by electromagnetic theory, the atoms

emit electromagnetic radiation which reduces the kinetic energy of the oscillations
and tends 1o reduce the temperature. When the rate of absorption equals that of emis-

sion, the temperature is constant and we say that the body is in thermal equilibrium

with its surroundings. A good absorber of radiation is therefore also a good emitter,

3-2 BLACKBODY RADTATION

The electromagnetic radiation emitted under these circumstances is caﬂeg_iﬁfr-
mal radiation. At ordinary temperatures {below ahou.l 600°C) the thgrmal ral mu:;lt;
emitted by a body is not visible; most of the energy 18 concentrated in wa\tf_e lﬁﬂg |
much longer than those of visible light. As a body is heatoc(ll. the quanlltya:d " :x:r

itted 1 jated extends to shorter
ction emitted increases, and the energy radiat ‘ ha
;.:::ll:;g!hs At about 600-700°C there is enough energy 1t the visible sPcctrum 50
that the body glows and becomes 2 dull red, and at higher temperatures it becomes
jeht-red or even “'white-hot” . .
bﬂgh:\ body that absorbs aif radiation incident on it is called an ideal bmmdf,;“
1270 Tecef Qafan fonnd an emnirical relation between the power per unit area radi-

ated by a blackbody and the temperature:
R=oT! 3.19

i i ¥ is the absolute temperature, and
R is the power radiated per unit arca, Tis ] :
V:h:l'; 67;]33 X 1%0" W/m%K? is a constant called Stefan’s constant, 'Ijlus result was
also d'erivcd on the basis of classical thermodynamics by Ludwig Boltzml:;n‘:
about five years later, and Equation 3-19 is now called the Slefan-Boltml\ann " .
Note that the power per unit area radiated by a l;la:kbc'))c-ly ::Ieperll‘d:soit:syc glno A :r
ther characteristic of the object, suc i
temperature, and not on any of e
i ich it i that R tells us the rate at w
he material of which it is composed. Note, too, that
le:c:;y is emitted by the object. For example, doubling the absolute te‘rllper;tl;re
of an object increases the energy fiow out of the object by a f.actc_nr ofd 2 = 16. An
object at room temperature (300 K) will double the ratc at whl::h Sn rfa le;;esl lcne;ﬁz;
i 7°C, Thus, the Stefan-Boltzm
result of a temperature increase of only § Stefan-Bo n
?:v: has an enormous effect on the establishment of thermal equilibrium in physi
al systems. . .
‘ gbjects that are not blackbodies radiate energy per unit area at a rate less' thaia:l
that of & blackbody at the same temperature. The rnu? .docs depend r:m pr:hp:r;;sm
addition to the temperature, such as color ard cmnpﬁs:;o: of thc S'm'r;?\;vhich Aot
i ined i the emissivi -
f those dependencies are combined into 2 factor ca missivi
;liesothc ri‘:ht side of Equation 3-19. The values of e, which is itself temperature
dependent, are always less than unity. _ ‘ o
El:: the total r:dimd power R, the spectral distribution of the radiation emme;l
by a blackbody is found empirically to depend only on t!;e absolute tempﬂ:aﬁ;’c 2
The speciral distribution is determined experimentally as illustrated schematically in
Figure 3-6. Let R(AJd\ be the power emitted per unit arca with wavelength between

Radlation
Priam
Sit
/ Disparsed
radiation
-
N
Object 4

Detector
Fig. 3-6 Radiation emitted by the object at temperature T that passes thmu.gh the s'llt |fu d':l:a ,
persed according fo its wavelength. The prism shown would be an appropr :tt:e delvwe :;
part of the emitted radiation in the visible region. In other spectral regions riypes
devices or wavelength-sensitive detectors would be used.
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Wavelength L (nm}
Fig, 3-7 Spectral distwribution function R{\) measured at different temperatures. The R(A) axis
is in arbitrary units for comparison only. Notice the range in A of the visible spectrum. The sun

emits radiation very close to that of a blackbody at 5800 K. A,, is indicated for the 5000-K znd
6000-K curves.

A and h + dh. Figure 3-7 shows the measured spectral distribution function R()) ver-
sus A for several values of T ranging from 1000 K to 6000 K.
The R(A) versus A curves in Figure 3-7 are quite remarkable in several respects,

One is that the wavelength at which the distribution is maximum varies inversely
with the temperature:

A, = T
Ay T = constant = 2.898 X 1073 mK 20

This result is known as Wien's displacement law. It was obtained by Wilhelm Wien
in 1893. Examples 3-2 and 3-3 illustrate its application,

EXAMPLE 3-2 How Big Is a Star? Messurement of the wavelength at which the
spectral distribution R() from a certain star is maximum indicates that the star's
surface temperature is 3000 K. If that star is also found to radiate 100 times the
power radiated by the sun £, how big is the star? (The symbol © = sun.) The
sun’s surface temperature is found to be 5800 K.

Solution

Assuming the sun and the star both radiate as blackbodies (astronomers nearly
always make this assumption, based on, among other things, the fact that the solar
spectrum is nearly that of a perfect blackbody), their surface temperatures have
been determined from Equation 3-20 to be 5800 K and 3000 K, respectively. Mea-
surement also indicates that £, = 100 Py. Thus, from Equation 3-19 we have that

3-2 BLACKBODY RADIATION

S (area)ge AT I
and
Py
Ry = LT __22_ =0T}

Thus, we have

T, 4
e = looré(r—o)

ar.

T\ 5800%?
o - o

Faar = 3747

Since ro = 6.96 X 105 m, this star has a radius of about 2.6 X 10'*m, or about
half of the radius of the orbit of Mercury.

Rayleigh-Jeans Equation

The calculation of the distribution function R(_)\) involw_rcs the calcl;ll;tzfn :f’ctth;
energy density of electromagnetic waves in a Cfmty. Matenals such as lack ;:tion o
lampblack come close to being ideal blackbodies, bu_t the best pracnc:;] rlca_l ation of
an ideal blackbody is a small hole leading into a cavity (such esa keyhole in 2clo
door; see Figure 3-8). Radiation incident on the hole has little chance o.' 11;5
reflected back out of the hole before it is absorbed by the walls of thF cavity.
power radiated our of the hole is proportional to the total energy density U (encra
per unit volume) of the radiation in the cavity. The proportionality constant can
shown to be c/4, where ¢ is the speed of light:

R=%CU 3

Similarly, the spectral distribution of the power emitted frfjm the hole i§ pmp(f)rtiopal
to the spectral distribution of the energy density in the cavity. If a(A)d is the fraction

Fig, 3-8 A small hole in the wall of a cavity apprux'imating an ic_leal blnckb:;dy.b ot
Radiation entering the hole has little chance of leaving before it is completely abso
within the cavity.
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of the energy per unit volume in the cavity in the range d\, then u(A) and R(A) are
related by

RO = jeu (W) 322

The energy density distribution function u{A) can be calculated from classical
physics in a straightforward way. The method involves finding the number of mexles
of oscillation of the electromagtetic field in the cavity with wavelengths in the inter-
val d\ and multiplying by the average encrgy per mode. We shall not go into the
details of the calculation here. The resull is that the pumber of madec of ceniflatioe
per unit volume, n()), is independent of the shape of the cavity and is given by

(k) = 8mr~* 323

According to classical kinetic theory, the average encrgy per mode of oscillation is £7;
the same as for & one-dimensional harmonic oscillator, where £ is the Boltzmann con-
stant. Classical theory thus predicts for the enetgy density spectral distribution function

u(d) = kTn(\) = BmkTA 4 3

This prediction, initially derived by Lord Rayleigh,"” is called the Rayleigh-Jeans
faw, and is iflustrated in Figure 3-9. ’

At very long wavelengths the Rayleigh-Teans law agrees with the experimentally
determined spectrat distribution, but at short wavelengths this law predicts that u())
becomes large, approaching infinity as A — 0, whereas experiment shows {see Fig-
ures 3-7 and 3-9) that the distribution actuaily approaches zero as A -+ (. This enor-
mous disagreement between the experimental measurement of w()) and the predic-
tion of the fundamental laws of classical physics at short wavelengths was called the

ultravioler catastrophe, The word catastrophe was not used lightly: Equation 3-24
implies that

f’ uh)dh——rx 3.25
i.e., every object would have an infinite energy density.

1]
™~ Raylelgh-Jeans
|‘ law

U}

0 2000 4000 6000 A, nm
Fig. 3-9 Comparison of Planck’s law and the Rayleigh-Jeans law with experimental daig at
T'="1600 K obtained by W. W. Coblentz in about 1915, The u(X) axis is linear. [Adapted from
F. K. Richimyer, E. H. Kennnard, and I, N. Cooper, Introduction to Modern Physics, 6th od.
(New York: McGrow-Hill Book Company, 1969). by permission.)
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Planck’s Law

In 1900 the German physicist Max Planck'' announced that by fnaking somc.awhal
strange assumptions, he could derive a function u(\) that agreed with the experimen-
(&l data. He first found an empirical function that fit the data, and then searched for a
way to modify the vsual calculation so as to predict his emplnca.l formula. We can
see the type of modification needed if we note that, for any cavity, the shorter the
wavelength, the more standing waves (modes) will be possible. As R-—’ 0 the number
of modes of oscillation approaches infinity, as evidenced in Equation 3-23, In order
for the energy density distribution function u()) to approach zero, we expect the
average energy per mode to depend on the Wavelengin A ana approacn Zero as A
approaches zero, rather than be equal to the value k7 predicted by clnsmf:at theory.

Parenthetically, we should observe that those working on the ullrawo]et catastro-
phe at the time—and there were many besides Planck—had no a priori way of
knowing whether the number of modes a{\) or the average energy per mode kT (or
both) was the source of the problem. Both were comect classically. Many attempts
were made to rederive each so as to solve the problem. It was the average energy per
mede (that is, kinetic theory) that turned out to be at fauit.

Classically, the electromagoetic waves in the cavity are produced b_y acce‘lerated
electric charges in the walls of the cavity vibrating like simple harmonic oscillators.
Recall that the radiation emitted by such an oscillator has the same frequency as the
oscillator itself. The average energy for a one-dimensional simple harmonic oscilla-
tor i3 calculated classically from the energy distribution function, which in turn is
found from the Maxweli-Boltzmann distribution function. The energy distribution
function has the form (see Chapter 8)

SIE) = Ae~ 54T 3-26

where A is a constant and f(E) is the fraction of the oscillators with energy equal to
E. The average energy is then found, as is any weighted average, from

E= f EREME = J; EAe™5MJE 327

with the result E = k7, as was used by Rayleigh and others.

Planck found that he could derive his empirical function by calculating the aver--

age energy £ assuming the energy of the oscillating charges, and hence the radiation
that they emitted, was a discrete variable, i.e., that it could take on only the values 0,
€ 2¢, . . ., ne where n is an integer; and further, that € was proportional to the
frequency of the oscillators and, thus, the radiation. Planck therefore wrote the
energy as

E,=ne=nhf n=012, ... 3-28

where k is a constant now called Planck's constant. The Maxwell-Boltzmann distri-
bution law (Equation 3-26) then becomes

fo = Ae BT = pgmehiT 329

where A is determined by the normalization condition that the sum of all fractions £,
must, of course, be 1, ie.,
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e = | 330

s

3r=4
. R0

L]

n

The average energy of an oscillator is then given by the discrete-sum equivalent of
Equation 3-27,

E= YEf.= TEAe &N 33
n=0 a=0
Calculating the sums in Equations 3-30 and 3-31 (see Problem 3-58) yields the result:

€ hf he/h

T | T | gheMT | 3%

E=

Multiplying this result by the number of oscillators per unit volume in the interval dx
given by Equation 3-23, we obtain for the energy density distribution function of the
radiation in the cavity:

Bawhch ~*

e 333

u(k) =

This function, called Planck's law, is sketched in Figlure 3-9. It is clear from the fig-
ure that the result fits the data quite well.
For very large A, the exponential in Equation 3-33 can be expanded using

e*=1+x+ ., .. forx << | (see Appendix B4), where x = hc/AAT. Then
O
\T
and

WAy —— B\~ kT

which is the Rayleigh-Jeans formula. For short wavelengths, we can neglect the 1 in
the denominator of Equation 3-33, and we have

u(h) —— Brhch ™3 e WM — ()

as A — 0. The value of the constant in Wien's displacement law also follows from
Planck’s law, as you will show in Problem 3-23.

The value of Planck’s constant, &, can be determined by fitting the function
given by Equation 3-33 to the experimental data, although direct measurement (see
Section 3-3) is better, but more difficult. The presently accepted value is ’

h=6626 X110 H])s

M
=4,136 X 10" ¥ eVs

Planck tried at length to reconcile his treatment with classical physics but was unable
to do so. The fundamental importance of the quantization assumption implied by
Equation 3-28 was suspected by Planck and others but was not generally appreciated
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it 1905, In that year Eimstein apptied the same ideas to explain the photoelectric
effect and suggested that, rather than being merely a mysterious property of oscilla-
tors in the cavity walls and blackbody radiation, quantization is a fundamental char-
acteristic of light energy.

EXAMPLE 3-3 Peak of the Solar Spectrum The surface temperature of the sun is
about 5800 K, and measuremnents of the sun’s spectral distribution show that it
radiates very nearly like a blackbodv. deviating mainlv at verv short wavelenoths
Assuming that the sun radiates like a perfect blackbody, at what wavelength does
the peak of the solar spectrum occur?

Solution
1. The wavelength at the peak, or maximum intensity, of a perfect blackbody
spectrum is given by Equation 3-20:
A, T=2898 X 10 m-K

2. Rearranging and substituting the sun's surface temperature yields:

2,898 ¥ 107?m K

= ~3m- =
A, = (2.898 X 10 m-K¥T e

_ 2898 % 105nm K _ 499.7 nm
5800 K
where
1nm = 107%m

Remarks: This value is near the middle of the visible spectrum,

EXAMPLE 3-4 Average Energy of an Oscillator What is the average energy E for an

oscillator that has a frequency given by Af = kT according to Planck’s calculation?

Solution
From Equation 3-32 with € = Af = kT, we have

E=————=——=0582kT
e 1

Recall that, according to classical theory, E = kT regardless of the frequency.

EXAMPLE 3-5 Stefan-Boltzmann from Planck Show that the total energy dens-
ity in a blackbody cavity is proportional to T* in accordance with the Stefan-

Boltzmann law.

The electromagnetic spec-
trum emitted by incandes-
rant hilhs ic 2 rammnn
example of blackbody
radiation, the amount of
visible light being depen-
dent on the temperature
of the filament. Another
application is the pyrometer,
a device that measures the
temperature of a glowing
object, such as molten
metal in a steel mill.
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Solution

The total energy density is obtained from the distribution function (Equation 3-33
by integrating over all wavelengths:

8mhe) -3
u=fu(am=fe—h—r%:7da

Define the dimensionless variable x = hcIMCT. Then dx = ~he ANNRT or
dh = —\(kT/hc)dx Then

“8whed kT
Uz_J‘S-rch\ (k—)dx
b e"— 1 \hc
KTV ™ x?
= 8mhe| —~ dx
§m c(hc) J:e‘ =1

Since the integral is now dimensionless, this shows that U is proportional to T4,
The vatue of the integral can be obtained from tables; it is 7#15. Then U/ =

Bmk415 A %) T*. This result can be combined with Equations 3-19 and 3-21 1o
express Stefan’s constant o in terms of 7, k k. and ¢ (see Problem 3-13),

A dramatic example of an application of Planck’s law on the current frontier of

physics is in tests of the predictions of the so-calied Big Bang theory of the forma-
tion and present expansion of the universe, Current cosmological theory suggests that
the universe originated in an extremely high-temperature explosion, one Consequence
of which was to fill the infant universe with radiation whose spectral distribution
must surely have been that of a blackbody. Since that time, the universe has
expanded to its present size and cooled to its present temperature T,,,. However, it

Energy density w{f)

1500r

:

:

0 ! t L I ]
(" 100 200 300 400 500 600 700
Frequency (x 107 Hz)

Flg. 3-10 The enerpy density spectral distribution of the cosmic microwave background radia-

tion. The solid line is Planck’s law with 7 = 2.735 K. The measurements were made by the
COBE satellite.
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should still be filled with radiation whose spectral distribution shouid be that charac-
1eri$l;c T;:Sblé:rn:o(lj’{::;j::":;nd Robert Wilson discovered radiation of wavelength
135:;lm|ea¢;h'mg Earth with the seme intensity fmmaudhmﬂPnsmspac::;wa;
on recognized that this radiation could be a remnant of the. Big Bang fireball, an
ol urements were subsequently made at other wavelengths in order to construct an
e imental energy density #(h) versus A graph. The most recent data, collected by
expecrl smic Background Explorer (COBE) satellite and shown in Figure 3-10, fit l_he
;e c:law for a blackbody at 2.735 K. The excellent agreement o_f the c!al.a with
n:::-k's equation. indeed, the best fit that has ever been measured, is considered to
be very strong suppor for the Big Bang theory (see Chapter 14),

3.3 The Photoelectric Effect

It is one of the ironies.in the history of science that in the famous cxpclzimenl of
Heinrich Hertz!? in 1887 in which he produced and dcteclted e]ccimmagneuc er::v;ls,
thus confirming James Clerk Maxwell’s wave theory of: ll-ght. he 'also discov e
photoelectric effect that fed directly to the particl(? description of Light. 4 anoth

Hertz was using a spark gap in a tuned circuit to generate the waves ami‘ an ﬂ:
similar circuit to detect them. He noticed acc'!denta]ly that whe.n.the hghth ar:r:'n be
generating gap was shielded from the receiving gap, the receiving gap a 0 b
made shorter to allow the sparks to pass. Light from any spar?c that fell on t te@l;
nals of the gap facilitated the passage of the sparks. He dc§cnbed the discovery wil
these words:

jes of experiments on the effects of resonance between very ralpid elec-
Ilxﬂ'ic:.a t:clllelsnlions ]:Iem 1 carried out and recently pl_Jblishe-d, two electric s!:mrkls
were produced by the same discharge of an induch?n coil, and therefore simul-
tanepusly. Ome of these sparks, spark 4, was thc_ dlthargc spark of the induc-
tion coil, and served to excite the primary oscillation. :l‘h: second, spark B];
betonged to the induced or secondary oscillation. 1 occassc.mally em_:losed spar
B in a dark case so as to make observations more eas_lly. and in so -dm.ng
I observed that the maximum spark length became decidedly smaller inside
the case than it was before.'?

Albert A_ Michelson, Albert Einstein, and Robert A. Millikan at a meeting in Pasadena,
California, in 1931. [AP/Wide World Photos.)
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The unexpected discovery of the photoelectric effect annoyed Heriz because it
interfered with his primary research, but he recognized its importance immediately
and interrupted his other work for six months in order to study it in detail. His
results, published later that year, were then extended by others. It was found that neg-
ative particles were emitted from a clean surface when exposed to light. P. Lenard in
1900 deflected them in a magnetic field and found that they had a charge-to-mass
ratio of the same magnitude as that measured by Thomson for cathode rays: the parti-
cles being emitted were electrons.

Figure 3-11 shows a schematic diagram of the basic anparatus used hv | enard
When light is incident on a clean metal surface (cathode C), electrons are emitted. Tf
some of these electrons that reach the anode A pass through the small hole, a current
results in the external electrometer circuit connected to a. The number of the emitted
electrons reaching the ancde can be increased or decreased by making the anode pos-
itive or negative with respect to the cathode. Letting V be the potential difference
between cathode and anode, Figure 3-12a shows the current versus V for two values
of the intensity of light incident on the cathode. If cathode C and anode A in Fig.
3-11 are different metals, V must be comrected for the contact potential (see Chap.
10).When V is positive, the electrons are attracted to the anode, At sufficiently large
V all the emitted electrons reach the anode and the current reaches its maximum
value. Lenard observed that the maximum current is proportional to the light inten-
sity, an expected result since doubling the energy per unit time incident on the cath-
ode should double the number of electrons emitted. Intensities too low to provide
electrons with the energy necessary to escape from the metal should result in no
emission of electrons. However, in contrast with the classical expectation, there was
noe minimum intensity below which the current was absent. When V is negative, the
electrons are repelled from the anode. Then, only electrons with initial kinetic energy
3mn? greater than e |V1 can reach the anode. From Figure 3-12a we see that if V is
less than — ¥, no electrons reach the anode. The potential V; is called the stopping
potential. It is related to the maximum kinetic energy of the emitted electrons by

(%mvz)mu = el 335

The expetimental result, illustrated by Figure 3-12a, that V, is independent of the
incident light intensity was surprising. Apparently, increasing the rate of energy

[}

L
Fig. 3-11 Schematic diagram of the apparatus used by P. Lenard to demonstrate the photoelec-
tric effect and to show that the particles emitted in the process were electrons, Light from the
source L strikes the cathode C. Photoelectrons going through the hole in anode A are recorded
by the electrometer connected to a. A magnetic field, indicaled by the circular pole piece,
could deflect the particles to an electrometer connected to B, enabling the establishment of the
sign of their charge and their gfm ratio. [P Lenand, Annalen der Physik, 2, 359 (1900).]
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Fig, 312 (a) Photocurrent { versus anode voltage V for light of frequency f with two intensi-
ties J, and I, where I, > [, The stopping voltage V; is the same for boch.. (&) For constanl-l,
Einstein’s explanation of the photoelectric effect indicates that the magnitude of the stopping
voltage should be greater for f; than fi. as observed, and that there shou]d‘bc a Lh:e.shold fre-
quency f; below which no photoelectrons were seen, also in agreement w1t}? expenn‘nm.

(c) Electron potential energy curve across the metal surface, {\n electron with r.he h]ghes.l
energy in the metal absorbs a photon of energy Af. Conservation of energy requires that its
Xinetic energy after leaving the surface will be Af — .

falling on the cathode does not increase the maximum kinetic energy of the cmi@
electrons, contrary 1o classical expectations. In 1905, Einstein offered an explanation
of this result in a remarkable paper in the same volume of Annalen der Physik that
contained his papers on special relativity and Brownian motion.

Einstein assumed that izati
j ight, Rather than being distributed evenly
in the space through which it is propagated, light energy consists of discrete quanta
of energy hf When one of these quanta, called a photon, penetrates the sutface of the
cathode, all of its energy may be given completely to an electron. If § is the energy
necessary to remove an electron from the surface (¢ is called the work function s!nd
is a charactetistic of the metal), the ffiaximum kinetic energy of the electrons leaving
the surface will be hf — & as a consequence of energy conservation; see Figure 3-1 2c
{Some electrons will have less than this amount because of energy lost in traversing
the metal.) Thus the stopping potential V, should be given by

eVy = Gmv), = W — & 336
Equation 3-36 is referred to as the photoelectric-effect equation. As Einstein noted,
If the derived formula is correct, then V,, when represented in cartesian coordi-

nates as a function of the frequency of the incident light, must be a straight line
whose slope is independent of the nature of the emitting substance.' :

Among the many applica-
tions of the pholuelecinc
effect is the photomultiplier,
a device for enabling the
accurate measuremnent of
the energy of the light
absorbed by the photosen-
sitive surface. The SNO
neutrino detector (see
Figure 13-7) uses nearly
10,000 photemultipliers.

As can be seen from Equation 3-36, the stope of V; versus f should equal h/e. At the
time of this prediction, there was no evidence that Planck's constant had anything to
do with the photoelectric effect. There was also no evidence for the dependence of
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Fig. 3-13 Millikan's data for stopping potential versus frequency for the photoelectric effect.
The data fall oh a straight line of slope /e, as predicted by Einstein a decade before the exper-
jment. The intercept on the stopping potential axis is —dv/e. [R. A. Millikan, Physical Review,
7,362 (1915).]

the stopping potential ¥, on frequency. Careful experiments by Millikan, reported in
1914 and in more detail in 1916, showed that Equation 3-36 was correct, and mea-
surements of & from it agreed with the value obtained by Planck. A plot taken from
this work is shown in Figure 3-13.

The minimum, or threshold, frequency for photoelectric effect, labeled f in this
plot and in Figure 3-12b, and the corresponding threshold wavetength A, are refated
to the work function ¢ by setting Vy, = 0 in Equation 3-36:

b= h = am
hf

Photons of frequency lower than f, (and therefore having wavelengths greater than A,
do not have enough energy to eject an electron from the metal. Work functions for
iielils are iypically on ihe ordet of a few electron voits. The work functions for sev-
eral elements are given in Table 3-1.

EXAMPLE 3-6 Photoelectric Effect in Potassium The threshold wavelength of
potassium is 558 nm. What is the work function for potassium? What is the stop-
ping potential when light of wavelength 400 nm is used?

Solution
1. Both questions can be answered with the aid of Equation 3-36.

Vo= (GmA, = h— b
H_¢

|7
T e e

2. At the threshold wavelength the photoelectrons have just enough energy to
overcome the work function barrier, so (3 M)y, = 0, hence ¥, = 0, and:

=222eV
3. When 400-nm light is used, ¥, is given by Equation 3-36:

noh_¢
en e
1240 eV nm
= 400 nm
= 3,10eV — 2.22eV

=088V

— 222V

Another interesting feature of the photoelectric effect, which is contrary to clas-
sical physics but easily explained by the photon hypothesis, is the lack of any time
lag between the turning on of the light source and the appearance of electrons, Clas-
sically, the incident energy is distributed uniformly over the illuminated surface; the
time required for an area the size of an atom to acquire enough energy to allow the
emission of an electron can be calculated from the intensity (power per unit area) of
the incident radiation. Experimentally, the incident intensity can be adjusted so that
this calculated time lag should be several minutes or even hours. But no time lag is
ever observed. The photon explanation of this result is that although the rate at which

= “functigns -

Bt ) (@)
Na 258
c - 481
cd , 407
Al 408
Ag 473
Pt 6.35
Mg 368
Ni 5.01
Se 511
Ph 4.14

3-3 e Protoncecriie Treect
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photons are incident upon the metal is very small when the intensity is low, each
photon has encugh energy to eject an electron, and there is some chance that a pho-
ton will be absorbed immediately. The classical calculation gives the correct average
number of photons absorbed per unit time.

g FXAMPLE 3.7 Classical Time lag Light of wavelength 400 nm and inteqsity
i 1072 W/m? is incident on potassium. Estimate the time lag for emission of photo-
g, €lectrons that would be expected classically.

& Solution

# According to the previous example, the work function for potassium is 2.22 eV, If
B we take 7 = 107 m as a typical radius of an atom, the total energy falling on the
7 atom in lime ¢ is

E = (102 Wimd(nr)t = (1072 WimD(m10" P m2y
= (3.14 X 1072 Jfs)¢

W Setting this energy equal 10 2.22 eV (= 2.22 X 1.6 X 107 J) gives

(3.14 X W ®is)t = {2.22)(1.6 X 1077 1)
t=113 % 10°s = 18.8 min

According to the classical prediction, no atom would be expected to emit an elec-
I tron until 18.8 min after the light source was tumed on. According to the photon
model of light, each photon has enough energy to eject an electron immediately.
% Because of the low intensity, there are few photons incident per second, so that the
chance of any particular atom absorbing a photon and emitting an electron in any
i given time interval is small. However, there are so many atoms in the cathode that
4 some emit electrons immediately.

A EXAMPLE 3-8 Incident Photon Intensity In the previous example, how many
£ photons are incident per sécond per square meter?

B Solution

The energy of each photon is E = Af = hc/A = (1240 eV - nm)/400 nm = 3,1 eV.
8 = (3.1eV)1.6 X 10717 J/eVy = 4,96 x 107" I. Since the incident intensity is
g 1072 W/m? = 10~ I/s - m?, the number of photons per second per square meter is

_ 102 s - m?
4,96 % 10~ Jphoton
= 2,02 X 10'S photons/s - m?

" This is, of course, a lot of photons, not a few: however, the number n per atom at
M the surface is quite small. # = 2,02 X 10" photons/s - m? X 7(10~'%) m*atom =
& 6.3 % 10~ photons/s - atom, or about 1 photon for every 1000 atoms,

3-4 X RAYs aNp oL Comrton bt

QUESTIONS

3. How is the result that the maximum photoelectric current is proportional to
the intensity explained in the photon model of light?

4. What experimental features of the photoelectric effect can be explained by
classical physics? What features cannot?

The photoemission of electrons has developed into a significant technique for
investigating the detailed structure of molecules and solids, making possible discov-
eres far beyond anything that Hertz may have imagined. ‘The use of x-ray sources
(see Section 3-4) and precision detectors has made possible precise determination of
valence electron configurations in chemical compounds, leading to detailed under-
standing of chemical bonding and the differences between the bulk and surface
atomns of solids. Photoelectric-effect microscopes now in advanced development will
show the chemical situation of each element in a specimen, a prospect of intriguing
and crucial importance in molecular biology and microelectronics. And they are all
based on a discovery that annoyed Hertz— at first.

3-4 X Rays and the Compton Effect

Further evidence of the correctness of the photon concept was furnished by Arthur H.
Compton, who measured the scattering of X rays by free electrons and, by his analy-
sis of the data, resolved the last lingering doubts regarding special relativity (see
Chapter 1). Before we examine Compton scattering in detail, we shall briefty
describe some of the early work with x rays.

X Rays

The German physicist Wilhelm K. Roentgen discovered x rays in 1895 when he was
working with a cathode-ray tube. His discovery tumed out to be the first significant
development in quantum physics. He found that “rays™ originating from the point
where the cathode rays (electrons) hit the glass tube, or a target within the tube,
could pass through materials opaque to light and activate a fluorescent screen or
photographic film. He investigated this phenomenon extensively and found that all
materials were transparent to- these rays to some degree and that the transparency
decreased with increasing density. This fact led to the medical use of x rays within
months after Roentgen's first paper.’*

Roentgen was unable to deflect these rays in a magnetic field, nor was he able to
observe refraction or the interference phenomena associated with waves. He thus gave
the rays the somewhat mysterious name of x rays. Since classical electromagnetic the-
ory predicts that charges will radiate electromagnetic waves when accelerated, it is nat-
ural to expect that x rays are electromagnetic waves produced by the acceleration of
clectrons when they are deflected’ and stopped by a target. Such radiation is called
bremssirahlung, the German for “braking radiation.” The slight diffraction broadening
of an x-ray beam after passing through slits a few thousandths of a millimeter wide
indicated their wavelengths to be of the order of 10~'" m = 0.1 nm. In 1912, Lave sug-
Bested that since the wavelengths of x rays were of the same order of magnitude as the
spacing of atoms in a crystal, the regular array of atoms in a crystal might act as a
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Fig. 3-14 (@) Schematic
sketch of a Laue experiment.
The crystal acts as a three-
dimensional grating, which
diffracts the x-ray beam and
produces a regular array of
spots, called a Laue patiern,
on a photographic plate.

(b) Modern Laue-type x-ray
diffraction pattern using a
niwbium diboride crystal and
20-kV molybdenum x rays.
[General Electric Company.)

(b

(&)

{ch Pyrex glass
envelope Electron
beam
Filament

+ Anode Cathode J -

Tungsten

targel

X rays

(a) Early x-ray tube. [Courtesy of Cavendish Laboratory.] (b} X-ray tubes became more
compact over titne. This tobe was a design typical of the mid-twenticth century, [Courresy of
Schenectady Museum, Hall of Electrical Hisrory, Schenectady, NY.] (¢} Diagram of the compo-
nents of a modem x-ray tube. Design technology has advanced enormously, enabling very
high operating voltages, beam currents, and x-ray intensities, but the essential elements of the
tubes remain unchanged.

three-dimensional grating for the diffraction of x rays. Experiment (see Figure 3-14)
soon confirmed that X rays are a form of electromagnetic radiation with wavelengths of
about 0.81 to 0.10 nm, and that atoms in crystals are arranged in regular arrays.

(e} B

X rays
Crystal
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W. L. Bragg, in 1912, proposed a simple and convenient way of analyzing the
diffraction of X rays by crystals.’ He examined the interference of x rays due to scat-
tering from various sets of parallel planes of atoms, now called Bragg planes. Two
sets of Bragg planes are illustrated in Figure 3-15 for NaCl, which has a simple crys-
tal structure called face-centered cubic. Consider Figure 3-16, Waves scattered from
the two successive atoms within a plane will be in phase and thus interfere construc-
tively, independent of the wavelength, if the scattering angle equals the incident
angle. (This condition is the same as for reflection.) Waves scattered at equal angles
from atoms in two different planes will be in phase (constructive interference) if the
difference in path length is an integral number of wavelengths. From Figure 3-16 we
see that this condition is satisfied if

2dsinft=mh where m = an integer 338
Equation 3-38 is called the Bragg condision.

Measurements of the spectral distribution of the intencity of x rays as a function
of the wavelength using an experimental arrangement such as shown in Figure 3-17
produce the x-ray spectrum and, for classical physics, some surprises. Figure 3-18a
(page 151) shows two typical x-ray spectra produced by accelerating electrons
through two voltages V and bombarding 2 tungsten target mounted on the anode of
the tube. In this figure /(A) is the intensity emitted with the wavelength interval d at

An x ray of Mrs. Roentgen's
hand taken by Roentgen
shortly after his discovery.
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Fig. 3-16 Bragp scatteting from two successive planes. The waves from the twe atoms shown

have a path difference of 2d sin 8. They will be in phase if the Bragg condition 2d sin 8 = mh
is met.

each value of A. Figure 3-18b shows the short-wavelength lines produced with a
molybdenum target and 35-keV electrons. Three features of the spectra are of imme-
diate interest, only one of which could be explained by classical physics. (1) The
spectrum consists of a series of sharp lines, called the characteristic spectrum, super-
imposed on (2) the continuous bremsstrahlung spectrum. The line spectrum is char-
acteristic of the target material and varies from element to element. (3) The continu-
ous spectrum has a sharp cutoff wavelength, A,, which is independent of the target
material but depends on the energy of the bombarding electrons. If the voltage of the
x-ray tube is V in volts, the cutoff wavelength was found to be given empirically by

24 X

o lnxie 339
v

Equation 3-39 is called the Drane-Hun? rule, after its discoverers. It was pointed out

rather quickly by Einstein that x-ray production by electron bombardment was an

inverse photoelectric effect and that Equation 3-36 should apply. The Duane-Hunt A,

Anode C ’ Crystal

Electron
beam

X-ray tube lonization chamber

Fig. 3-17 Schematic diagram of Bragg crystal spectrometer. A collimated x-ray beam is
incident on a crystal and scattered into an ionization chamber. The crystal and ionization
chamber can be rotated 1o keep the angles of incidence and scaitering equal as both are
varied. By measuring the ionization in the chamber as a function of angle, the spectrum of
the x rays can be determined using the Bragg condition 24 sin 8 = mk, where 4 is the
separation of the Bragg planes in the crystal. If the wavelength X is known, the spacing d
can be determined.
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Fig. }-18 X-ray spectra from tungsten at two accelerating voltages (a) and from molybdenum at one (b). The names of the line
series (K and L) are historical and explained in Chapter 4. The L-series lines (not shown) for Mo are at about 0.5 nm. The cutoff
wavelength A, is independent of the target element and is related to the voltage of the x-ray tube Vby A, = he/eV. The wave-

lengths of the lines are characteristic of the target element.

simply corresponds to a photon with the maximum energy of the electrons, that is, the
photon emitted when the electron loses all of its kinetic energy in a single collision.
Since the kinetic energy of the electrons in the x-ray tube is 20,000 eV or larger,
the work function & is negligible by comparison. That is, Equation 3-36 becomes
eV = hf = he/hor h = holeV = 12407 X 1078V~ ' m = 1.24 X 10° V™! nm. Thus,
the Duane-Hunt rule is explained by Planck's guantum hypothesis. (Notice that A,, can
be used to determine hle.)

The continuous spectrum was understood as the result of the acceleration (i.e.,
“braking”) of the bombarding electrons in the strong electric fields of the target
atoms. Maxwell’s equations predicted the continuous radiation. The real problem for
classical physics was the sharp lines. The wavelengths of the sharp lines were a func-
tian of the target element, the set for each alement being always the same, hut the
sharp lines never appeared if V was such that X, was larger than the particular line, as
can be seen in Figure 3-18a, where the shortest-wavelength group disappears when V
is reduced from 80 KV to 40 kV, so that A, becomes larger. The origin of the sharp
lines was a mystery that had to await the discovery of the nuclear atom. We will
explain them in Chapter 4. .~

Compton Effect

It had been observed that scattered x rays were “softer” than those in the incident
beam, that is, were absorbed more readily, Compton'” pointed out that if the scatter-
ing process were considered a “collision” between a photon of energy hf, (and
momentum #f/c) and an electron, the recoiling electron would absorb part of the
total energy, and the enetgy hf, of the scattered photon would therefore be less than
the incident one and thus of lower frequency f; and momentum Afy/c. (The fact that
electromagnetic radiation of energy E carried momentum Efc was known from clas-
sical theory and from experiments of E. F. Nichols and G. F. Hull in 1903. This

Well-known applications of
x rays are medical and den-
tal x rays (both diagnostic
and treatment} and indus-
trial x-ray inspection of
welds and castings. Perhap-
not so well known are their
use in determining the
structure of crystals, identify
ing black holes ip space,
and “seeing” the folded
shape of prateins in biolog:
cal materials.
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Arthur Compton. After dis-
covering the Compton effect,
he became a world traveler
seeking an explanation for
cosmic rays. He ultimately
showed that their intensity
varied with latitude,
indicating an interaction with
Earth’s magnetic field, and
thus proved that they were
charged particles. {Courtesy
of American Institute of
Physics, Niels Bohr Library.]

relation is also consistent with the relativistic expression E? = p?c? + (mc?y for a
particle with zero rest mass.} Compton applied the faws of conservation of momen-
tum and energy in their relativistic form (see Chapter 2) to the collision of a photon
with an isolated electron to obtain the change in the wavelength A,—\, of the
photon as a function of the scattering angle 8. The result, called Compion's equation
and derived on the home page, is

h
i\zf)\|="—c(l—cosﬁ) 3-40

L

The change in wavelength is thus predicted to be independent of the original
wavelength. The quantity A/mc has dimensions of length and is called the Compton
wavelength of the electron, Its value is

Jay .
, = _h_= he _ 1.24 X 10°eV-nm —~ 0.00243 nm
C me  me? 511 X 10%eV

Because h, — A, is small, it is difficult to observe unless A, is very smatl 50 that the
fractional change (A; — A,/ is appreciable. For this reason the Compton effect is
generally observed only for x rays and gamma radiation.

Compton verified his result experimentally using the characteristic x-ray line of
wavelength 0.0711 nm from molybdenum for the incident monochromatic photons,
and scattering these photons from electrons in graphite. The wavelength of the scat-
tered photons was measured using a Bragg crystal spectrometer. His experimental
arrangement is shown in Figure 3-19; Figure 3-20 shows his results, The first peak at
each scattering angle corresponds to scattering with no shift in the wavelength due to
scattering by the inner electrons of carbon. Since these are tightty bound to the atom,
it is the whole atom that recoils rather than the individual electron. The expected shift
for this case is given by Equation 3-40, with m being the mass of the atom, which is
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Defining
M calcitg Bragg
! crystat  Spectromater

lonlzation
chamber

X-ray tuba

(Mo targat)
Fig. 3-19 Schematic sketch of Compton annaratne X rave frnm tha tnha atsila shs ~oobo
block R and are scattered into a Bragg-type crystal spectrometer, In this diagram, the
scattering angle is 30°. The beam was defined by slits §, and §,. Although the entire
spectrum is being scattered by R, the spectrometer scanned the region around the K, line
of molybdenum.

about 10 times that of the electron; thus this.shift is negligible. The variation of A\
with @ was found to be that predicted by Equation 3-40.

We have seen in this and the preceding two sections that the interaction of elec-
tromagnetic radiation with matter is a discrete interaction which occurs at the atomic
level. It is perhaps cutious that after so many years of debate about the nature of light,
we now find that we must have both a particle (i.e., quantum) theory to describe in
detail the energy exchange between electromagnetic radiation and matter, and a wave
theory to describe the interference and diffraction of electromagnetic radiation, We
shall discuss this so-called particle-wave duality in more detail in Chapter 5.

More

Derivation of Compton's Equation, applying conservation of
energy and momentum to the relativistic collision of a photon and
an electron, is included on the home page: www.whfreeman.com/
modphysicsde  See also Equations 341 and 3-42 and Figure 3-21
here,

QuesTions

5. Why is it extremely difficult to observe the Compton effect using visible
light?

6. Why is the Compton effect unimportant in the transmission of television and
radio waves? How many Compton scatterings could a typical FM signal have
before its wavelengths were shifted by 0.01 percent?

EXAMPLE 3-9 X Rays from TV The accelerating voltage of the electrons in a
typical color television picture tube is 25 kV. What is the minimum-wavelength
X ray produced when these electrons strike surfaces within the tube?

Molybdenum
K ling
primary

Scatiered by
graphite at
\d

Y

(a)

(2]
Scatterad
at 50°
.
feMl _L M
135°
o
»
-
L1, o
6°30° 7 730
Angle from calcite

Fig. 3-20 Intensity versus
wavelength for Compton
scattering at several angles.
The left peak in each case
results from photons of the
original wavelength that are
scattered by tightly bound
electrons, which have an
effective mass equal to that of
the atom. The separation in
wavelength of the peaks is
given by Equation 3-40. The
horizontal scale used by
Compton “angle from cal-
cite” refers to the calcite ana-
Iyzing crystal in Figure 3-19,
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Solution
From Equation 3-41, we have

_lMX W 124 x 1P

A nm =
v 25,000

= {1050 nm

These x rays penetrate matter very effectively. Manufacturers provide essentia)
% shields to protect against the hazard,

_F,XAM PLE 3-10 Compton Effect In a particular Compton scattering expetiment
it is found that the incident wavelength X, is shifted by 1.5% when the scattering
angle 8 = 120°, (a) What is the value of A;? (b) What will be the wavelength A; of
the shifted photon when the scattering angle is 75°7
Solution
1. Comsidering question (a), the value of A, is contained in Equation 3-4(:
h
M—A=AN=-—( —cos®)
mc

= 0.00243 (1 — cos 120 nm

2. That the scattered wavelength A; is shified by 1.5 percent from A, means
that: .

Ax
N 0.015

3. Combining these yields:

4. Question (&) is also solved using Equation 3-40, rearranged as:
A=A+ 0.00243 (1 — cos B)
5. Substituting 6 = 75° and X, from above yields:
Ay = 0.243 + 0.00243(1 — cos 75°)

= 0.243 + 0.002
= 0.245 nm

summary
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j. J.J. Thomson’s experiment

RELEVANT EQUATIONS AND REMARKS

Thomson’s measurements with cathode rays showed that the same particle

{the electron), with e/m about 2000 times that of jonized hydrogen, exists in

all elements.
£, A\MBIHLGLIUN UT CICLU 1 LIURE

3. Blackbody radiation

€= LouLLiisa X 1U 7o

Stefan-Boltzmann law R=oT! 319
Wien's displacement law A T=2808X107"m K 320
Bmhor
Planck’s radiation law U} = T:i%"_“_l 333
Planck’s constant R=6626% 107915 ERT
4. Photoelectric effect eVo=h -4 336
A '
5. Compton effect NN = ;(I - cos 8) 340
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S, There had been much early confusion about the nature
of cathnde ravs due to the failure of Heinrich Hertz in 1883
to obhserve any deflection of the rays in an electric field. This
failure was later found to be the result of ionization of the gas
in the tube; the ions guickly neutralized the charges on the
deflecting plates so that there was actually no electric field
between the plates. With better vacuum technology in 1897,
Thomson was able to work at lower pressure and observe
electrostatic deflection.

6. R. A. Millikan, Philosophical Magazine (6), 19, 209
(1910). Millikan, who held the first physics Ph.D. awarded
by Columbia University, was one of the most accomplished
experimentalists of his time. He received the Nobel Prize in
1923 for the measurement of the electron's charge Also
among his many contributions, he coined the term cosmic
rays to describe radiation produced in outer space.

7. R. A. Millikan, Physical Review, 32, 349 (1911).
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10, John W. 5. Rayleigh (1842-1919), English physicist,
almost invariably referred to by the title that he inherited
from his father. He was Maxwell's successor and Thomson's
predecessor as director of the Cavendish Laboratory.

Ll. Max K. E. L. Planck (1858—1947). Most of his carcer
was spent at the University of Berlin. In his later years his
renown in the world of science was probably second only to
that of Einstein.

12, Heinrich R. Hertz (1857-1894), German physicist, stu-
dent of Helmholtz. He was the discoverer of electromagnetic
“radio” waves, later developed for practical communication
hv Marconi.

13. H. Hertz, Annalen der Physik, 31, 983 (1887},

14. A, Einstein, Annalen der Physik, 17, 144 (1903).

15. A translation of this paper can be found in E. C, Watson,
American Journal of Physics, 13, 284 (1945), and in
M. H. Shamos, ed., Great Experiments in Physics {New York:
Holt, Rinehart & Winston, 1962). Roentgen (1845—1923) was
honored in 1901 with the first Nobel Prize in physics for his
discovery of x rays.

16. Wiltiam Lawrence Bragg (1890-1971), Australian-
English physicist, an infant prodigy. His work on x-ray
diffraction performed with his father, William Henry Bragg
(1862-1942), earned for them both the Nobel Prize in
physics for 1915, the only father-son team to be so honored
thus far. In 1938 W. L. Bragg became director of the
Cavendish Laboratory. succeeding Rutherford.

17. Arthur H. Compton (1892-1962), American physicist. It
was Corpton who suggested the name photon for the light
quantumn. His discovery and explanation of the Compton effect
earned him a share of the Nobel Prize in physics in 1927,

Section 3-1 Quantization of Electric Charge

3-1. A beam of charged particles consisting of protons, clectrons, deuterons, and singly

ionized helium atoms and H, molecules all pass through a velocity selector, all emerging
with speeds of 2.5 X 10f m/s. The beam then enters a region of uniform magnetic field
B = 0.40 T directed perpendicular to their velocity. Compute the radius of curvature of
the path of each type of particle.

3-2. We wish to use a mass specirometer to separate "’Au from ""*Hg in a sample of
material. Using the isotopic masses listed in Appendix A and assuming that each singly
ionized atom enters the spectrometer at a speed of 1.5 X 10° m/s, answer the following:
(@) What uniform magnetic field perpendicular to the ion’s velocity is needed in order for
the orbits to have a radius of | m (approximately)? () What will be the separation AR of
the two impact points afer the ions have covered half a complete circle? (See Figure 3-3.}
(c) What would your answers to (a) and (b} change to if the atoms were all doubly
ionized?

3-3.  Equation 3-4 suggests how a velocity selector for particles or mixtures of different
particles all having the same charge can be made. Suppose you wish to make a velocity

qelector that allows undefiected passage for electrons whose kinetic energy is 5.0 X [0* eV,
;n,e electric tield available to you is 2.0 X 10° V/m. What magnetic field will be needed?
1.4. A cosmic-ray proton approaches Earth vertically at the equator, where the horizon-
;£| component of Earth™s magnetic field is 3.5 X 10 ¥ T. If the proton is moving at 3.0 X
10 /s, what is the ratio of the magnetic force to the gravitational force on the proton?
1.5, An electron of kinetic energy 45 keV moves in a circular orbit perpendicular to
; magnetic field of 0.325 T. (a) Compute the radius of the orbit. (b) Find the frequency
and period of the motion, .

3.6 If electrons have kinetic energy of 2000 eV, find (4) their speed, (b} the time
needed to traverse a distance of 5 cm between plates D and E in Figure 3-1, and (c) the
vertical component of their velocity after passing between the plates if the electric field is
1,33 X | vim.

3.7. In ). 1. Thomson's first method, the heat capacity of the beam stopper was about
5 X 107! cal®C and the temperature increase was about 2°C. How many 2000-eV
electrons struck the beam stopper?

1.8, On drop #16, Millikan measured the following total charges, among others, at dif-

ferent times:

2541 X WO C 1747 x 107 C 1270 X 10°°C
2064 X 107 C 19.06 X 10°°C 1429 X 107°C

What value of the fundamental quantized charge ¢ do these numbers imply?

3.9, Show that the electric field needed to make the rise time of the oil drop equal to its
field-free fall time is € = 2 mg/q.

3-10. One variation of the Millikan oil-drop apparatus arranges the electric field horizon-
tally, rather than vertically, giving the charged droplets an acceleration in the horizontal
direction, The result is that the droplet falls in a straight line which makes an angle & with
the vertical. Show that

3in & = g8fbv,

where v; is the terminal speed along the angled path.

3-11. A charged oil dropiet falls 5.0 mm in 20.0 5 at terminal speed in the absence of an
electric field. The specific gravity of air is 1.35 X 1073, and that of the oil is 0.75. The
viscosiiy of air is 1.80 % 107F N+ w/m. {(u) Wiet arc ibe mass and radius of the drop? (&)
If the droplet carries 2 units of electric charge and is in an electric field of 2.5 X 10° V/m,
what is the ratio of the electric force to the gravitational force on the droplet?

Section 3-2 Blackbody Radiation

3-12. Find A, for blackbociy radiation at (@) T = 3K, (&) T = 300K, and {) T = 3000 K.
3-13. Use the result of Example 3-5 and Equations 3-19 and 3-21 1o express Stefan's
constant in terms of &, ¢, and k. Using the known values of these constants, calculate Ste-
fan’s constant.

3-14. Show that Planck’s law, Equation 3-33, expressed in terms of the frequency £, is

snf’  Hf

W= =5 gmr _

3-15. As noted in the chapter, the cosmic microwave background radiation fits the
Planck equations for a blackbody at 2.7 K. (@) What is the wavelength at the maximum
intensity of the spectrum of the background radiation? (b) What is the frequency of the
fadiation at the maximum? (c) What is the total power incident on Earth from the back-
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ground radiation?

3-16. Find the temperature of a blackbody if its spectrum has its peak at (a) A, = 700
() My = 3 cm (microwave region), and {c) \,, = 3 m ({FM radio waves).

3-17. i the absolute temperature of a Mackbody is doubled, by what factor is the toty|
emitted power increased? _

318, Calculate the average energy £ per mode of oscillation for {z) a long wavelengty,
A = |0 hc/kT, () a short wavelength A = 0.1 Ac/kT, and compare your resulis with the
classical prediction kT (see Equation 3-24). (The classical value comes from the equipar.
tition theorem discussed in Chapter 8.)

3-19. A particular radiating cavity has the maximum of its spectral distribution of radiateg

nDower ar a w”""""?ﬂ' AF TN i i e fbunmnd Z'Z;i;,'. ~i hev opvatiuee, 1EG wapera-

ture is then changed so that the total power radiated by the cavity doubles, (a) Compute the
new temperature. (b) At what wavelength does the new spectral distribution have its max;.
mum valne?

3-20. A certain very bright star has an effective surface temperature of 20,000 K. Assum-
ing that it radiates as a blackbody, what is the wavelength at which u(\} is maximum?
3-21. The energy reaching Earth from the sun ai the top of the atmosphere is 1.36 x
10° W/m?, called the solar constant. Assuming that Earth radiates like a blackbody at
uniform temperature, what do you conclude is the equilibrium temperature of Earth?
3-22. A 40-W incandescent bulb radiates from a tungsten filament operating at 3300 K,
Assuming that the bulb radiates like a blackbody, (a) what are the frequency f,, and the
wavelength X, at the maximum of the spectral distribution? (b) If £, is a good approxima-
tion of the average frequency of the photons emitted by the bulb, about how many pho-
tons is the bulb radiating per second? (¢) If you are looking at the bulb from 5 m away,
how many photons enter your eye per second? (The diameter of your pupil is about
5.0 mm,)

3-23. Use Planck’s law, Equation 3-33, to derive the constant in Wien’s law, Equation 3-20,

nm,

Section 3-3 The Photoeleciric Effect

3-24, Black-and-white photographic film is exposed by light that has sufficient energy to
dissociate the AgBr molecules contzined in the pholosensitive emulsion. The minimum
€nergy necessary is 0.68 eV. What is the maximum wavelength beyond which this film
will not record light? In what region of the shectrum does this lohe fal17

3-25. The orbiting space shuttle moves around Earth well above 99 percent of the atmo-
sphere, yet it still accumulates an electric charge on its skin due, in part, to the loss of
electrons caused by the photoelectric effect with sunlight. Suppose the skin of the shutile
is coated with Ni, which has a relatively large work function & = 4.87 eV at the tempera-
tures encountered in orbit. (a) What is the maximum wavelength in the solar spectrum
that can result in the entission of photoelectrons from the shuttle’s skin? (F) What is the
maximum fractiot of the total power falling on the shuttle that could potentially produce
photoelectrons?

3-26. The work function for cesium is 1.9 ¢V, (a) Find the threshold frequency and wave-
length for the photoelectric effect. Find the stopping potential if the wavelength of the
incident light is (5) 300 nm, and (c) 400 i,

327 @ Ifs percent of the power of a 100-W bulb is radiated in the visible spectrum,
hew many visible photons are radiated per second? (b) If the bulb is a point source radjat-
ing equally in all directions, what is the fux of photons (number per unit time per unit
area) at a distance of 2 m?

3-28, The work function of molybdenum is 4.22 eV. (a) What is the threshold frequency
for the photoelectric effect in molybdenum? () Will yeilow light of wavelength 560 nm
cause ejection of photoelectrons from molybdenum? Prove your answer.

29, Find the photon energy corresponding to (@) a wavelength of ().-I nm (ab‘ou(;
b ic diameter}, (&) a wavelength of 1 fm (= [0 '* m. about | nuclear diameter). an
! n!o:_rl uency of 90.7 MHz in the FM radio band. . . .
e hotoelectric-effect experiment with cesium yields stopping potentials for
o ?5 gnm and A = 546.1 nm o be 0.95 V and {1.38 V, respectively. Using these data

|= 4ﬁnd the threshold frequency and work function for Cesium‘and the value of &, .
(:";);l Under aptimum conditions, the eye wilt perceive a flash if a!bout 60 photons arrive
lthc cornea, How much energy is this in joules if the wavelcngﬂ.l lf.s 550 nm? .
l:.lz. The longest wavelength of light that will cause the emission of electrons 1mm
;;e;ium is 653 nm. (@) What is the work function for cesium? (b) If light of 300 nm (ultra-
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section 3-4 X Rays and the Compton Effect

1.33, Use Compton's equation (Equation 3-40) to c!:)mputc the v:lue of Ak in Figure
55-20d. To what percent shift in the wavelength does this corresponq ? . U
3-34, X-ray tubes currently used by dentists often have accelerating voltages of .
ivhal is the minimum wavelength of the x rays that they .produce? ' .
3.5, Find the momentum of a photon in Z)sz(‘ and in kg - m/s if the waveiength is
( = 0.1 nm, (¢} 3 cm, and ()2 nm.
(it?lz.()(()}:nm:;'::)r;yz: emitted by radioactive nuclei also exhibit measur:ab.le 'Compton scat-
;ering. Suppose a 0.511-MeV photon from a positron-electron annihilation scatlel"fl a
110° from a free electron. What are the energies of the scattered photon ar.td the recoiling
clectron? Relative to the initial direction of the 0.511-MeV photen, what is the direction
iling electron? ‘
?ifgfw 'I;ml':: Iwa\ialcngth of Compton-scattered photons .is measured at 6 = 90°. If Ah/N is
to be 1 percent, what should the wavelength of the incident photon b.e? i
3-38. Compton used photons of wavelength 0.0711 nam. (g} What is lhgqenergyho ! t:ts‘c
photons? () What is the wavelength of the photons sca‘ttered at 9. = 180°? (c) WI :u is the
energy of the photons scattered at 8 = 180°7 (d) What is the reccil energy of the electrons
A 1anon ‘
!{29 \}Vslgan photons are scattered by electrons in carbon, the shift in wavelength is
mpute the scattering angle.
gzilg].pg;ggtog's oqu:tion (Equgatioﬁ 3-40} indicates that a gr?.ph-of ha versus [ cosu?}
should be a straight line whose slope A/mc allows a determination of h'. Given tha.at lhe
wavelength of A in Figure 3-20 is 0.0711 nm, compul? A, for each scaue_nng angle in the
figure, and graph the results versus (1 — cos 8). What is the slope of the line? o
3-41. (&) Compute the Compton wavelength of an electron and & proton. (&) Wh;lt tslt e
energy of a photon whose wavelength is equal to the Compton wavelength of (1) the elec-
tron and (2) the proton?

Level ||

3-42. When light of wavelength 450 nm is shone on potassiun.t, p_hotoellectmlns with stop-
ping potential of 0.52 V are emitted. If the wavelength of the incident light is chan.ged }tlo
300 nm, the stopping potential is 1.90 V. Using only these numbers togetper with the
values of the speed of light and the electron charge, (a) find the work function of potas-
sium and (b) compute a value for Planck's constant. . o

343, Referring to Figare 3-2, show that the angle of deflection 8 is given by

e €x;
p===
m u:

it
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3-44. Assuming that the difference between Thomson’s calculated efm in his second
experiment and the currently accepted value was due entirely to his neglecting the hori.
zontal component of Earth’s magnetic field outside the deflection plates, what value for
that component does the difference imply?

3-45, Data for stopping potential versus wavelength for the photoelectric effect using
sodium are

AMnm) 200 300 400 500 600
Vo(V) 4.20 2.06 105 041 0.03

T abe o~ d_a. " L} - - - . . - -
It A et My e L UL AUIL LW UULALLE (e WG WOLR TUICOIULL, (22} LIS UInesh-

old frequency, and {(c) the ratio h/e.

3-46. Prove that the photoeleciric effect cannot occur with 2 completely free electron,
i.e., one not bound to an atom. (Hint: Consider the reference frame in which the total
momentum of the electron and incident photon is zero.)

3-47. When a beam of monochromatic x rays is incident on a particular NaCl crystal,
Bragg reflection in the first order (i.e., with m = 1) occurs at @ = 20°. The valve of
d = .28 nm. What is the minimum voliage at which the x-ray tube can be operating?
3-48. A 100-W beam of light is shone onto a blackbody of mass 2 X 103 kg for 1(®s.
The blackbedy is initially at rest in a frictionless space. (a) Compute the total energy and
momentum absorbed by the blackbody from the light beam, (b) calculate the blackbody's
velocity at the end of the period of illurnination, and (c) compute the final kinetic energy
of the blackbody. Why is the latter less than the total energy of the absorbed photons?
3-49. Show that the maximum kinetic energy E, that a recoiling electron can carry away
from a Compton scattering event is given by

hf
Eg=- -t
1 ¥+ mc2hf

3-50. The x-ray spectrometer on board a satellite measures the wavelength at the maxi-
mum intensity emitled by a particular star to be A,, = 82.8 nm. Assuming that the star
radiates like a blackbody, () compute its surface temperature. (5) What is the ratio of the
intensity radiated at A = 70 nm and at A = 100 nm to A,,.

3-51. Determine the fraction of the encrgy radiaied by ibe sun in ihe visibie region of the
spectrum (350 nm to 700 nm). (Assume the sun's surface temperature is 5800 K.)

3-52. Millikan's data for the photoelectric effect in lithjum are shown in the table:

Incident X\ (nm} 253.5 3125 365.0 404.7 433.9
Stopping voltage V, (V)  2.57 1.67 1.09 0.73 0.55

(@) Graph these data and determine the work function for lithium, (&) Find & value of
Planck’s constant from the graph in (a). (c} The work function for lead is 4.14 V. Which
of the wavelengths in the table would not cause emission of photoclectrons from lead?

Level N

3-53. This problem is to derive the Wien displacement law, Equation 3-20. (a) Show that
the energy density distribution function can be written & = CA~% (e2* — 1)), where C
is a constant and @ = hc/kT. (b) Show that the value of A for which dw/dx = 0 satisfies
the equation 5k (1 — %) = a_ (c) This equation can be solved with a celculator by the
trial-and-error method. Try A = «a for various values of o until A/a is determined fo four
significant figures. () Show that your solution in (c) implies A, T = constant and caleu-
late the value of the constant,

1.54, This problem is one of estimating the time lag (expected clalssically but not
;,bscrved) for the photoelectric effect. Assume that a pqint lighl source gives I‘W :.1 Jz"s
of light energy. (a) Assuming uniform radiation in all dlrcctmns,'ﬁnd the light mlenslty_m
eVimi-s ata distance of 1 m from the light source. (h) Assuming s.nrfle rea:sunable size
for an atom, find the energy per unit time incident on the atom for this intensity. () If the
work function is 2 eV, how long does it take for this much energy to be absorbed, assum-
ing that all the energy hitting the atom is absorbed? . .

1.53. A photon can be absorbed by a system that can have internal energy. Assume that a
iS-MeV photon is absorbed by a carbon nucleus initially at rest. The momentum of the
carbon nucleus must be 15 MeV/ic. (a) Calculal_c "E kineti.c energy of the carbon nuclws:
WHAEL 15 UIC NGl SUCIEY U1 LD LIILITUS S W) e vatuul UL LS CAULS P Bu3L anu
then loses its internal energy by emitting a photon. What is the energy of the phofon?
3-56. The maximum kinetic energy given to the cleciron in a C.ompluln scattering event
plays a role in the measurement of gamma-ray spectra using scintillation t"lctectors.. The
maximum is referred to as the Compton edge. Suppose the Compton edge in a pzlm:'cular
experiment is found to be 520 keV. What were the wavelength and energy of the incident
gamma rays? ) o
1.57. An electron accelerated to 50 keV in an x-ray tube has two successive collisions in
i)cing brought to rest in the target, emitting two bremsstrahlung photons in the process.
The second photon emitted has a wavelength 0.095 nm longer than the first. (a) What are
the wavelengths of the two photons? () What was the energy of the electron after emis-
sion of the first photon?

358, Derive Equation 3-32 from Equations 3-30 and 3-31.
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