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ABSTRACT COF RESULTS

The results reporised in this theslis may be

sumnmarized as follows:

Le

»
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&

G

Nuclesr scattering by thin folls has been extended from
80,000 to 145,000 velts,

A more critical criterion for single scattering by thin
foils 1s obtained which depends on the shape of the curve
connecting ¢, the amount of scattering, with the angle.
Secondery elecirons are eliminated by applying nigh
equivelent stopping potentials,

Dependence of scattering on enercy of primary beam 1is
found to sgree well with either uott's equation or with
the relation k/V, but is at variance with the classical
relativistle theory.

Comparison of values of scattering for 4l, Ag and Aun
shows that ¢ increases faster than Z2,

Scattering is cbtained as a function of angle from 980

to 173°., For Al the dependence found experimentally
sgrees well with either mott's or nutherford's eguation.
The latter also glves the correcti dependence on angle

for Ag and Au. Hott's equation 1is not applicable for
thege heavy elements,

Exverimental absolute values for scattering for Al com =
pared with tneory give ¢ = 1,32 of the velue glven by
sott's egquation., ‘“his relation is valid within the ranges
6 = 95°-173°9, V = 56-145 Kv,

Secondary electrons coming from the foll are distributed
according to the simple cosine law,

No evidence of loss of energy due to radiation is found.
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STATMENT OF PROBLEM

The scattering of swiltly moving charged
particles by matter was first investlgated guantitative-
iy by Rutherfordl and his assocliates, using de-particles
from radiocactive substances. Thesge investigations led
Rutherford to hypothesirze an atomic mndel whiech conslst-
ed of & very small positively charged nucleus surrocunded
by negatively charged particles known asg electrons, whose
mass was small compared with that of the nucleus, An
electron should be scattered in much the same manner by
this nucleus, A point of difference arises, however, for
while the mass of the electron in the atom is negligible
compared with the masgs of the a=-particle, this is not
true when electrons themselves are used as the bombarding
particles., The phenomenon is thus complicated by another
element whlch has been difflcull to separaite from true
nuclear scattering. A second polint of difference between
the scattering of d-particles and of electrons is the
much greater velocities obtainable with the latter.

While the fastest o=-particles may attain a velocity of
.07 the veloclty of light, elecirons from radiocactive
substances may reach .99 the velocity of light. Even
artifically, under controlled conditions, electrons with
.65¢ {c 1s the velocity of light) can be produced easily.
Such high velocitlies should make possible a means of ob-
telning information as to the effect of relatlivity change

of mass on scattering of electrons. A third point of



difference arises from the fact that dod-particles are
very inefficient in producing X-rays, while the product-
ion of the ordinary continuous X-ray specirum has its

origin in the scattering of electirons.

These three polnts of difference between the
scattering of fast elesctrons and of de-particles are such
as to complicate both experimentally and theoretically
the study of pure nuclesar scattering of high velocity
electrons. The major purpose of this section of the
thesis is to determine to what extent these three fact-
ors Listed above affect the experimental values of

scattering.
SELONDARY EZLECTRONS

Effects Due to Secondary Electirons. This

problem was the flrst encountered after the apparatus

had been assembled and was working properly., It was
found that if sﬁopping potentials were applied to the
electrong coming from a piece of metal foil which was
being bombarded with primary elecirons of high velocity,
these electrons had a dlsiribution of velocitlies. (See
Figs., 12(a) and 12(b)). A large number of electrons so
emitted have energles below 100 volts, but an appreciable
number compared witn the electrons collectsd which had
been scattered elastically had higher energies. Stopping
potentials up to -2000 volis could be applied directly

to these electrons, and by a special means, equivalent

stopping potentials up to -55,000 volts could be applied.



With primary energies up to 145 KV, sasppreciable elecirons

were still present of the highest stopping potential used.

Origin of Secondary Electrons, Secondary elec-

trons have been defined by other investigators in various

2 and Stehberger3, working at energies below

ways., Becher
12,000 volts defined as secondary electrons all those with
energles below 38 volts, Wagner4 defined all slectrons
coming from the material bombarded as secondary. In this
paper we shall adopt a different definition based upon the
process of collision of two electrons. It 1is well known
that ag a purely mechanical process, when two electrons
collide, one of them being initially at rest, they part

et an angle of 90° to one another. When the path of each
maekes an angle of 45° with the direction of motion of the
incident electron belore colllsion, esach will leave with
one-half the energy of that electron., We shall distin-
guish them after collision by defining the one with the

greater energy as the primary and the one with the lesser

energy as the secondary.

In a foil which 1s being bombarded by electrons,
if it were buillt up completely of free nuclel, we should
have & certaln angulasr distri-

bution of electronsg scattered

by the nuclel, The whole foll 8
I B S Fig. t +0

from A to B, (See Fig. 1) acts as o]

a new source of electrons, In an /}///» A

actual foll we have nol only nuclel 1

present but also Z electrons with Fig. 1



every nucleus of atomlc number 7, Consecquently a scattered
electron going along the path CP will scatter cothers as

long as 1t remalns within the foil. Since the binding
energles of the slectrons in the atome in the foil are small
compared with the energy of the scattered primery, the
former may be considered free to a first approximetion.

Many secondaries so formed wlll be absorbed before emerging
from the foil, but there will be many others, especially
those formed near the surfece, that will emerge. ‘hese will

be collected with the electrons scsetiered by the nuclel alone,

It will =lso be apperent from the above consglder-
aticns that for a sufticlently thin foil, many secondary
electrons formed in the center of the foll will have
sufficient energy to emerge. Consequently we may expect
secondary cisctrons to be present all the wey from zcro
volts energy up to one~helfl the energy of the primary beam,
If then we apply stopping potentiels up to one-half the
energy of the initial beam, we may be assured that all
secondaries are stopped and that the remaining electrons are
those which have been scattered by nuclei alone, One remaine-
ing effect must be considered before the method given above
is justified., This 1s the question ss to whether or not
the electron emerglng has suflfered more than cone major
collision, Assuming that it had made twe major collisions,
sharing one-third its energy each time with the other
electron, all three electrons would then fail to go through
the applied stopping potential and we would be stopping too

many. ‘he condition for single nuclear scattering will be



glven belowe If this criterion is carried over in a
slightly modified form for the case of electrons, it
appears that if single scattering is the predominating
factor for the nucleil in the foill, it will algo be the

ma jor factor for the electirons in tne foil,
RADIATION EFFECTS

When an electron is accelerated energy 1s
lost due to radiation. “The continuocus X-ray spectrum
is due to the hyperbolic orbits of the electron around
the nuclel of the atoms composing the X-ray target.
Some electrons will lose all their energy through rad-
iation and these will give the short wave length limit
or the maximum frequency of the radiation emltted acccrd-
ing to the relation of Duane and Hunt,

Ve = hv, oo

‘'he electrons that are accelerated most are the ones that
will lose the greatest amount of energy and these are the
electrons that are deflected through the largest angles.,
Hence 1t seems reasonable to assume that those electrons
emerging from the foll at angles close to 180° are those
which have lost the greatest amount c¢f energy and some
will have logi all their energy. It is known that the
efficiency of X-ray production ig very smell, and decreases
with the atomic number, but it 1s also true that very few
electrons are deflected through these large angles,
Kramers® has computed the amount of energy lost by an

electron deflected through an angle € upon the assumption
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that the orbii ig not spprecisbly distrubed. He finds

the expression,
3
= 4(imve t 5.9[ 1csc? &) & 3cot®
R 3(2 )f%_.an. = (Tt+ 8)(1 + Lcsc 2) + cotg .

For a 50,000 volt electron deflected through 20° by an
aluminum nucleus, the relative amount of energy lost 1s
10% according to the above relation. The factor tan59/2
in the coefficient incresses very rapldly beyond 80° and
the equati on breaks down for the orbit no longer caen be
considered as Keplerian. It 1s Interesting to note that
R varies inversely as the atomic number which means that
there 1s a greater percentage loss of energy due to
radiation for the lighter elements. In the case of hydrogen
we could not conslder an electron of 50,000 volts energy
when deflected through 90° as following anything like a

hyperbolic orbit.

There are two theoretical problems which have
not been solved up to the present time and which would hold
great interest in the field of X-rays as well as In the
fleld of scattering of electrons., The first 1s a general
expression for the radiation from an electron deflected
through large angles. The second 1is an expression for the
scattering of electrons with the effect of radiation included.
We may, however, draw some general conclusions as to the
effect of radilation upon the anguler distribution of
etectrons. If the loss of energy alone 1s consldered as
disturbing the path, a decrease in velocity will result in

the electron belng drawn closer to the nucleus, This will



cause the electireon to be bent through & larger angle than
it otherwise would have heen. Analytically the problem
mey be stated as follows., The rate of losing energy due

to radilation is given classically by Lamor'’s equation,

2

dR _ i<,

at ~

o

2
3
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where j 1s the acceleratlon of the electron of charge e,
If Ve is the original energy of the slectron, then from

the conservation of energy,

Ve = im(p° + r282) - EEE + \J\g 92 32 at
r Sc

Before we can get the equation of motion, the momentum
relations must be known. Since the direction of ejection
of the momentum hv/c is not known, and neither is it known
whether or not the whole energy lost is given off ag one
quantum hvp.., in seversl steps or a combination of the
two proceeses, the problem even classlically seems quite
hopeless at the present time. Further experimental work
is needed to make possible certain assumptions necessary

for its solutlon.

Experimental evidence for the effect of rad-
iation will be considered later. Suffice it to say here
that no conclusive evidence for an appreciable number of
electrons having lost more than one~half thelr total energy

for large angles has bcen found,.



THEORIES OF NUCLEAR SCATTERING

The Rutherford eguation for the probability
of an departicle being scattered within the solild angle
dw,

2.4
ntZz7e " osect
4m=evy4

de = g--dw {1)

does not include a relativity correcticn and would not

gseem to be applicable 1n the case of high velocity

electrons where g is large.

Darwin6 has worked out the orbit of a high

velocity electron in the fleld of a heavy posltive nucleus,
taking inte account change of mass as the electron passes
the nucleus. He arrives at the result that 1f the electron
comes within a certaln critical distance p,, it will s piral
in and be absorbed by the nucleus, This of course can

have no physical meaning since no such transmutation of

the elements 1s observed. Using Darwin's result, Crowther
and Schonland7 deduced the anguler distribution of the
electrons scattered by nuclel, neglecting those which
spiraled into the nucleus. The value for the.scattering
between 90° and 160° for Al, Cu and Ag found experimentslly
by Schonland® agreed well with thet deduced from Derwin's
orbits. Later Schonlandg showed that these spiraling
electrons could not be neglected in his case and in order
to get a solution to the problem he assumed that they
emerged uniformly in ail directions. This pgave a result

at variance with his experimental worlk,.



The cquetion of Crowther and Schonland, both in the
original and in the latter form given by Schonland, gives
a dependence on ﬁ and © as well as an absolute magnitude
not found in work reported on in this thesig, There is
alsc some confusion as to the form of the correction to be
applied.lo:ll»l2 In sdditiocn, from considerations of
wave mechanlies, it appears quite clear that we can no longe-
er consider the electron as a point when the distances of
approach become of the order of H%' , the wave length to be
assoclated with the electron., This fact prcbably accounts
for the spiraling orbits of Darwin., Comparison of Darwin's
relativistic scattering equation with experiment 1s given
in Table V1. It will be noticed that the relative as well
as the absolute magnitudes do not sgree over a wlde range
of energies, Consquently we shall not consider thils theory

further,

Perhaps the best treatment of the problem has been
given by Mottl® who uses Dirac's wave equation and ine-
cludes corrections for both relativity and spin. The

result arrived at may be expressed as,

- - 32 48 _ ,2 2 8
df = Z£§§ZEE p }jcosec ] p cosec 7 +

ﬂ
-T§~ ———WS + terms in (-—-—,—7-15 ) } dw

£

For the angles ©; and €y thls becoues,
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2.4 2
pntZ%e® (1 -B8<) 2 8] 2 8o 2 8ingy /2
- ™ i 3 - 2
? m cot” m cot ) P log sindo/2 +

E?ﬁ%z(singl + cosec®l - sin%2 - cosec22)+“
S 2 2 2 2

Relativity correction contributes the term (1 ~ﬁ32) in

the coefficient and spin correction is responsible for

the last two expressions in the braces. ‘‘he quantity ®

in all these equations gives the ratio of the number of
electrons scattered between the angles 6, and 85 to the
total number of electrons incident on the scatterer, The
product nt is the number of electrons per square centlimeter
of the foll. All the gquantities in the above equations can
be determined experimentally and an absolute comparison
with theory can be made, as well as relative comparisons

wlth the other wvarilables.
CRITERION FOR SINGLE SCATIERING

All scattering equations glven above are based on the
assumption that single scattering 1is the predominating
factor present. It becomes of interest to note under what
conditions we may expect this condition to exiat. Suppoas
we have & foll of area A which 1s beling bombarded with a
beam of electrons., The probability of an electiron going

within a distance p of the nucleus 1is then,

et
A

where ¥ 1s tne total number of atoms present in the aresaa

and t is the thickness of the foil. Since the probabilities
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must be Ilndependent, none of the areaswch must overlap

or the following conditim at least must be satisfiled:
wp2nt & 1

where n 1s the number of aloumns per cm. > From the geometry

of the hyperbola,

2
e“z 2]
2 = cOt
P 2Ve 27
so that, 5 4
nntZ<e 28 < 1
P . cot z *
-1 2Vv./ 1
or, © &« 2 cot EE’VEE? .

the above conslderallon shows wiy all scalterling equatlons
become infinite for € = 00, gsimply because the assumption
of the Ilndependence of the probabllities is violated at

small anpgles.

Wentzell4 has shown that a mueh more stringent
condition must be imposed for single scattering to be the

predominating factor, namely that

® 2 32cot~1 L4/ 2_
32¢ 01, Y ht .

The form in which this criterion is usually stated is as

follows.B It

. = -1
4w, . = 8cotv 2V z »
min Ze {7nt

then for single scattering,

e 2
em—— « 3 0or 4 .
4“?nin

This criterion can be tested experimentally, for within the

reglon in which it is satlsfied, ¢ should vaery linearly with
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the product nt. It will be shown later that e/gﬁin
increases with the energy of the primary electron and at
145,000 volts Q/Q%in = 8 or 7 for single scattering to

be the predominating factor,

DESCRIPTION OF APPARATUS

General, The apparatus was originally built
under the direction of Professor Watson In the shops of
this Institute, Its design was similar to that used by
SchonlandB,15 for studying the same problem as reported
on:%hiﬂ thesis. The apparatus consisted of an electron
“gun® mounted in a horizontal positlon and so arranged
that the stream of electrons generated by the cold cathode
discharge were sent into a magnetie field. Hers they were
bent through 90° and emerged through three circular openings
three mem., in diameter and separated by several centimeters,
The homogeneous, collimated beam then entered two chambers
insulated from each other and from the rest of the apparatus.
The electrons scattered in the forward direction were col-
lected by the upper chamber, and those scattered from 20°
back to the opening through which the primary beam emerged,

were collected in the lower chamber.

It was soon discovered that for obtalning steadler
conditions a hot filament for the source of electrons was
needed. It was also apparent that the small, adapted
Shearer X-ray tube was not suitable for voltages above
80,000. Consguently, & new tube was designed which permit-

ted steady operating conditions up to 145,000 volis. After



o oonegiderable amount of data had been taken 1t wasg found
advigsable to re-design the chambers in which the scattersd
electrons were collected. A general view of the apparatus

in its finished form 1s shown in Fig. 2.

The Electron“Gun®, The tube is shown in detall

in Fig. 3. The metal parts were constructed 1In the shops of
this Institute and were all turned from copper. This metal
was chosen as more sultable for the purpose than other metals.
Brasgss continuously gives off zine vapor and a high vacuum
was necessary., Iron and nickel are magnetic and speclal
precuations had to be taken to avoid all magnetic substances
in the vicinity of the solenold. In desligning the parts of
the tube it was necessary to consider the effects of cold
emission and gas discharge, and to protect the glass tube as
much as possible., The shield fastened to the anode snd ex-
tending back around the tube in which the filament 1is located
was designed to protect the glass, while the shield at the
other end of the tube was designed to distribute the elsctric
field. This latter could perhaps be eliminated without im-
palring the working of the tube, To further eliminate the
possibility of cold emission and to maintaln a cleaner and
harder surface, all the metal parts were polished, given two
coatings of nickel, then plated with chrondum, and finally
glven a very high polish. All joints were soldered with
sllver where practical. With all others soft sclder was
used, In the case of a metal glass joint, the glass was
sealed to the metal, This eliminated all waxes or greases

and made possible the attaining of a very high vacuum in a
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short tims. This was an important point. Although the
volume of the apparatus was approximately 28 liters, one
and one«half hours was sufficient time to take the pressure

from onc stmosphore to 10-5 me.m,

Whan the tube was first put into operation four
or five days elapsed before the highest voltages could be
applied. Although the pressure as measured with the Mc¢ Leod
guage was slightly less than 10-9 m.m. of Hg., as soon as
high voltage was applied lonization would take place and the
pressure would go up to 1-4x10-% m.m. As the tube was con-
nected at all times to a two stage mercury pump, the pressure
soon went down again when the voltage was removed., Each
time this process was repested lonization took place at a
higher potential than before, until the desired 150,000
volts could be applied without noticeable gas discharge.

Very little gas was collected by the walls of the tube if the
apparatus was opened for fifteen minutes or less. If it
stood at atmospheric pressure for several hours, some time

was necessary to out-gas the tube again.

The fllament used was that from a 32 c.p. auto=-
mobile headlight lamp. The bulb was removed and the glass
atem sealed to r tube made of similar glass, which in turn
ended in a copper glass seal, This type of filament was
found to give a more intense beam finally emerging into the
scattering chambers, than that given by a number of other
designs constructed. The posltion of the filament in relast-
ion to the end of thé metal tube in which it was situated

had to be adjusted very accurately to secure a maximum of
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current. It was also found, upon the suggestion of Pro-
fessor Smythe, that a resistance of several hundred thous-
and ohms, placed between the filament and the metal tube
surrounding 1t, increased the focusing action of the elect~-
ric field between the cathode and asnode and very materiaslly
strengthened the current recelved into the scattering cham-

bergs for a glven total emission,

The Solenoid, This consisted of a brass cylin-

der 13 cm. in dlameter and 50 cm. long wound with two layers
of #14 B&S guage copper wire., A section 10 em, long in the
middle of the cylinder was partitioned from the remaining
and could be evacuated with the resi of the apparatus. Each
end of the solenold was water cooled. BSpeclal precuations
were taken to eliminate all magnetic substances in the
neighborhood of the solenocid since the maximum field was

only 250 gauss,

As the solenoid was used not only as a means of
obtaining a homogeneous beam, but alsc for measuring the
voltage of the electrons, it was necessary to know its cone

stant. For an electron bent in a magnetic field,

MmaVv
(H?) :ﬁ—? .

The energy of the electron is,

1

Ve = mocg(;ﬁﬁffﬁﬁg - 1)

Eliminating @ between these two equations,

1 omec? e 2
(H?) = EW/ ——§~ (Vv ¢ 55;;5 ve)
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At low voltages,
(Hp)2 = kI® - 'V,
The relation between high and low voltages can then be
written In terms of the respsctlive currenls as,
12 = .il{..(v + .982x10-6 v2)
where E = V/I® for low voltages. V has been expressed in
volts, I 1in amperes and the values of the constants inserted.

The quantity K will be defined as the constant of the

gsolenoid,

The solenold was flrst calibrated by using
known D.C. potentisls from a motor gensrator set by apply-
ing the potential to the electron tube and adjusting for
meximum current intc the scattering chambers, Values of

K obtained in this manner are given in the following table,

TABLE I

v V(cor) I T(cor) K
1375 1381 1.330 1.336 771
1059 1082 1.1€3 1,187 780
1626 1632 1,444 1.480 776
1060 1063 1,188 1,169 778
1698 1704 l.482 1,488 770
1482 1488 1,220 1,326 767
ave, 774

The axis of the solenoid was mounted In an east-west
direction to reduce the efiect of the earth's magnetic
field to a minimum, A component of the earth's fleld
amounting to .4% of the fleld of the solenoid when

I = 1,5 amp. Increases the above constant to 784 volt

amp’z.



It was suspected that this constent was not the
same for high voltages as for lower. In consquence, the
following tests were made., A4 12,5 c¢m, sphere gap construct-
according to A.I.E.E. specifications, kihdly loencd by the
Southern California Ediscn Co., was uged., To Insure that
one~nalf of the alternasting current wave was not distorted,
only 1/10 milliampere of current was drown from the second-
ary of the transformer. As the resistance of the secondary
was 15,000 ohms at 25% C. this emount of current caused an
inapprecisble dissymmetry between the two halves of the wave,
Data for the gap were taken from Peek's recent book,
“Dielectric Phenomena in High Voltage Engineering® (1930)
{(Genersl Electric Co.) Corrsctions were made for atmosphoric
pressure and temperature, Humlidity has little effect on
the callbration of the gap. The following values of K from

Eq. (3) were obtained:

TABLE IT

Radius of Spheres 8.25 cm.

Barometric Pressure 73.62 cm.

Temperature 24,00 C
8.92 amp. 2000 5601 K.V. ,742
10.82 3,00 80,8 747
1lz.4¢€ 4,00 103.C 732
12.62 5,00 1z22.1 737
14,81 8,00 139,.8 743

ave 740

Individual readings of the gsp can be trusted to 27 while

the constant obtsined above should be correct to within +%.



It sccmed best Lo obtsin another check on the
constant of the solenoid since the velue obtalned with the
sphere gap was 5% lower than that obtained at lower volt-
ages. The following method was used next. Two similar
plates of aluminum 5 m.m. thick, 30 cm. long and 23 cm,
wide were mounted as a condenser inslde the scattiering
chamber. (See Fig., 4) The mean distance between the
plates was adjusted to 3.00+ .02 cm. and the plates were
flat to .0l cm. The heam of electirons alfter energling
from the solenoid passed through four collimating open-
ings 2.5 m.m, in diameter, the distance between the first
and last being 4.5 cme It then passed through two slits
approximately .005 em. wide, separsted by 3.3 cm,, and
finally emerged at a point midwey beiween and parsllel to
the condenser plates, and 3 em. in front of the lower edge.
(See Fig., 4) A photographic plete was mounted between the
plates and down 2.£ cm. from the top to eliminate edge

effect.

There existed a disturbance of the field caused
by the stem holding the slits through which the electrong
emerged. To correct Ifor this effect, stems of different
diameters of the same length were consiructed, If all
other factors are held constant , one can extrapolate to
zero diameter and hence for zerc disturbance of the field.
It might be mentioned here that the applied D.C. potential
was grounded in the middle so that the potentlal midway

between the plates was zero. The stem was also grounded.
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The deflectlion of the beam ecan he computed

easlly., For a uniform field,

#

ge

mey dtx e
V1 - g2 at® -
and a
s a’% = pCo

Solving for x and y, putting in the boundary conditions.

and eliminating t,

V1~ﬁ2 e Ty 2

B%  2me< v

2 2
o wfaﬂ.m? .o82x1076 L~ ¥
1 - @ x d

where V 1s the potentlal beitween the plates expressed

X

"

in volts.

On each photograph teken, five equidistant
lines were obtained as follows: The center line was
obtained with both condenser plates grounded. One plate
was then raised to a definite potential above ground and
the other to the same potential below ground. After the
exposure was taken the potentisls were reversed, The
outside lines were taken by doubling the potential applied
to the plates. It is interesting to note that with ths
type of photographic plates used (Eastmen Speedway) it
was unnecessary to develop those where the energy of the
electron beam was above 65,000 volts. Developing brought
out more detall, but the lines were sufficlently sharp to

be measured accurately without developing.

The curve showing the effect of radius on the

factor BAT -@2 1s shown in Fig. 5. Each point is the
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regult of measurement on at least two plates., The dlstanacse
between the lines on the photograph could be measured to

1 or 2% with a micrometer microscope and the distances be-
tween the five lines were averaged. A sample of the photo-

graphs taken 1is gilven in Flg. &,

The constant for the solenoid obtained in this

manner after correctlng all meters 1s glven below,

TABLE III

I g2 v K
VI-p7

601 W 2BZ20 56,1 K.V. 733

10,00 2554 £8,° 738

av., 735
The values agree well with the constant obtained with
the sphere gap. In all subsequent calculations where the
value of f? is deslred 1in terms of I, the current 1in
the solenoid, we shall use the average value
K = 737

obteained at high voltages.

Scattering Chambers. The arrangment of the

scattering chembers can best be described by referring

to Filg, 7. The purpose of using chambers of such large
diameter was to ellminate as far as practical the effect
of reflected electrons going from one intc the other,
Whern ihe Inslide was brass the reflectlon [from the upper
intoc the lower chamber amounted to ,0003~,0009 of the
main beam., When the whole inside was lined with aluminum

this value was reduced toc ,0001-.0003. (For ithe reflect-
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ive powers of gluminum and brase see Fig. 2 in Part IT

of this thesis.)

The electrons are admitted from the solenoid
inte the scattering chamber through four collimating open-
ings. (See Fig, 2) They are all made of aluminum and
the last three are mounted in an sluminum tube, The first
three openings are 2.8 m.m. Iin dlameter and the last is
4 m.sm. The purpose of the last opening is to stop scatter-
ed electrons from the openings below entering the lower
chamber, All four collimating openings are grounded. The
small, thin alumlnum cylinder “¢* is fastened to “d" and
extends up into B a distance of 1.8 cm. It performs two
functiens: first, it further stops stray electrons from
the openings below from reaching B, and, second, it de-

finltely fixes the larger angle of scattering,

Chamber B 1s insulated from A by thin(.005 cm.)

mica discs. The metal discs “a'" and "b" are fastened to

A and B respectively. The disc “a” 1s turned down to a
thin edge. A thin alumnum ring .015 cm. thlck, .8 cm.
wide, with a 2,83 c¢m., opening in its center forms the final
separation between A and B. The disc “b“ has a hole cut
from it slightly larger than the grid “g“, This was found
necegsary since many slow electrons collect in the space
within and part of them would be collected by B if “b*

extended beyond the edge of “g¥,

Grids to Stop Secondary Electrons. For invest-

igeting secondary electrons up to 2000 volts energy, a
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wire grid was constructed. It consisted of a cylindrical
framework made of 2 mil nickel wire, The ratio of wire to
total space was 2.5% for the total framework, <v1he reflec-
tion coefficient of nickel is .30, hence we shall apply

a correction of 1,5% to the readings when this grid is used.

When secondary elsctirons of energies greater
than 2000 volts are Investigated other means must be
resorted to than that of using actual potentlials., It wlll
be noticed from the curve for aluminum connecting 9,(the
ratio of transmitted electrons to the total number incident)
with the voltage of the primary besam, (Fig. 8), that no
electrons are transmitted up to a certaln voltage after
which there is a sudden increase., At voltages ordinasrily
used, from 80,000 to 145,000, even a plece of aluminum
.001 cm, thick is very“transparent® and at the same time
acts as an equivalent stopping potential of about 55,000
volts. A small corrseciion for voltages below 120,000 can
be applied to account for those electrons scattered elas-
tically which are stopped by this foil, Secondary electrons
will also be set free from the foil grid on the collector
side by the electrons which go through. To investigate
this point, a fine wire grid was placed around the foil
grid and a stopping potential of 2000 volis applied, A
decrease in ¢ of 1 to 2% was found for primary voltages
around 50,000, but for 100,000 volis the effect decreased

10 «3 to .4%. Then necessary this correction will be applied.
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A means 1is thus provided by which we can study
gecondary electron velocities up to one-half the energy
of the initlal beam, From arguments glven previocusly, we
ere assured that when such a stopping potential 1s apnlied

all the gsecondary electrons are stopped.

Method of Varying Angle. The foll is mounted

on a thin metal ring “h"” 3 cm. in diameter, supported by

& fine nickel wire .06 cm, diameter. The whole 1s raised
end lowered by means of a magnetic control as snown in

Tig, 2, The helight of the foll above the opening “e" can
be measured to within .008 ecm. by placing over the opening
a disc with a pointed rod in its center, sighting through
two windows in A and noting when the foll touches the point.,.
The serew on the control mechanism wa s calibrated with a
traveling microscope. 7The angles between which the
electrons are collected are detsrmined by the size of the

a

openings “c" and "e" and by the height of the foil,

Hombggniety of Beam. ''he homogenlety of the

beam for the case of alternating current applied to the
tube was tested with D.C. stopping potentials and the
result is shown in Fig. 9. 7The dotted line represents
the voltage of the electirons computed from the constant
of the solsznoid., It will be noticed that the distri-
bution of energles 13 almost symmetrical about the
computed voltage. If 24V represents the heterogenlety

of the beam, then,
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If tho beam of olectrons ls symmetrical about a mcan
voltage given by the constant of the solenold, this
same reasoning will apply to all +AV's and if the spread

of voltage is not more than 5% on either gide, the error

introduced into the value of ¢ will be negligible.

Determination of nt. It was soon found that

the variations In the thickness of the foils were too
great to weigh a large sheet of the material and compute
the average thickness. Consequently a quariz torsion balance
was constructed which had a constant of .1214x10~% g/aiv,
The constant was determined by weighlng small sections of
very fine wire, a long plece of which was previously
weighed on an analytical balance. Aluminum folls 5x10™°>
em. thick and 3 m.m. square could be weighed to 1%, The
product nt can be determined as follows:

m = ¢ At
where m = mass of foll of area A and ¢ 1is its density,
Also, = nM
i1f M is the weight of each atom and n is the number of

atoms per cm? S50 that,
m

nt = w e

If M is express ed in molecular weight,
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6.06x1025 m
M A

nt =

The product nt which enters directly into the scattering
equation, 1s independent of the density of the material,
Since that portion of the foll where the beam passed
through was cut out and weighed, local varlations in
uniformity should not introduce a large error if the
beam 1s uniform. Thls polnil was Lested wlith several
foils by rotating the foil one turn and taking readings
svery 45°, Variations of not more than 2% were observed,

while the average variation was 1%,

Meters. A1l meters were calibrated with a
potentiometer and corrections applied to all the readings.
Two galvanometers were used, one with a very high sen-
sitivity (3.5x10~1 amp./div.) which was used for balance
ing, and the other of low sensitivity used to measure
total electiron current, An electrogtatic voltmeter
connected to the secondary of the transformer facilitsted

the adjustment of the high voltages,
METHODS USED IN TAKING n=EADINGS

Adjustments, The current in the sclenoid
was set and kept at & constant value and Llhe voltage
of the electron beam increased untll a maximum current
came through into the scattering chambers as indicated
by the galvanometer G' (See Fig. 2). R, was kept constant
at 10% ohms and Ry adjusted untll G read zero deflection,

To take Into account thermal E.M.F. which was usually present



to & more or less degree, the current in the golenold
was lincreased suddenly by a small amount. This made

G' come back to zero and 1f G would seek a new zero, Ry
could be sdjusted again. This process was continued
until whether G' was reading full current or zero, G
would remain stationary. A change of resistance in

g1 of 0.1 ohm would give a deflectlion of G of sapprox-
imately 5 m.m. Since Ry was 104 ohms, changes in ¢ of
1 part in 10% of the main beam could be detected. ¥hen
a balance of G was obtained, the drop in potential across
Ry was the same as that across Ro and the apparent value

of scattering within the given angles was then obtalned

from,

?:......._-El_..-.
Ry + Rg

To this value of ¢ several corrections must be applied.

1, A correction for the value of ¢ when no foll was
present, This varied with the height of the ring "h",
the kind of f'oll used as a stOpping potential and the
potential of the primary beam. This “zero correction”
was checked at various times. A typical selection of

values 1s given in the Table below for a foll with an

equivalent stopping potentlal of 27,000 voltis,

TABLE IV
v 9; L) 9(correction)
68,9 K.V. 95010¢ 1720 5! . 00022
96.9 * * . 000286
129.0 * H . 00028

145.0 N “ » 00030
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This “zero correctlion” 1s to be subtracted from the
apparent value of @,

A correction for the wire of which the grid was composed.
Tt smounted to 8% for the foll covered grids and 1.8%
for the fine mesh wire grid, This correction is to be
added.,

A correction for the stopping power of the foll grids
for elastically scattered electrons. This was obhtained
from Fig. 8 and amounted to 0-4%, and is to be added,

A correction for the reflection out of chamber B and for
the absorption by the foil grid of electrons reflected
from the walls of B, This is direcily related to the
reflection coefficient for electrons of the metal of
which B 1is made., %e could elther increase the dimensions
of the scattering chamber and so extrapolate to an
infinitely large one, or we could line the chamber with
different metals which have different reflection
coefficlents and hence sxtrapolate to zero reflection.
Tthe latter method was chosen as the mors practical,
Consequently the reflection coefficients of alumlnum

and brass were determined (See Part II), as well as

the angular distribution of these reflected elsctrons,
The ratlo of the coefflcients for aluminum and brass

is .13/.29 = .45. A typical example showing what
effect lining the chamber B with brass and aluminum

had 1s given below:



Al $8,9 KV 108° 173° -27 KV 001260
Brasgs . ” * - 001253

The effect increased slightly for lower voltages and
decreased for highsr voltages. In most cases the

correction was negligible.

Then the foil grid was used, it was connected
electrically to chamber aA. This was necessary since B
was Lo colleet only those electrons scattiered elastically
while A was to collect all others, OSecondaries emlitted
from the foll or other parts of A subtracted in one place

but add in another so that the net result is nil,
RESULTS

Single Scattering. The firet polint tested

was to determine under what conditions single scattering
could be reslized, Experimentally if % inoresses linear-
ly with nt, single scalttering 1ls the predamimating factor,.
The results of these tests are shown in Fig, 10, If we
apply Wentzel's criterion to the point where the curves

depart {from linearity we obtain the following:
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TADLE V¥
Aluminum
8, = 95°10° 8, = 17205¢
ny Ve 4w e/4uﬁin
6.,0x1018 45,0 KV 268056 3.3
7.4 56.0 250521 3.7
8.3 88,2 22040! 4,2
9.4 82,0 200 o 4,7
11,3 96,9 18%40° 5.0
13,2 112.5 17620" 5.5
15.5 12¢,0 16924 " 548
17.6 145,0 15036" 6.1

The factor 8/4umy;, 1s not a constant but incresses with
the voltage. The value reported by Schonland is 9/4“h1n: 3.0,
which 1s for both 60,000 and 80,000 volts., Judging from

the results given here, this value 1s much too low.

Pernaps a more accurate criterion for single
scattering from a foil can be obtained experimentally from
the shape of the curve showing the variation of ¢ with
angle. Near S0° a scattered electron emerging from the
foll must go a farther distance through the meta!l than one
coming out at largér engles., This will have the effect of
decreasing the slope of the curve near 90°, These plural-
ly scattered electrons wlll ve partlally thrown Into larger
angleg and will give the hump shown in Fig. 11(a), which is
for 45,000 volts with a stopping potential of 27,000,

Pig. 11{(b), for thc samoc foil (nt = 4,21x1018) vut a pri-
mary voltage of 128,000 volts and s stoppling poitential of

55,000, shows how the hump has completely disappeared.

Secondary Electrons. The energy distribution
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of secondary elecirons 1s shown for two wildely different
atomic numbers, aluminum and gold, in Figs. 12(a) and 12(b).
The relatlive number of secondasry electrons present ls less
for larger vaiues of rt than for smaller, which 1s shown in
curve (b) for aluminum. (Note: (b) is fitted to (a) at
55,000 volts,) Similar curves were obtained for silver.

It will be noticed that ihere are many slow secondaries but
an appreciable number have energles avove 10,000 volts, It
is interesting to note that in Schonland's work he used 150
volts stopping potential and assumed that all secondaries
were stopped. From what has been shown earlier in this
thesis, all secondaries should be stopped at approximately
one-half the primary voltage of the original beam. The
fact that such high veloclity éecondary electrons are found
is explasired by the fact that some formed even on the
opposite side of the metal have more than sufficient energy

to penetrate the foll.,

Dependence of Scatiering on Energy of Primary

Beam. The varistlon of the amount of scattering for alum-
inum between the angles of 95°10' and 17205° as a functicn
of the energy of the beam ls shown in Fig., 13, Plotited in
the same figure and fitted at V.= 56,000 are also glven
Rutherford's equation and Mott's equation. There is very
little difference between these two as far as dependence

on energy 1s concerned. (Note: The form

ntz%e? o9 s,
= ]l - 222
P (Ve)iz (Cot § cot 5 }

of Ruthertford's eguation 1s used)
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A comperison of the relative as well &8s the

absclute values of LY is given in the following Table:

TABLE VI

Aluminum

nt = 3.68x1018, e,. 950101, e, = 17205!

Relative values of L

B v EXD Mott Darwin x/Ve
+ 238 5641 KV « 00340 » Q0340 + 00340 « 00340
474 68,9 .00231 «0022¢ 00241 2002286
o511 82.0 .0015%7 +00187 s00179 +00180
s DAD I8¢ Y + Q0110 200114 « 00134 +00115
« 574 112.2 . 00082 00084 » 00104 »00085
603 128.4 . 00081 +00064 . 00088 »00065
e BE0C 14561 2000485 2000495 0 OOOTY +0O005B05

Abscliute values of ¢

g v Exp Mott Darwin Rutherford
438 56.1 KV 0« 00340 +00257 -+ 00480 « 00264
o474 68,9 200231 00174 «003286 001786
eB1l 82,0 +00187 .00118 « 00242 200124
e 543 9649 »00110 + 00086 .00182 00089
e D74 112.2 . 00082 «000863 +00141 + 00086
N {ex) 128 .4 .00061 0004 ¢ .0011¢ + 00051
« 630 145.1 000485 +000375 +00104 00038

The following points should be noted in the above Table:
(1) The dependence on energy of beam given by Mott's
equation and by k/V® agrees well with experiment, while
the equation based on relatlivity correcticn of the class-
ical theory does not agree, {(2) Absolute values of
scattering within the angles given do not agree with any
of the theories. There sre reasons to be dlscussed later
why Rutherford's equation cannot be written proporticnal

to l/Vg. Mott's result 1is the one we shall consider most
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gseriouslye. Comparing with the experimental values we

obtsain,
Exp = 1.32 Mott, (4)

whieh represents the facts guite closely for aluninum,

It will be shown in the next secticn that Mott's egua tion
also gives the correct dependence on 8, Relation (4)

then is valid in the case of aAluminum within the ranges,

V = 56,000 to 145,000 volts and © = 95° to 173°,

An example of the experimental value of P
computed from average values of ¢/nt of several different

foils 1is given in Table VII,

TABLE VII
Aluminum

V, = - 27,000 v, 6;= 95°10', 65 172%"

KV 56,1  68.2 82,0 96,9 112.2 128.4  145.1
9.47  6.35  4.38  3.05  2.34  1.65  1.35x107°F
9 9.65 6.4l 4,31  3.14 2,29
Nt 9,60 6438  4.43 3,09 2,21 1,71 1,41
8,70  6.31  4.17 2,97 2,31 1.72
8.92 6412 4,38 3,10 2,28 1,73 1,35
av. 9.29 6431 4.33 3,07 2,31 1,70  1,37x107°%

The thinnest silver and gold folls used (2200 a
and 800 K respectlively) were not thin enough to expect
single scatiering to be thie predoumluatling factor below
128,000 volts, and the shape of the curves in Tilgs., 15 and
18 show that some plural scattering was ovresent at 95°

in both: cases at this voltage,
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Dependence of Scattering on Z. In Table

VIII the factor ?/ntzgf(e/Z) 1s compared for aAl, Ag
and Au at 6y = 95°10° and O, = 17295' for F?: +603 and
= 650, This factor should bes & constant for all
glements, The ratics given in Table IX show that Moti's

equation gives the ratio nearest to unity but there isg
much to be desired. Schonland alsc reports a value
much too high for gold and attiributes it to an abnormal
emlssion of secondary electrons, 7This explanation is
hardly tenable for the results reported here because of
the stopping potentials used. It may be pointed out
here that Mott's eguation applies best to the lighter
elements and neglecting further terms in the expansicn

is hardly justifiable in the cases of Silver and Gold,

TARLE XTIT
ﬁ - » 803 F = « 530
Al Ag Au Al Ag Au
Mott 152  1.77 2.41x107°% 1,24 1.38 1,95x10-24
R'th‘h. 1.18 1.65 2050 094 1019 1.77
TABLE IX
g = 603 B = 630
AT Au 58 au Au
Al Al Ag Al Al Ag
Mott 1,18 1.59 1.38 1.11  1.57  1.41

Ruth. 1,29 2410 1.51 1.27 1.95 1l.48
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In view of the fact that plural scattering
contributed somethlng tc the wvalue of [« 1s the cases of
ag and Au, it would be expected that the value would be
high, Tentzel's criterion for both &g and Au gives
4w s =z 5.3 at 128,000 volts and 6.0 at 145,000 volts,
*e should then expect mostly single scattering and the
large values obtalned for these elements must indicate

that ? inereasses faster than Zg.

Dependence of Scattering on aAngle. C.E.

Eddyl® has studied the angular distribution of f?-rays
scattered by thin feils from 0° to 50° but under conditions
where plural scattering was very prominent, Klamperer17
woeking with voltages bhetween 10 KV and 40 XV using a
Gelger counter found an angular dependence between 10°
and 120° not given by any existing theory, This lattsr
work, however, was probably too insccurate to draw
gonciusions from., Certain definite sngles have been used

by other observers, but a consistent effort tc obtain an

sccurate dependence on angle has not been mede,

The experimental dependence of scattering on
angle is well illustrated in Flg. 14(a) which is for
Aluminume 91 is plotted as abscissa so that any ordinets
gives the value of the ratio of the number of electrors
collected between 8, and Oz to the total number of electrons
incident on the foll. 8, varles from 1720 when 6, = 95°
to 178° when el e 173°, The primary voltage for each

curve 1s 128,000 volts, The four curves plottied are for
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the stoppiling potentials given. In Fig., 14(b) plotted
with values of 4 for Vg = =58,000 volts and fltted at
9501¢0' is given the variation with € from both Mott's

and Rutherfcrds equations., A1l curves which have

been obtained from 97 to 145 KV are very similar to

the one glven in FPig, 14(b) 1f the proper sitopping potential
is applised. At voltages below €7 KV, the hump shown in
Fig, li{a) begins to appear and no comparison with theory
baged on the assumptlon of single scattering can be made.
For sufficiently high voltages eslther the equation

of Mottt or of Rutherford gilves a dependence on 8 hetween

95°% and 1730 which agrees well with experiment.

Fige. 15 shows the resulis obitained for gold
and Fig., 16 those for silver, The angular dependence
for these two metals agrees well with Rutherfords cntge/z
relation while the agreement ls not so good with Mott's
equa tion. This deviation 1s probably due to the fact
that, as mentioned before, neglecting further terms in

the expansion is not permissible for the heavy elements,

Angular Distribution of Secondary Elecirons,

To find the dependence on angle of the secondary elscirons
emlitted between two energies, we need only take the
difference in ordinstes of two curves for two dlfferent
stopping potentlals, Fig. 17 shows the result for alum-
inum taken from Fig, 1l4(a),and Fig. 18 that for gold

taken from Fig. 15, It iIs found that the points agree

very well wilth the curve k’(sin2®1 - siagegj. Slne Lhe
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second term in the parenthesis 1s small compared with

the filrst we may write this as k sinf8, If we

differentiate this with respect to © and divide by

3in ® we get the intensity of the secondary slsctrons

given st the angle &, We may then draw the followling

conclusions: The elsctrons that coms from a thin foll
when bombarded with high velocity electrons may be
divided into two definite and distinet groups,

1. Those that are scattered without apprsclsasble loss of
energy and follow the intensity distribution given by
either Rutherford's 0039046/2 law, or #Mott'’'s equation;

2., Those Lhal come off with low velocltles and follow
the intensity distribution given by cos 8, It is
Interesting to note that the cosine distribution is
also obitained for the reflection of electrong from

s0lid surfaces, {See Part I1II of this thesis.,)

Experimental Test of Loss of Energy Due to

Radiatlon. Qualitative tests mey be made as follows:

1. For large angles it might be expected that many
electirons may have lost a large portion of their
energy and that en appreciable number would be stop=
ped by -55,000 volts 1if the original energy were
110,000, If this were true the curve showing the
variation of ¢ with & would come close to the axis ¢= 8
at large angles, No such effect 1s notilced,

2. Sincallight atoms according to Xramer's sguation

lose more energy than heavier atoms, we should

expect & differently shaped curve connectling
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p and 8 for ealuminum and gold. Both elements
follow the same law experimentally.

3, The rslative loss of energy according to Kremers
is porportionsal to p5. We should expect, then,
that for two widely different potentisis with one-
half tne primary voltage used as a stopping poten-
tial In eacn case, that we shnould get departures
from scattering equations which are based on purely

elastic scatiering. o such departures are found.

what can be said then aboutl the elecirons that
generate the continuous X-ray spectrum? There seem to be
atleast two possible explanatlions. Either,

1. ‘'he number losing one-~half their energy or more is
inappreciable compared with a given fraction of the
mein beam collected between 140° and 180°, or,

£, domentum relations are such ag to distribute over

various angles those electrons losing energy.

Discusslion of Errors, It 1s thought that the

maln error entering into the measurement of ¢ experiment-
ally came mostly from an inaccurate knowledge of the zero
correctibn wnen the foll was in place, The foil distrib-
uted tne electrons golng through in a different way than
was the case when the zero correction was taken with no
foll present. i1t 1s estimated that this error wiil be
small; first, because of the amount of zero correction
when the foll was absent, tabout ,0002 of the main beam)

and second, because with a very thin foll wnhere the zero



zero correction is comparable with the true value of ¢

the main beam 1s not scattered appreciadbly.

In measuring nt the area of a small portion
of the foll where the beam went ihrough could he measured
to .54 or less with a traveling microscope, The weight
might be in error 1% due to errors In the torsion balance.

1he balance was checked frequently with known welights.

Twe different methods of determining the con-
stant of the solenoid at high voltages gave a constant of
737 ¥+ 3. It 1s assumed ithat the mean value of V is known

to within .4%». This glves an error in Ve or F34 of .8%.,

The error in ©® can be estimated as follows.
The nheight of the roll could be adjusted consistently to
1/8 turn, or since one turn was .0642 cm., to .008 cm.
‘'he radius of the opening was l.41lem, This gave an error
at 90° of 20' in @, or an error in cot26/2 of 1%. The
error due to the adjustment in height decreased as 6

increased,.

An anaiysis snowed that the error due to the
finite size of the beam and its slight divergence was

negligibLe.lB

To make certain ithat no appreciable impur-
ities of large atomic number were present in the aium-
inum foll used, some very pure aluminum from Siegbahn‘s
taboratory was tested. 7The values of 9/nt agreed to

within 1% of those obtained with the foll regutarly used
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in thils experiment,

Combining the above errors the value of 0
is found to be correct 10 2kh. Irregularities in the
foil and an inaccurate knowiedge of the exact stopping
potential used may increase this error to 3» or possibly

Lo 4,3/00

Comparison %ith Theory. The resulis as com-

pared with tne values predicted by theory may be summar-

ized as follows:

1, uependence on energy of primary beam: HKither mott's
or nutherford‘s equation gives very good agreement
if we write the latter as porportional to 1/V2.

2. Dependence on 4: according to mott's equation ©
increases faster than %2, This is found experi-
mentally but the increase is not sufficient to give
good agreement., All the other equatlons glve ¢ por-
portional to 42.

3, DLependence on angle: Here again the variation with
angle 1s almost the samec for mott s or Kutherford's
equations and agrees well witn experiment.

4., Absolute values of @ 3 The equations of wott and
gutherford give vaiues too low while that of Darwin

glves values too high,

In general it 1s found that the simple result
of Rutheriford gives better agreement with experiment than
any of the other more compliceted equations. However,

there are certain objections to Rutherford's equation.



e are surprised that agreement ls as good es it is,

in the flrst place, from the derivation of his eguation
if applied to'electrons, it is not permissible to write

pg o< 1/v% for energies above 30,000 or 40,000 voits,”

No account lg taken of relativiiy and we should expect
important changes for velocitles of .82 the velocity of
lignt. In the second place, it seems certaln that an
effect will be introduced by the spin of the eleciron.
Both these factors havs been included in tott's result,
If we teke the relativity correction alone, the varistion
of @ *with.(} does not agree with experiment. The spin
terms for aluminum contribute a difference of 15% between
the voltages of 56,000 and 145,000, EZxperimentally, a
difference of 2% with Mott's equatior was found beiween
these voltages. Since a relativity correction seems
necessary, it also seems necessary from this experimental
work ithat & correction for the spin of the electiron must

e included,

A real difference, nowever, In absclute magnitude
of ? seems to exist beiween theory and experiment., ‘lhe
effect of & nuclear magneitlic moment nas been computed by
ﬂassey}g It ig found to be negligible., The explanation

must be looked for elsewhere., It might be expected that

* The factors entering into ihe denominator of xutherford's
equation are wmass x (Angular momentum}zctl/Q mve = Ve only

for low velocitles,



since the discrepency becomes less for the lighter
elements, some informatlicn might Ye obteined by using
hydrogen, helium end beryllium, It is planned to extend

this work te the case of gases in the near future,

Comparlison With Other Cbservers. The absolute

values of 9 for aluminum obtained in this report are

from one~half to two-thirds those obtained by other
observers both with cathode rays and {?-particles + The
results on gllver and gold piven here are from .7 to 8

of the values given by Schonlanda and Chadwick and Mercier=<Q
In sSchonland’s work it is gquite apparent that the differ-
ence is mainly due to secondary electrons. In the other
the cause may be due to the use of a heterogenecus heam

of electrons from radiocsctive sources together with the

inscecuracies due ito thelr method of measurement.



1l.
12,
13,
14.
1s.
16.
17.
18,
19,

20,

REFERENCES

Kutherford, E., Phil. #ag. 21, 669 (1811}
Becker, a., 4Ann. d. Physik 78, 288 (1925)
Stehberger, K. H., 4ann., &, Physik 86, 825 (1928)
Wagner, P, B., Phys. Rev., 35, 98 (1930)

Kramers, H. A., Phil, uag. 46, 826 (1923)
Darwin, Ce J., Phil. mag. 25, 201 (1913)
Crowther, J. 4., and Schonland, Be F., J.,

Proc. Roy. Soc., 4, 100, 526 (1921-22)
schonland, B, ¥, J., Proc. Koy. 50c., 4, 113, (1926-27)
schonland, B. ¥, J., Proc. noy. Soc., &, 119, 673 (1928)
Rutherford, E.E,, “Radistion from Radloactive sources:

225 (1930)
Wilson, He A., Proc. Hoy. Soc., &, 102, © (1923)
Davisson, C, Phys., Rev. 21, 637 (1923)
sott, N. F., Proc, Hoy. Soc., a, 124, 425 (1829)
wentzel, G,, ann. d. Physik 69, 335 (1922)
schonlend, B. F. J., Proc. Roy. Soc, 108, 187 (1925}
Eddy, C. k., rroc. Camb. Phil, Soc. 25, 50 {1929)
Klemperer, ann, d. Physlk 3, 849 (1829)
Jeans, J. H., Proc. Roy. Soc., &, 102, 437 (1923)
Massey, H. S. W., Proc. Roy. sSoc., a4, 127, 666 (1930,

Chedawick and Mercler, Phil., ag. 50, 208 (1825)



TaBLy OF CONTENTS

ParY IT

REPLECTION OF LLECTRONS PROM SOLID SURFACES

Introductlon
Method of Takling Observatlions
Results
Dependence c¢f Reflection on Z
Distribution of Reflected Elecirans
Dependence of Reflection on Energy
of Primary Beam and on the
State of the Surface
Veloelty of Elecirons Emltted
by Solid Surfaces

Ascknowledgments

Oy (N

10
12



ABSTRACT OF RESULTS

The main results obitained in Part II of

this thesls may be summarized as follows:

1,

2o

Be

De

Values of the reflection coefrlicient, p., for Be,
¢, Al, Cu, Brass, Sn and Pb are obisined from

45 to 128 KV,

A decrease of ¢o with increase of voltage 1s found
which 1s most pronounced for the light elements,
The angular distribution of emitted electrons

of radiation,

Absorbed gases cause the surface to emit many

slow electrons which is most noticable for the
light etements, This fact probably accounts for the
larger values reporited by some observers,

With Be, €, and Al, a change with time of the
number of slow electrons emitted was found upon

going Trom high to low voltages,



-‘:I~”

I RODUCTION

Then & beam of elecirons sitrikes a soiid
surface, there 1s an emission of electrons compareble
with the number Incident. I1nese may arise because of
seversl reasons., (1, there will be & small number of
primary electrons which will be turned back by single
encounters with the nuclel of the material, (2) Some
will finally emerge after suffering seversl large nuclesar
deflections. (3) Electrons originelly in the material
will be set free by a collision process and may finally
emerge., (4) X-rays formed by the primary or secondary
electrons may set free secondary electrons. In any case
the phenomenon of the emission of a cold surface bombarded

with high velocity electrons 1s probably very complicated.

Beckert distinguished three kinds of electrons
emitted in such a manner from a solid surface, (1) Those
which nave lost very little energy he called “"reflected",
(2} Those which nave los. consigerable vnergy, but nave
a moye or less uniform velocity distrioution, he caided
“"rediffused", (3) The electrons coming ofr witn energiss
ir the runge O to 36 volts ne called “secondary”., It is
found tnat the relative importance oi these groups changes
with the energy of the origlnal beam. Webstsr? defines
all electrons emitted by the surface as "rediffused”.

He denotes the wvalue of the total emission due to nor-

mal incidence of the nrimary beam as the “rediffusion



constant™, This quantity is not constant as will be
shown later., In thils repoft we shell define as the
reflection c¢oefficlent the ratio of all elecirons
emitted from a surface being bombarded with o beam of
electrons incident normally, to the total number.

Its value will depend on the kind of wmaterial and the

energy of the primary beam.

Work on the reflectlion coefficlent of dif-
ferent metals has been carried on by & number of ob-
servers, both with cathode and {3-rays.594’5’597
Schonland's work was probably the most accurate of any
for the case of cathode rays from 30 to 70 XV. It is
difficult to say which can be conzidered most reliable
for B-rays. There are large dlscrepancles existing
emong the svallable data. These will be discussed
later, In view of this fact 1t was thought desirabls
to check some of the results. This work was under-
taken primarily to determine tc what extent reflection
of electrons from the scattering chambers in Part I of
this thesisz was affecting the experimental values of

scaticring.
2 UHOD OF LCAKING OBSERVATIONS

The same apparatus was used as in Part T,
The sheet of metal to be ztudied was mounted in place
of the foll, The variation with angle as well as ithe
total reflection coefficient could be determined for

each sample, In all cases the primary beam was normal



t5 the surface., Simplification resulted from the fact
that the effect being observed was of such an order of
magnitude that practically all corrections could be

nagleated.

To obtain the total value @, for the angles
90° tn 180° it is possidle to correct the value obtained
experimenta 1lly from 90° to 172° by adding the fractisn
to be expected from 172° to 180°, If the angular
distribution is known thils velue can be predicted with
certainty., It will be shown later that the distribution

is given very accurately by the simpls cosine law,

RESULTS

Denendence o0 Reflectlion on Atomic Number.

Tests have been made with Be, C, A1, Cu, Brass, 5Sn

and Pb, A comparison with other observers 1s given in
Table I belows, In all cases the values refer to total
emission from 90° to 180°, The main points to be noted
in this table are as follows: (1) At low voliages the
values revorted In this thesis are in good apgreement
with those of Schonland. (2} &t high voltages and

for heavy elements the resultis are in fair accord with
the work of Meflellan using radium, but for the lighter
glements there ls a wide discrepency. (3) A decreese
in value of the reflection coefficient with increase

in epnergy is found which is most proncunced for the

lighter elements, In the case of lead, no change could



be detected from 45 to 145 sV, ¥With carbon as with
several other materials, values of ?ﬁjrmve heen nb-
tained up to 145 Xv. In the ease of carbon, a decrease
of 2% 1s found from the value at 128 KV, At this higher
voltage agreement sihould be expected with wellelland s
work since the mean value of the energy of the B-rays
of radium 1is not far above this., He obtains a value

for carbon 2.5 times as large, It 1s estimated that the

values given nere cannot be error more than 1k,

TABLE T
Element Schonland Neher MeClelland Kovarick
(B0 KV ?) 45 KV 128 KV Ra Ac=C*
Be 4 0291 0248
C 8 .081 . 0858 15 274
Al 13 W13 0143 129 24 0 383
Cu 29 29 285 283 2 D6 2519
Ag 47 37 41 #8635
Sn 50 0410 0407 + 425 887
Po 82 + 508 » 505 049 +800

The sxperimentel results are also given 1o
Figs 1. All points are as designated except the low
voltage value for beryllium which is for 7C KV, It is
interesting to note ihat Sei:onland8 reperis a value
of @, indevendent of voltage Tor all metals studied,

9

Kovarik® finds en increase of ¢ with voltage up tc about

500 KV sfter which there is s decrease,
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Distribution of neflected mlectirens. ¥ork

upen the angular distributicn of p -rays reflectsd from
ditferent metals was done in the years Trom 190b to LY1O.
momillanleﬁ Greinacherll, and Schmidtlg did the most
importent work., They found that the angular distribution
of the emitted ravs followed Lambert’s cosine law of
radlation, The same law was found Independently while
investigating the orotlem reported on In this thesis,

In view of the fact, howsver, that nothing has been done
on the angular distribution of electrons emitted from
sclid surfaces beling bombarded with cathode rays, it

may nol be amiss to reporlt the work that has been done

using volteges from 12,500 toc 145,000,

In Piz. 2 are shown the results for three
dif ferent metals: (a) Tin, (b) Brass and {(¢) Aluminum,
Plottied as Lhe ordinate are Lhes vaslues ol the ratlocs of
the number of electirons emlitted in the sclid cone between
61 and 82, to the total number incldent on the surface,
It was found that the relation k sinf® & fitted the
experimental points very closely. MNore accurately,

k' (sin® 8, - gin® 6,) should be used but in all cases

ot

sin? 8; 1is small compared with the first term. This
law 1s the integreated form of the cogine law., This
may be interpreted to mean that the prcbability of
emigsion of the slement of surface excited by the im-

pinging electrons is the same for all directions. The
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cosine law of disirivbution applies egually well at
voltages as low as 12,500, Fig. 3 illustrates the

results for aluminum for the two voltages glven,

Dependence of Reflecilon on Enerev of Primary

Beam and on the State of the Surface, as stated before,

Schonland reported a constant value of totel emission
for his range of voltage (30-80 K.V.j The values glven
in Table I show that it is probably not a constant, but
decreases wlth Increass of voltage. However, the con-
dition of tne surface nmust be stated belore agreement

will be found between different observations,

Soile?d ) using electron velocities up to 400
volts found that a thorough out-gassing of the metal at
12007 C. greatly reduced the number of slow secondary
elsctrons emitted., Davisson and Germert?:15 also found
effects due to absorbed gases which were difficult to
eliminate except by heating the metal to a higzh temper-
ature for a considerable length of time., Also they
found that even under the besti vacuum, gas was absorbed
by the surface when the metal was cold., Simllar effects

are found here for high velocity elesctrons,

Flg., 4 will tend to illustrate, 4 plece of
brisghtly volished aluminum was placed in the apparatus,
and the first point taken at 1740 veltis. The pressurs
in the space where the sluminum was situated was 5x10™° m.m.
of Hg. Polnts were taken up to 112,000 volts, On

returning te 12,500 volts, instead of obtaining the
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previous value of ,225, the value ,181 was obtalned,
After bombaerding the meital for five minutes the value
increased to ,211., When the mercury pump was turned
of I the value went up to .223. (Pressure was 1.5x107%)
This furnished proof that at least some of the anomalcus
geffect at low voltages was due to gas. The points on
the curve (%) in Fig. 4 wers oblalned by relturning each
time from 100 K.V. and bombarding the surface as little
as possible. It is interesting to note, also, that
after the aluminum had been bombarded with 100 X.V.
electirons for a few minutes and then allowed to stand
for four nours, the polnt 2" and not the point =1

was obtalned., From this 1t appears that bombarding the
surface with relatively slow electréns causes it to
absorb gas in & high vacvum, while bombarding it with

high velocity electrons tends to sut-gas the surface.

Stehberger gives the following values for

aluminum for the total emission:

v ?o
2000 volts « 50
2000 .42

Since he does not mention heating the metal or using
stopping potentials, perhaps hls high values can be

partially attiributed to absorbed gases.

With beryllium, if primary voltages below

70,000 were used, the increase of % with time was very
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noticesble. This was true even when 2500 volts gtop-
ping potentisi waes applied. Wlth carbon the lowest
primary voltage which could be used without finding an
increase of ? with time was A0,000. ¥ith alumirnam thisg
phenomenon beger. at & still lower voltage. o such
vehavior was found for lead. It appesrs, then, that
abscrbed gases play & much more important rold for the
lighter elements at these primary voltages, than ror

1ne neavier elements,

The following peculiar behavior was also
noticed., A stopping notential of 100 volts would bring
the point “1" down to polnt “2+. If the stopping
potentiai were taken off, the point "1" wus nut obiainea
immediately. BSeversl minutes bombarding st 12,500 was
necessary before i¢ returned to its origina. value.

(See Fig. 4)

Velocity of wmlectrons mmitted by sSclid surfaces.

wagnerl® and otherst” have found that most of the electrons
coming from a solid surface being bombarded with 20 to 40
K.Ve elecirons have eéenerglies ,7 10 .8 tnat of the primary
beam. the following vabis will i1ilustrate the reliative
amounts of slow electrons present for wwo widely different
voliages, oSeveral polnts should be noted. (1) sSlow elzac=
trons emitted from tne suriace are very prominent for iow
prirary voltauges. (z) Very few siow electrons are emit-

ted when the primary voltage is nigh.
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TABLE TI1
Aluminom
Vn = 12,800 volts Vs = dtoppling Potentisl
Vg 91 92 Q
0 2090 172° 225
100 i “ 158G
B t =
188% n n igg
1400 " " 0149
vV, = 128,000
s
Vs 61 ez ?
o] 80°0 L5720 + 1290
50 " . .1285
1600 ; . .1280
¢ ] . Je
2800 u ’ o7e
27,000 i i , 0945

Then elther a high or low stopving potential
ig appliled to the electrons emitted by the surface, the
cosire distribution of intensities i1s still found. this
means that the slow electrons emitted alsc have a cosine
distribution. ‘the same distribution of secondary clec-

trons was found in the case of thin folls, (See PartiI)

More experimental work is needed to correlste
more closely the somewhat discomnected facts reported
here, It is planned to use a hot target which can be
heated to a high tempereture, BSeryllium will be espec-
ielly interesting to investigate; first, because it has
& high melting polrnt, and second, because absorbed gases

seem to play an Important role,
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