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ABSTRACT

The purpose of this paper was to review information,
both experimental and theoretical, concerning the momentun
carried by light and its effect on free electrons.

It was theoretically derived that the interaction
cross section § is equal to 8ﬂne4/3m204 s Where n is the
number of eléctrons9 e 1s the electronic charge in esu, m
is the mass of the electron and c¢c is the speed of light.

It was also shown that the interac¢tion can be considered
either Thompson scattering or Compton scattering.

It was conciuded that the best method of detection of
any momentum change is probably that of observing the dif-

fraction pattern of the electron bean,



INTRCDUCTIOH

That light has momentum is a twentieth-century theory
which should be demonstrable by showing that it will impart
its momentum to electrons. In this paper is given an account
of previous research, both theoreticzl and experimental, that
has been decne on the interaction between light and free elec-
trons by Hulburt and Breit, Lapp, and Dunn and Ioup.

A hypothetical yproblem illustrating the magnitudes in-
volved and drawing attention to the sources of error is
included. A proof of the agreement of the light quantum and
wave tneories, a calculation of the cross section of the
interaction as well as the numver of electrons deflected and
the amount of deflection are included as appendixes.

I have also offered other possible methiods waich may
yield more measureable results. In these methods, as in my
hypothetical problem, I have used 500 volt electrons and

light of wavelength equal to 5000 A.

Ao



In 1%22, C«d. Lapp, at the University of Illinois, pub-
lished a report of having produced an observable deflection
of a beam of electrons by short electromagnetic waves.

The electrons were shot through an intense ®seam of radiation
and were twisted, by means of a magnetic field, into a helix
about 70cm long, 3cm in pitch and 1l.5cm in diameter. Twist-
ing tne beam in such a way resulted in a magnification of
any efiect. At the far end of the beam was placed a photo-
graphic plate which was exposed by the electrons. Compari-
son of photographs taken when the radiation was off with
those taken when it was on indicated a slight scattering
effect for radiation with wavelength in the ultra-violet
region and a very distinct scattering effect for high energy
X=rays.

However, Lapp did no mathematical analysis of the inter-
action, but only observed that it does occur,

In 1925, E.O., Hulburt and G. Breit published a theoret-
ical report on the momentum imparteca to free electrons by
rar;i,iationa2 Assuming that the theories of conservation of
energy and momentum hold and that the quantum theory of light
and the wave theory of lightkyiéld the same intersction cross-
sectiong3 they have spown tnat the momentum imparted to the
electrons is also the same for both theocries. They calculated
that the ratio of the change in velocity of the electrons, due
to the collision with light guanta, to their original velocity

%’ :iﬁ'ﬁ/_ £ 0 where £ is the distance tra-

veled through radiation of densitylﬂ and m and e are the mass

is given by



and charge in electrostatic units of the electron. Thus,
even under excellent conuitions, they szid that %;:5 /o”%é'
Conseqguently, tne deflection of tihe beam would be very hard
to detect.

However, if one does not assume, as Hulburt and Breit
did, that the interaction is governed by the wave theory,
thus causing deflection of the beam as a whole, but that in-
dividual electrons are deflected, then a small number of them
will each receive a larger deflection. As the number would
be very small, this would also be hard to detect. According
to Hulburt and Breit, "If an experiment is devised as to have
a large number of electrons under observation, there may be
a fair theoretical chance of observing deflections.™

In 1962, Floyd Dunn and George Ioup, seniors at tae
Massachusetts Institute of Technology, submitted a report
on the work they had done on the deflection of electrons by
light. They had planned on obtaining an observable deflection
and then on determining whether the interaction was governed
by the wave theory of light or the particle theory of light.

They attempted to deflect a 10 volt beam of electrons
with light of 5000 4. They tried to focus magnetically a
beam one meter long onto a target .050 inches wide. A beam
of light perpendicular to the electron beam was shined on
the beam and any electrons that interacted with the photons
of light would be defllected emough to miss the target and
activate an electron multiplier placed behind the target.

They proved that the interaction between free electrons



and a beam of light can ve considered as either Thompson
scattering or Compiton scattering, since the scattering cross-
section is the same for both types of scattering, as is the

5

differential scattering cross section. Hence, the total
momentum imparted by tihe light to the beam of electrons is
the same in either case. The only difference is that in
Thompson scattering the momentum is distributed equally
among all of +the electrons in the beam, where as in Compton
scattering, individual electrons receive all of the momentum
given up by the photons with which they collide. Thus, the
electrons that are not hit receive zero momentume.

Dunn and Toup were not able to obtain a well-defined,
low energy, meter long beam of electrons and as a result
were not successful in their experiment. A discussion of
why they could not owtain a beam will be included in the
section concerning sources of error.

As an indication of the magnitudes involved, a free
electron accelerated through a 500 volt potential difference
will have a velocity of 1.33 x 107 meters/sec°6 It will

7

therefore have a momentum of 1.21 x 10-23 nt-sece, The

27

momentum of a 5000 A photon, in comparison, is 2.66 x 10 ~'nt-sec.
If one photon hits an electron dead center and recoils back

upcn itself, it will give up twice its momentum to the

electron, This momentum will be in the direction of the

light beam, that is, perpendicular to the original velocity

of the electron. In a distance of one meter, the electron

will be deflected a maximum total edistance of only .2mm.



Only by using light of much snorter wavelength, hence each
photon containing more energy ana conseguently more momentum,
and by decreasing the energy of the electrons and thereby
reducing their momentum, will one be able to get a reasonable
deflection. Light of wavelength 1750 A and electrons of 50
volts of energy will produce a 2mm deflection.9 This would
also be very difficult to detect,

An additional factor that increases tne difficulty of
observing the effect is that only a very small number of
electrons are hit per second. Assuming an electron beam of
10 microamperes, lmm high and 1lmm wide, and assuming that one
can focus 200 watts of power of light of wavelength equal to
5000 A on a section of the beam lcm long, the number of pho-
tons scattered will only be 156 per secondalO If each one of
these photons hits dead center and recoils back upon itself
in an elastic collision, then each electron hit will be given
the same momentum and there will be a total deflected current
of 156 electrons/second, or 2.5 x lO°l7amperes.ll A current
this size would be virtually impossible to detect. Also,
this is assuming an ideal situation. The majority of the
interactions will not be dead center and therefore the ma-
jority of the photons will not recoil back upon themselves.
In such a case, they will not impart twice their momentum
to the electrons, but only a fraction of it and therefore
the deflections produced will not be as large, nor will they
all be of the same magnitude,

From the previous information one can easily see that



the moxentum of the photons is so small compared to that of
the electrons that it will have little effect. In fact,
using the method outlined above, the effect would be smaller
than the experimental error, unless one used X-rays instead
of visible light.
Dunn and Toup tried to lower the energy of the electrons
to 10 volts in order to obtain an observable deflectione
But by doing this they increased the sensitivity of the beanm.
They determined that a transverse electric field of 1 volt per
meter would cause a deflection in their beam of 2.5mm. A
transverse magnetic field, the size of the earth's magnetic
field, will cause the electrons to travel in a circle of 1l5cm
radius. Therefore, even smsll stray fields will cause the
electrons to be deflected more than the light interaction will.,ll
Dunn and Ioup were never able to produce a well-defined
beam one meter long vecause the earth's magnetic field was
distorted: by the irén and steel in the walls, tables, ceilings,
etc. The electrical equipment used also set up stray fields.
Because of all of tnese difficulties with simply deflect~
ing a beam of electrons by focusing light on them perpendicu-
larly, I tried to think of other metuods of obtaining an ob-
servable deflection. One method of observation sugisested
by Mr. Wilson was to let the beam of electrons be incident on
a crystal and look at the diffraction pattern. The change in
momentum of the electrons is so extremely small that there
would probably be no perceptible smearing of the diffraction

pattern. Because of this small c¢hange in momentum, the wave-



length of the electrons, equal to Planckis constant, h,
divided %y the momentum, would change only a fraction of an
angstrom. Tne variation of the velocities of individual
electrons in the beam would be greater than that produced

by the light and therefore the error in the experiment would
exceed the effect we are looking forel2

But perhaps if one could produce by magnetic means a
beam of electrons that would have a bend in it and then by
shining light parallel to the beam but in the opposite
direction of the beam, one could change the momenta of a few
electrons enough to observe a deflection. If, in such a
situation, the photon ideally gave up twice its momentum and
recoiled back upon itself, then the change in momentum of
the electron would be egual to twice the momentum of the
photon. For 500 volt electrons and 5000 A photons, this
value would be aZ = 1.2 x 1Oel+Ae13 This would be an imper-
ceptible cnange and would doubtless cause no cnange in the
diffraction pattern. Perhaps by using x-rays and lower
voltage electrons this method would be feasible. Certainly
by shining light opposite to the electron flow there would
be more collisions between electrons and photons,.

Another idea using the diffraction pattern method would
be to simply shine the light perpendicular to the beam of
electrons and to see if this would cause a slight shifting
ov smear of the aiffraction pattern due to the few electrons
that are deflected. This method appears to be the most

promising way of observing the effect, but would probably

S0
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not be suitable for a mathematical analysis.

This latter procedure is the one I would have most liked
to have tried had I had the mezns of building the eqguipment.
The electron gun and the crystal would have had to be installed
inside a long, evacuated glass tubing. The longer the tubing,
the larger the deflection would be and consequently the
greater the chance of seeing the effect would be. Therefore,
I would have wanted to use a tube at least a meter in length,.
I was going to build this apparatus using the solder glass
technique=—a method of fusing, or soldering, glass to glass
so as to form a vacuum tight seal. But before I could start
on this, a furnace to heat the glass and a saw to cut the
glass and leave a very smooth end had to be built, neither
of which were finished in time to get started on the apparatus
itself.

ICeJe Lapp, Fhys. Rev, 20, 104 (1922).

°5.0. Hulburt and G. Breit, Phys. Rev. 25, 193 (1925).

3Appendix D.

QFeE. Dunn and G. Ioup, Deflection of Electrons by Light
Pressure, Massachusetts Institute of Technology, 1962,
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CONCLUSION

This has been a very interesting subject and I feel
that i1f serious work is carried on in this area a metnod of
achieving observation and analysis of this effect will be
found. Successful completion of this experiment would
result in a proof or disproof of the theory tnat tne inter-
action is one between pnotons and electrons, ratner than
between light waves and electrons. It may also lead to a
measurement of the interaction cross section € .

I wish that I had the time to builld the apparatus and
continue with the experiment along the lines of the dif=
fraction pattern method because I feel that tiais could be

a very promising procedures



APPERDIX A: A Photon Impinging upon an Electron and Hecoilling

Back upon Itself.

From the theory of the conservation of momentum, the

total momentum in the X-~direction before the collision is

equal to that after the collision., Likewise, the total mo~

mentum in the Y-direction before the collision eguals that

after the collision.

the momentum of the photon, where h is Flanck's

h/A. = hf/ec =
constant of 6,623 =z 10°5L}joule«sec°9 A is the wavelength,

5000 A, f is the frequency = c/fA, and c is the speed of light.

mv = momentum of the electron

Since the speed of 500 volt electrons is not relativistic,
the problem may be solved by classical methods.

Conservation of momentum:

h/a = =h/a + mvzsing & is as shown, v, is the velocity

after collision

2h/ = mv,sing

mv., = mv.cosg

1 e

e e . . e 2h/R

Dividing these two eguations we get tane = -
1
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Therefore, the angle at which the electron is deflected

2

. =1 .
is given by & = tan*‘%ﬁ?i o« The velocity and momentum of a
1
500 volt electron are found in the following manner:
%mvi = 500 eV 1 eV = 1.6 x lO"19 joules 1 joule = égéggg

mvi = (lOBeV)(l.é x 10'19j/ev) = 1.6 x lO-léjoules

mass of the electron = 9.1 x lUwBlkg
1.6 x 10”1630u1es 14

vi = = = 1,76 x 10 ma/sec2
vl = 1,33 x 107m/sec = the velocity of a 500 volt electron
mv, = 12.1 x 10‘2ant~-sece = the momentum of the electron
before collision.
Now the momentum of the photon must be found.
h/ = momentum 1A = lOﬁlOm
hf = b§6i31§qlgﬂzgj’se° = 1.33 x 10727 nt-sec.

2hfy = 2.66 x 10" "nt-sec.
Thus, the momentum of the electrocn is around lOl1L times that

of the photon. HNow we can solve for & in the above eguation.

: -27
s "’l 2566 Z 10 - ":}L "Lg‘
¢ = tan 151 % 1038 = tan™ 2.19 x 10 .

tan @ = .00021G e = 0% 1

If tan® = 0002, then the total deflection over a dis-
tance of one meter will be guite small,
tan® = d/lOBmm d = .2mmoe
A deflection of .2mm will be almost impossible to observe,
to say nothing of measuring it. A beam thnat is fine encugh
to allow the observation of a .2mm aeflection of a few elec=-
trons would be very hard, if not impossible, to obtain.

By using electrons accelerated through 50 volts rather

than 500 and light of wavelength equal to about 1750 A rather
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than 5000 4 one would theoretically be able to get a deflectiocn
of 2mm, which is still guite small. ZLight of this wavelength
is in the ultraviolet region.
The change in momentum of tne electrons can be found

from tan® = ,000219,

=l N, -
/v. = 2,19 x 10 N d
31 )
ﬁj = 1.33% x lO7m/seco v,

e N

tan® = v

L

sin(l') = tan(l*) (Standard Math Tables)

v

n

sin® = VB/VB = VB/Vl ?bus v, and therefore the

1
change in momentum is extremely small for this type of col-
lision,

For photons parallel to and in the opposite direction
of the electron beam, the change in wavelength of the elec~

trons due to the momentum imparted to them by the photons is

calculated in the preceding way.

A= h/mv mv = momentum of the electrons
dA )

AA
AR

Eh/(mv)axmv) A(mv) = 2 x momentum of the photon

12 x 107428 = 1.2 % 1077 A,

i



APFPENDIY B: Humber of Electrons Deflected

Cc = %5%2@ § is callec the scattering coefficient and

is equal to tae fraction of incideunt photons scattered per
cm5 of irradiated materialel The letter n represents the
number of electrons in a cubic centimeter. The ¢harge, €,
of the electron is in electrostatic units.

To find the number of electrons that are contained in

a section of the beam lmm wice, 1lmm high and lcm in length

(volume = lOﬁacmB)9 the total charge in this volume must be

LI

at° time for the electrons

found from the equation i =

i

to traverse lcm.

10 ™m

i}

s = vt v = 1.33 x lO7m/sec. 2 t = 8/v s

t 7.52 x 10" %econds.

]

5

8 = it Let 1 = 10 microamps = 10”7 amps.
8 = 7.52 x 10"15 amp-sec = 7.52 x lOachoulombse

. , , =16
Each electron carries a charge of 1.6 x 10 ~“coulombs.

16

7.52 x lOalSCoul/leé b'd 10°19coul/electron = 4,7 x ZLOL+ electrons,

Thus, there are 4.7 x qu electrons in this volume of
107%en”,

4.7 x quelectrons/loyacm5 4,7 x lO6 electrons/cmﬁ
i

The fraction of rays scattered =@q = ggecﬁV

4,8 x lOblOesu9 m= 9.1 x lO“Zngs9 ¢ = 3 X 10locm/sec

n

i
i}

where

(S

]

and n = 4.7 x lO6 electrons/cmj

g = 3.11 % 10”18 This equals the fraction of the light
quanta scattered per cmB of the beam. In other werés,’in

- 18
one cm” of the beam, 3%.11 x 10 18 times the number of incident

photons give up some of their momentum to the electron beam.
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Mow, now many photons are there incident on each cm5§

3

assuming 200 watts are focused on a lOaacm volume?

200 watts = 200 joule/sec.

Dividing the number of joules per second by the number of
joules per photon (E=hf) will give the number of photons

per second in this volume.

E = hf = hc/A where h is Planck's constant and A is 5000 A,
19,

Thus, the energy, E, of each photon is eqgual to 3,98 x 107773,
2

2 x 107 j/sec _ 21 N

ET?E;TG”j/photon = .5 x 10 photons/sec.

There are 5 x 1020 photons/sec incident on this volume. Since
3,11 x 10»18 times this number interact, we have a total of
156 photons scattered each second. The maximum number of
electrons scattered per second then is also 156, Multiplying
tnis number by the charge of an electron will give the number
of coulombs per second, or amperes, scattered., This gives

17

2.5 x 10~ amperes=——an extremely small current.

1Appendix C.

2Appendiz A,



APFEHDIYX C: Cross HSection for the Kntezacéicﬁl

~ Ty
d 04 < v

A wave of electric intensity E traverses an electron of
charge e and mass m and imparts an acceleration to the electron.

The force F on a charge in an electric field is gE.

ma = ek
It can be shown2 that E = ?%2 sin&. a = %? and
= -?i’l sineé E /E = «-55-? sin®
e mrcs & nre
Since I = CE2/)+77 > N IC‘EZ and Isoc Ei
2 b 2
ie - §e - & sin @
I 7T ET T meree”™

Since the direction of E is random in the . Y0Z plane, k_ is

on the average egual to Eze

2 _ .2 2 w2 _ o2

Ey = Ez and Ey + ﬁz = B

Therefore E2 = EE = ?éEa and I =1 =7%1,
¥ Z i z

L .2, , 224 _ L . 2 224
I /I;y = e sin Sy/r n e and l@y = % Ie sin ey/? e .



O

@ + ¢ = 90", therefore sind = cosp and sine = cosaﬁg

I = }{e“%sigaé
dy 27 rme¢ g

2
. - + _ 1. sin .
Likewise, Lo.= le;ﬁggggz N Sz is the angle between the
ray and the electron's acceleratione. @Z = 900.
14, 224
Iaz" 2Ie /rm ¢ .

If the primary beam is unpolarized, the intensity of

, L
i i I = N
the beam scattered by one electron is I Iey+ Iez

e

4
%I%s-%&r@ o Kzl = %I;z%a—c—é?(l+sinze ).

r-mc

Since sinaey = cosagéy . Ie = %kle (l+cos ¢ )/r2 2.4 .

If a number of electrons cause scattering, then the

intensity of the scattered beam is given by Is = nlee

The total power can be found by integrating IS over the

sufrace of a sphere of radius r.
7

surface of sphere ~f2ﬁrs:.nq§rd¢)

s l& 2#r 51n¢d¢ |
£§§ég\§(51n¢ + 81n¢cos drap

Ps = ﬁgcos@ + --0053@)]

Ps = éine’?/mas%e

3

If n eguals the number of electrons in a cubic centimeter

e
#

ol
#

and I is the energy in the primary beam per cm2 per second,
then the fraction of the primary energy that is scattered per
. . P
cm of path is fs =@ o
. . 2 4 . : e
Thus, § = &%ne /3m ¢ . & 1is called the scattering
coefficient and is the cross section of intersascticon for each

electron, where n = 1.



LAQH, Compton and S8.K. Allison, X-rays in Theor; and
Experiment, (D. Van nostrand Company Inc., New York, 1935)
Chape 3, PP- 117-119.

2

Ibid., Appendix II, ppe. 774-777.
Blbid,, Chapter 2, P. 57.

i4’:[1:):‘1‘61.9 Chapter 3, po. 118.



AFPENDIX D: Agreement of the Light guantum and Wave Theories
If it can be shown that Thompson's theory of scattering

leads to the same results as Compton's thecry of scattering,

then it can be assumed that there is agreement between the

wave theory of light and the particle theory of light in

this case.

Thompson scattering will be dealt with first. If n = 1,

b
8mre 1
= 3 n ° d i f
then § 3 mech But r_, the classical radius of the

-~

. 2 2 L . 2
electron, is equal to e /me¢~, where e is in esu units.

Now O = 8 r2 o
3 0
aw
P==r= z'%n[l+cos ¢)51n¢d¢

y/4
But 77 81n¢d¢ »ﬁcos¢] = 429 « Thereiore, the_ﬁbsinﬁdﬁ

equals % and 7Y51n¢d¢ ¥da, where N = 49”is a solid angle.

_ o4 J’
Thus P = i ainr (l+cos @)dxz .
3

But P is =also egual to g1,
P = = %xnri Jkl%aésa¢)dxz, n=1
@

I
and € = ri‘izl + cos°()dn/2 . Therefore 8 = r© “ii£2§~§~
- 7y

dn o

It can be shown4 that for Comvton scattering the Klein-

Nishina formula will give the following:

4 2 2
e E*(/-co0 )
de = £ g L2 4 a (1 Ca &
a I+ E(-congh) (et @ {1+ E(/—w:z
where E =—ip . For E<1, éE"; e (l+cos ) .
m.c da o 2
Thus, E%., the differential scattering cross-sectien, is

tne same for Compton scattering, a particle interaction, and
Thompson scattering, a wave interaciion. It is also possible
to show that ¢, the scattering cross section, is the sazme for
both theories.

Thus, there is agreement hetween the wave and particle

®



theories of light. Therefore we are justified in using either

approach.

lﬁ@pendix Ce

awaKe Pancfsky and M. Phillips, Classical Elec tricity and
Magnetism (Addison-Wesley Fublishing Company, Inc., Reading,
Massachusetts, 15655), Chapter 21, p. 325, '

3

qL@C. Yuan and C.S. Wu, Nuclear Physics (Academic Press,
Wew York, 1961), Vol. 5, part 4, Chapter l.l, p. 81.

Appendix C,
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