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The earliest attempts te investigate the nature of the atem
using en electron stream directed into a gas as the investligsting tool
woers the experiments of Lemard (1), who determined the total cross section
offered to an electron ’By the gas through which it was directed. Using
fast cathode rays, and photo-electrons, he covered the high velocity
glectron range. The results obtained, indicated that the molecular
eross section decrsased monotonically with increasing electron veloelity.
Later work of Lenard and others (2) showed that the molecular cross section
for ‘ast slectrons was proportional to the sum of the atomic numbers of
the atoms in the molecule. During the same period, the experiments of
Bragg and Moseley were leying the foundatinn for the modern view of the
constitution of the atom. The conception develaoped slowly, culminsping
in the model advanced by Behr (3), & very useful snd reasonably sccurate
plocture, which has been merely slightly modified conceptually by the newer
quantum mechanics.

Using the Bohr picturs of the atom, Bragg's and Lenard's ex~
periments show that fast particles penetrate the atom, and suffer defiection
only when their path happens to approach the nucleus ¢losely. This view
had been developed mathematically by Rutherford in 1911 (4) and an ex-
pression obtained for the fraction of the incident beam scattered at any
definite angle from its original path. ¥or molecules, evidently, the
gcattering of fast particles could roughly be consldered as the swm of
that due to the separate stoms constituting the molecule.

In between the time of Lenard and the advemt of the Bohr theory,

a2 nunber of investigators worked on the variation of molecular cross
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gsection with electron velocity, and with the nature of the gas. The next
notable advance was made when Ramsaver (5) discovered that, for the neble
gases, (and later for others) the molecular cross section with decreasing
incident sleetron velocity went through s maxinum and decreased again.
Later investigations extending the results showed a rise again at lower
velocities, which seemed monotonie. The principsl experimenters on this
phase of the subject ware Beuthe, Brode, Brése, Briicke, Mayer, Wormand,
Palmer, and Rameauer. A paper by Brose and Ssayman (6) gives 2 good bib-
liography of the work done on the suvbject up to that time. ZLater work
has been in the direction of oxteonsion to lower clectron velocities, and
a greater number of gasea. Theoretically the subjeet was investigated
by Zwicky (7) in a2 series of papers discussing the effects which might

be expected when an electron beam is sent into a gas, from the clasaical
standpoint and on the older guantur theory, obtaining a good qualitative
explanation of the Ramsauer effect. Later theoretical investigations have
used the newer guantum theory and will be mentioned later.

The experiments of Lenard and later workers, and of Ramsauer and
his contemporaries detormine the total molecular cwees section. This is an
index of the proportion of the total beam of electrons which leaves it
due to any csuse while it traverses the length of the apparatus. When
& beam of eleotpons of a definite mean veloecity is directed into a gas,
measurements may be made of the effects produced on the gas molecules,
or on the electrons of the beam. The latter may suffer change of energy
or change of momentun, or both. In Remsauer's type of apparatus either
of these effects cause the elegtron to leave the beam, whereas in Mayer's,

the latter alone does s0.



Chanze of the slectron's enargy can be determined by magnetic
lor electrostatic analysis of weloeitiaes, or by retarding potemtial curves.
However, no complete analysis of the phenomens occurring upon impact is
possidble without considering both energy and momentum changes of the
parties to the impact. Since the mass.of ths clectron ias so much less
than that of the atom, 1t is sufficient to considsr the deviation of the
electron from its original path.

The first effort to detemmine the change of momentum of the
incident electron in geses was that of Dymond (8) in 1926. The apvaratus
deternined the intensity of scattered current at angles up to 90° from
the original path. His curves showed maxima which were later found to
be spurious (9). A number of other investigators entersd the field, and
studied various gases for various electron velocities (10). In gemeral
the following results were obtained: monotonic decrsase of scattered
current with increase of scattering angle, which did not follow Ruther-
ford's law for inverse mauare scattering but fell off usuvally more slowly;
scattering would temd to concé}rate at small angles with increase in the
initial electron velocity; an elcetron scattered with less of energy
would be less apt to be secattered threugh 2 large angle than ome scattered
without loss of energy. Hgwever, sufficient technique was not developed
to enable them to carry their measuxemeﬁts out to the larger angles, a
deviation of 90° being the greatest measured, and the results usually
beinz of the order of experimental error when that angle was reached.

Both MclMillen's and Arnot's work gave indications of non-mono-

tonic relationships between intensity of scattering and angle of scattering.



Agcordingly both workers set up investigations to determine this more
accurately and at larger angles. Also Peargon at this institution attacked
the problem. The first publicationsof these more accurate results was

by Arnot (11) and Bullard and Massey (12), bothéat Cambridge. They have
been followsd by a number ei‘yavgié;u;a;;:;;&;g; . 6211 of these investigators
find definite maxima and minima in their reosults, somewhat similar to those
shewn in the diffraction of light by & medium consisting of a random
digtribution of spheres. The analogy 1s qualitatively explaipable in temms
of the new quantum theory, for to a slow electron of a definite velooity

may be asoribed a wavelength A = h_ s and & wave treatment apnlied,

v
whence one might expect diffraction effects. The pheonomenon is not quite
so simple though. A large a:hount of work has been dene on the theoretical
approach to the problem.
The classical treatment is due to Rutherford (4). Treating
the gcattering as due to an inverse sguare f£ield of force, he obtains the
classic formla

2
fra._c,f“. .SCA."f_“crea( :-(l;_. :('}’;‘/Vj:_ /Z: csc¥ (1@)

which s ecas !/)/ redvced (o £l Sca e r:'/—-,] ‘2 Gas es.
Rutherford's expression is deduced for a repulsive feorce, but the same

result is obtained if the case is similarly treated for an attractive
force.

Since it is evident that an inverse square force is merely an
approximation to the field of the atom, further work has becn done. On
the basis of quantur mechanics, Rutherford's expression has beon obtained

by Wentzel (14) and others (15) both with anvroximations, and rigercusly,



for a coulomd field. A treatment due to Mott (16) taking account of the
shielding of the nucleus by the electron atmosphere applies a correction,
glving the expression

Ef(@)] e = z%_[ﬂ —F(eﬂ csct g

~(e)=s5brvc Eore facéoy-
Another correction for shielding is given by Sommerfeld (17), who con-

siders all the shielding electrons to be in the K shell, and obtains

fe) = ﬂ—>1 :
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The most important treatment using simplified assumptions has been that
of Born (18), considering the incident electron beam 83 & plane wave,

and the scattered current as small spherically symmetrical wavelete
superimposed en this by the presence and effeet of the scattering center
(which, as shown by Mott, is equivalent to using Huygens' principlé to
determine the scattered intensity of DeBroglic waves due to a statie
force field). His result may be obtained by transforming the Schrodinger
aifferential equation,V W +KYW = kz%}[ » by the use of Green's
funetion into the integral equation

T,[ Atk 2 Tkl o my
3 e -+ V( ¢ e ~—
/7L T’) /; \7\:1/ :Q(r‘)dyl

giving the asgmptotic expression for |
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in which the second term represents the scattered wave. Born's approz-

imation of undistorded incident wave gives wus

—~—

Y(Tl) — AeikrTo-—r-l

and therefore

_ 2 . P g —
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for the rapio of the scattered current to the incident main beam.

The limits of validity of Born's formula have been considered by Kott (19)
and by ¥6lier (20). The principel faulty assumptions in Born's ¢reat-
ment are neglect ¢f the effect of electron exchange, and of the effect

of the distortion of the stomic field by the advaneing electron, as

woll as the distortion of the clectron wave by the atom. The close

cheek of the Bovwa expression with experiment over a wide range of values
has recently beenafx;é:{y Masgey and hohr (21) =% b=ives due to the fact
that the two effects work in opuwosite di.reeﬁions except at very siow
velocities. (See also reference 57).

Oppenheimer (22) first pointed out the necessity of considering
electron exchange, and gave & general treatment of 1ts effeets. Later
the theory developed by him was applied t0 particular cases by liassey
and Mohr (23) with some jualitative success. The effeet hap also been
treated by Feenberg (24).

The distortion of the atuomic fleld by the electron has been

treated by Faxen and Holtsmark (25), and by Holtsmark (26). Distortion
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corresponds to an excitatlon of all the eigenfunctions of the atom during
the scattering. If a particular eigenfunction is excited permanently the
collision is inelastic, with loss of energy by the scattered electron,
Therefore only those eigenstates may be excited pprmanently which gorres-
pend to excitation energy less than that of the incident electron., The
process becomes more complex and will not be considered. Faxen and
Holtsmark considerad the distortion of a spherically symmetricel field.
Holtsmark ebtained results for argon (27) and krypton (28) from which with
quite & bit of labor in computation may be obteined the angular scattering.

Holtsmark's treatment built out of eigenfunctions, a solution
that reduced to a plane wave at infinity. Recently Allis and Morse (29)
amd. Sormerfeld(30) have used the same method of treatment end extended
it, obtaining good agreement with experiment. Iately Massey and Mohr (31)
and McDougall (31) have published the first of some articles treating the
subject taking into account both distortion and electron exchaenge., The
check with experiment is more satisfactary than previous $reatments. The
application of the Thomas-Fermi statistics has been done by Mitchell (32)
and Bullard and Massey (33). The results differ little frow the Rutherford
forrula., Ofther $reatments of various facters concerned and miner problems
connected with the theory are given in references under (34). The subject
calls for further theoretical treatment.

The treatments of the problem, of necessity start frowm an assumed
atomic model, and calculate the scattered intensity and its dependence on
anzle. The inverse probleu, {of starting from the observed scattering,
and determining thse force field of the atom, which would cause such

scattering) is amenable t0 treatment in the case where the scattering



shows itself to be a function of v sin gb where v sctands for the veloclty
of the incident elesctron. %uis functional depsndence of the scattering
on vslocity and ancgls is approximately fulfilled in many cases, anl is
indicated theoretically in the Born tvestment. The obtaining of the force
fisld of the scatterer is carried ouwt in Ap. endimx II.

Langmudr (10) hus given the emniricel formula which agrees well

with the scailerin: meaguroments ob low anrles (€ = éOQ) of scettering

Y
I =K G}M(b/‘:@)

At angles of core than sixty degreess this dromns off tou fast.

1014Y CROSS SUCTION is the valu~ of the cross scction of = sphere wiich
would classically defleet (or cause to lucve the beam) the same
naber of elsctrons as in the wemn sre obssrved to leave it through

atomlc seattering. It is defined by

A = «u-111dx

oy TR

Ise

it

whenee E

Here W 1u the numbey of molecules ver wnit volume, x the distance
traveled, and I the electron curvent at any point. Bometimes in

vlace of Ho there is usel the coefficient o or (v, the definitions

. © s : : o s i
ception., & simple galerlation shows this is equal te 5.
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Ramsauer expressee results in terms of EL. . Nf(since Nl is de-

N ‘
fined as the number of molecules in 1 cc. of the gas at 0°C. and
1 mm pressure) thus measures the area which one cc of the gas at

1 mm pressure and 0°C. presents to the electron.

SCATTERING FUNCTION is the ratio of the gurrent scattered at a definite
angle © with the main beam t¢ the total scattered current. It may
be ezprossed's.n two wayss the scattoring per unit angle; or the
soattewing por unit solid angle. The former may be defined as the
fraction of the total scattered current passing through the sur-
face of a sphere (surrounding the gscaptering cemter) of a definite
angular width, at an angle 0 to the main beam. The latter may be
defined as the fractisn of the total scattered current which passes
through a definite fraction of the surface of the above sphere,
the area considered being that part of the surface of the sphere
which is intersected by a radiuvs at an angle 6 to the main beam.
Evidently the second is obtained from the first by multiplication

by 2 constant times 8in © .

ELASTIC IMPACT is am impact in which the impacting electron loses a
nezligible amount of emergy (f.e. small compared {0 the lowest
resonance potential of the atom impacted) An inelastic impact
will mean an impact in which the loss of energy is of the order
of or greater than the lowest resonsnce potential. Due to the low
rosolution of electron veloclty which results from use of a re-~
tarding potential, short Faraday cages, and 2 3 to 6 volt drop
across the filament, only elestic scattering was measured in the

present work.
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Apparetus

The general spparatus used in this fiecld consists of a source,
collimating slits, & collector with collimating slits for the scatiered
current, and a means of determining the main beam value. Ascording to
the experimentor, the source of electrons or the collector is rotatedy
algo the means of measuring the main beam may be a collector or the sides
of the scattering chambder. Ramsauer and Eollath collect the scattered
current on cilreular segments symnetrical about the main beam. Jones
and Whiddingten {35) in investigating energy losses of electrons in
He have used photographic film to record beam intensity, instead of &
Faraday cage. The results were not successful, as & number of losses
kmown t0 occur did not show on the film. Whiddington and 'faylor (36)
and Weidner (37) discuss the action of slow eleatrons on photographic
films. However, it may be concluded that this method of detecting the
main been is not satisfactory. The velocity analysis has been accom-
plished by retarding potentials usually. Dymond (19‘? and Jones and
Whiddington used electromagnetic analysis. Mcdillen used electrostatiec
enalyeis, with a eylindrical first power field, obtaining refeocusing of
the electrons of ome velocity at the second slit. With the arrangement

most used, the scattering volume varies with —34. . Therefore results

sin 8
are mltiplied by sin @ to get the scattering per unit solid angle, and
again by sin @ to get the scattering per unit angle.
In order to interpret the experimental results with any degree
of certainty, it is necessary to have the distance traveled by the electron

and the gas pressure chosen such that only single scattering occurs. In
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all the present worlk, this has been done. A criterion for single scattering
is given by Wentzel (38) which cen be adapted to the case of scattering

in gases, but here single scattering was obtained by choosing the gas
pressure such that the electron mean free path was oﬁe and a half or

more times the dimensions of the apparatus.

The apparatus nsed in the present investigation has been de-~
scribed by Pearson (thesis, C.I,T. 1930) and Arnquist and Pearson (15).
Therefore it will suffice t0 give a brief resume, and an account of the
changes which have been incorporated into it.

The source of electrons was an eight mil tungeten filament,
heated with AC stepped down from the 110 volt line. At first the fila-
ment was twisted tightly about its supperts. However, a tendency to bend
out of line with the slits was found and so in the major part of the work
the filsment was spot welded $o its supports, which were leads (uickel
io tungsten) through a pyrex stopper with a ground joint set in a glass
tube slightly eff eenter. By rotating the stopper and the tube, the
filament could be centered copposite the slits. The alignment was done
visually, looking through the two sets of spllimating slits from the side
of the main beam collector. The electrons were acéelerated to an ae~
calerating grid of nickel gauze bent so as to focus the beam on the slits,
after its passage through the grid.

The scattering chamber 1tself was five inches in diameter, and
of brass to eliminate ecloctrostatic flelds in its interior. lHagnetic
fields were taken care of by horizontal and vertical Helwholz eoils,
gupplied current from storage batteries. The shape of the main beam
could be determined by varylng the vertical field and thus swinging the

beam across the slits.
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The current in the main beem was measured by a Faraday cags
behind collimeting slits, end directly oppesite the source. This was
insulated from the chamber with redmanol. In order to ocollesct only el-
astically scattered electrons, a retarding potential was applied either to
this cage, or to a mesh grid placed in front of the cage, the cage being
at the same potentizl as the seattering chambaer. Znergy distribution
curves for the two cases are shown in Fig. 35 . The difference is due
to the reflection of slectrons from the Faraday ecags, due to surface
fllms of impuritiea, and to the small size of the cage, whic;lrii:;,go:mt
talke place when ths cage was at a high positive potential with respect
to the retarding grid.

The scattered current was measured by a rotating collector
shown as O3 in Fig. 1. The colliector wag insulated by quartz from its
sup:ort, and the lead to it was brought out through the axis of rotation.
A contimual haphazard current %o the collector was traccd to the portiom
of quartz tube in alr, which was hygroscopic and absorbed enough moisture
to allow variable currents large enough to be measursd by the elecirometer.
When coated with ceresin, this disappeared.

In the work with mercury vapor, the rotating collector was
mersly held at the avpropriate retarding potentizl. With nitrogsn, the
number of positive ions was sufficient to make 1t necessary to include
as extra slit (G; in Fig. 1) which could be maintsined at an independent
potential to sweep them away. This alse could be uvsed to prevent refleotion
of electrons from the colleetor. With this addition, durlicable resvits
were obtainadle.

The mein beem was measured by a galvanometer ef sensitivity

8 x 1079 amp/em deflection, and was of the order of a microamp or less.



The scattered current was measured by a Dolezalek electrometer, medified
to increase its sensitivity (39). The simplest end most accurate method
of measuring the scattered current was t0 use the elestrometer in a

mll eireuit. Inasmuch as it was several feet from the apoaratus with

a shielded lead between the two, its capacity was large. Also, it was
desired to be able to read currents ¢f different orders of magnitude,
whence the voltage deflection method was inconvenient. Accordingly one
pair of quadrants were shunted by & large resistance (shown in Fig. 1)
the other palr belng brought to the desired potential by an Ayerton shunt
across & sovrce of potential. Several different types of resistance
were used, India ink lines on peper boiled in paraffin were found to
develop contact potentlals, and took several wmouths to come to a steady
valuve of resiatance. Further it would be just & matter of chance, in
making up a group of sueh rvesistors, that one would be of the right order
of magnitude. Alcohol and xylol mixture resistors were tried, but were
pot steady, varying in résistance continuslly with time., Graphite on
redmenocl, between two contacts was glso variabls. The most suscessful
material was 2 corpressed rod of carbon obtainsd from R.C. Burtls
laboratories {(used there as the base for the K O perfume burning stick,
but here used as rod only). One was obtained, constant to less than

one per cent with respect to voltage aeross its terminals in the range
from thfthty volts to one one hundredth volt, and to ome tenth of & peor-
cent with respect to time, with a resistance of 1 x 1011 olm. This was
ueed in the work on nitrogen. In addition, another resistance {(an india
ink line or paper boiled in paraffin under & vacuum, wes used to measure

the larger currents when necessary.
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(Since, there has been put on the market by the S. 3. White
Dental Supprly Co. resistors of a vulcanigzed, nonehysroscepice, homogencous
material, which seem from reports, to be even more satisfactory, and are
supplied up to 5 x 102 ohm. )

As the sensitivity of the elecirometer could be raised teo
1000 zm/volt, it was possible to measure scattered ecurvents down to the
order of 10"'14 amps. The insulation resistance of the lead to the collector
was sufficient to make corrections unnecessary. 7The eleetrical connoctions
are shown in Fig. 2. The accelerating and retarding potentials were
obtained from a D0 motor generator set, capable of delivering two in-
déﬁendént potentials.

Evacuation of the apparatus was accomplished by two stages of
mercury pumps, backed by an oil pump. Metal to metal joints, ani glass
to metal joints, wers sealed with picein wax. It was a medzal apraratus,
and under good conditions, it could be operated at a pressure of 10"6 cm.
with the pumps going, and would hold & vacumm of the order of 1079 en.
for a day or two. It could not be baked out, as the chamber was of
brass, but after prolonged pumping, and slectron bombardmneat, the vacumm
conditions were good. In the work with mercury, the pumps were contine
ually going, and the pressure was determined by kecping liquid air trap
(which contained some mercury) at 0°C. by a mixture of ice and water,
thoroughly agitated, This determined the pressure of the mercury vapor
in the epparatus as 1.8 x 107% m. (Int. Crit. Tables). The other side
of the chamber was connected to the Mcleod gavge through a liguid air trap,
by 2 long narrow glass tube, and so had little effeect on the pressure

of the mersury. For nitrogen the narrow tube was removed, the iigquid air



trap placed close to the chamber, and a large tube connected the chamber

to the gc‘becd gauge. Thus the gauge would read more accurately the pressure
in the chamber when the constant flow method was used. Since the pressures
ussd were such that the scattering is a linear fumection of the pressure,

and only relative results can be obtained, the acourate knowledge of the
absolute pressure was not necessary, as long 28 it could be retained con-

stant throughout a rum.

Experimental Erocedure

The filament was aligned opposite the slits visually, and was
found to require realignment several times before the main beam would be
symmetrical in its shape, as determined by moving it across the main
beam collector magnetically. The alignment, of course, was done at
atmospheric pressure and then the apparatus pumped out till vacuwn con-

before delevnisrrag *bs shope of the bea o,
ditions were good again, The life of a filament would bs sufficient to
obtain several runs if conditions were gaed.. Ho difference was noted
in curves obtained with different filaments when lined up properly.

Having obtained a centrally aligned filament, and good vacuum
conditiong, the receiving slits and Faraday cages were bombarded with
electrons, the beam being moved back and forth magnetically, with the
pumps going. This alded in the outgassing of the apparatus, and with
several hours more pumping, the scattering in vacwmmm would be negligible
at angles of more than ten degrees to the beam.

Before taking a run, several hours were allowed for the gas to
come into and stay zt, a pressure equilibrium. During the latter part of

this, the filament would be burning, as otherwise changes would occur
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in the pressure on lighting the filament, presumably due to driving out
of absorbed gzses, and & "getter' effect.

With the gas at the proper pressure, the retarding potential
to use was determined by a velocity amalysis of the main beam. 4 typical
curve is shown in Fig. 3. The retarding potential used wes always the
highest voltage Just before the drop off. (In the figure the retarding
potential used would be 240 wolts).

The amount of cwrrent collected increeses quite steadily and
gradually with deerease of retarding potential, down to 10 volts, at
which voltage slow speed secondaries begin to be collected. One importe
ant feature of the dlagram is the absence of a depression in the curve
at retarding potentials intermediate between zero and the electron velocity.
Such a depression would be due to reflection of electrens from the collector,
and has been found in the present apparatus when the collector 2lone 4s
used; i1t has been overcome by the use of the auxiliary grid.

The scattering measurements were dome as follows. The center
of the main beam would be adjusted on the main beam collimating slitse
(maxirum current then went to the galvanometer). The reotating collsctor
would be set at the angle desired and resadings of both currents taken.
Simultaneous readings were taken when possible. Otherwise the readings
were taken twice snd accepted if they agrecd to a few pepcent. Then the
retagding potential was increaged to an amount such that only positives
wore being received, and the readings taken. The differences of the two
readings of the current from the scattered current collector would glve
the scattered current. In mercury, the positives were small in nuwber
compared to the electrons. In nitrogen, the positive current was quite

large.
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The angular setting of the collector could be done with an
sccuracy of approximately a degree. The pointer setting, of course, would
be accurate, and the backlask was small. The possible error lay in
the centering of the 0° - 180° line of the scale with the direction of
the main beam. This was done visually, and checked by scattering measure~

ments at positive and negative angles.

The results obtained for the scattering in mercury are shown
in Mgs. 4o — 4, The ordinste is % £(9) which is the ratio of the
scattered current scattered by a fixed ¥olume of the gas, to the main
beam current. The work on mercury was undertaken as & check on the
previous work done here on mercury. It will be seen that the intensity
of the scattered current decreases montonically with the increase of the
angle of scattering, exzcept for a sixigle maximum, and its attendant mini~-
muy, in each case. The angular positions of the maxime and minima vary
with the velocity of ihe elegtrons. Only the positicen of the minims was
consistent, and duplicable. Fig. S gives the relation between the
position of the minima and the electron velooity. The results of Pearson
and Arnquist are alsc shown on the figure for comparigon. The general
tendency is a decreasea of the angle at which the minimum ogcurs, with
ineérease of electron velocity. Arnquist's results closely approximate
a cot @ relationship. This is approximeted by the present resulis, but
not $0 closely. There is no theoretical reason for such a relationship
at present kmown. A4n increase in the prominence of the maximum with

increase in velocity of impacting eleetron, up to twe hundred volts is
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apparent. Tate and Palmer (13) noticed just lately the same behavior.
The fact may be explained as partly due to the decrease in the relative
scattering at large angles as compared to that at smaller angles, which
ocours with increase of velocity.

l Pearson and Arnquist have shown that with this apparatus, the
fraction of the total scattered current per unit solid angle in the direction
@ is given by

I Sie &
(6) = K ==
for-ngr =2

where I = scattered current (measured dy electrometer)
I = main besm otrrent (messured by galvanometer)
and K is a oorrection fasctor including constants of the apparatug,

absorption coefficient, slit scattering, ete.

Aecordingly for the scattering per uwnit solid angle, there is

plotted in arbltrary units

__L_ - Ie Sirn &
p fce) —IT ==

and to obtain the scattering wer wnit angle, the results are to be multi-~
pliéd by 8in 8. If K is known, the total absorption coefficient of the

gas for slectrons of the definite veloeity could be determined by inte-
gration of the latter curves. However, the scsttering at the smaller angles
is so much more than that at the angles this apparatus was built to
maasure, and which were desired, that the sxtrapolatien to zero degree

upto 180 dagree scaﬁtering is not possible. Besides, relative results

are all that can be obtained with the apparatus, and the value of K
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could not be determined. It was found that though the ue of KAwould
change from day to day, the form of the curves would remain quite ressonably
constant. This was also Arnquist's experience in his work.

Below 100 volis, electron velocity, the gurrent received by the
collectors decame too small for satisfactory measurements. This 14 due
to several causes, particularly to slit scattering which increases con-
siderably for small velocities, to the greater effect of slight irregular-
ities in adjustwent, etec.

Inasmuch as the agreement of theoreticel trestments .with 8%~
veriments is better at smr=ll angles, a couple of runs were taken for
small angle scattering for 125 volt electrons. The results are shown
in Fig. b . For purnoses of comparison there are plotted also the
relatiouships which woulé be expected on the basis of varicus theoretical
treatments. Tho ourves sre fitted at five degrees. It will be seen
that the hutherford treatiient gives too smmall & seattering at the larger
apgles. Aleo it bas the theoretical disadvantege of giving infinite scatter-
ing at zero degrecs, and of not ellewing for screening of the nucleus by
the planetary electrons. The Bullerd end Massey treatment, using the
Thomas-¥erml force field end Born's epproximate scattering formuls, gives
too great a scattering at large angles. Tae Sommerfeld fermula, (not
pictures) gives even less oi a degrease of scattering as angls of scatter~
ing increases. This 16 to be expected, for in the Sommerfeld model all
the outNer electrons are supposed o te in the X shell, giving an ex-
ceptionally well shielded nucleus. The Thomas~Ferwd field lies in betweesn

the Sommerfeld and Rutherford pictures.
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The Lengmuir empirical 4expression gives a good agreement for
angles of twenty five degrees or less. It will be seen that the expression
developed by the anthor in Appendix JL gives on evem closer spproximation.
This would indicate the possibility of the atomie force fisld given by
the expression developed there as an approximation to thz actual force

fleld scen by the epproaching electron.

Eltrozen

The results obtained in the scatteriag in nétrogen ave showmn in
Ples. /o - 7} . As before LK f(e)  is plotted giving the acattering per
wnlt solid amgle. To cbtain the scattering per unli angle at any angle,
the results given bhave merely to be multiplied by sin 8. In all eases
there is a monotonic decrease of scattered intensity with imerease of
scattering angle up to approximately ninety degrees. At the lower velocities,
there occurs & minimm, and an increase of scattering at the angles
of scattering larger than the angle of the minimum. As the vslocity
of the impacting electron increases, this minimum moves to greater angles,
and the subsequent rise is not so great. Ay the high velocities (more
than 350 volts) the minimum is no longer present in the range of angles
observadble. This is in aacordance with ths general fact that increase
of eleectron velocity causes the scattering to become more nearly like
nueleer scattering. The variation of the angle at which the minimom
occurs ag affscted by the velocity of the electron is shown in Fig. g .
It 4s seen that the trend 1s in the opposite direction from that shown
in the results on mercury.

The electron velocity range studied has been that between
one mmdred and four hundred folis in steps to cover the Fange. At
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these velocities, the electron is moving with sufficlent velocity to be

out of the velocity range in which the hemsauer effect becomes jmportant,
and thersfore the interaction terms in the theoretvical treatment de not
become overwhelmingly importent as would be the case at the lower velocities.
However, the experimental results show that the Born approximation is not

a valid one below four hundred volts veloecity. Since in gemeral it 1s found
that the Born epproximation is not vaiid for seattering in mercury below
eight hwndred volis, we have a confirm:tion of the fact that the spprox-
imation is better for atoms of smaller atomic nwmber, and for higher
electron velocities. _

Arnot (13) has found the seme type of behavier in the diatomie
gages which he has stuiled as is shown by the scattering iu nitrogen
o'btaina& in the present work. 7he theorstical t'reatments are not suffic-
iently complete to allow an explanation régorously. However, Arnot, in
his psper, mentions thot Bullawxd and Massey have mads an wnpublished
calenlation of the resulis to be expected in nitrogen, and that they
egree well with his resulis. Arnot's results show the same type of
behavior as found in the present work, and the sgreement would seem to
be quite zoed. He has only one curve {one set of readings, as apparently
he did not check his work) in the range stulied here, that belng for
two hundred and five volt elestrons.

By use of the calculations which illis and ¥orse (29) have
made, using e sinplified atomic medel, {originally used by Mensing, in
en wnsatisfactory theoretical treatment of total absorption coefficient)
it §s possible to obtain certain qualitative conclusiens ccneerning the

scattering in the present case. The Allis and lMorse freatment is quite
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safllf&ctery for this. {n particular it is pessible to show that the
cbserved change of the position of the minimwn eut to larger angles, with
increase of electron velocity is what should be expected. For the case
of mercury, the effect of distortion, and exchange of electrons enters

to a larger degree and accordingly such a prediction can not be made.

In nitrogen the scattering is done both by nitrogen molecules
and by nitrogen atems. Also, undoubtedly, there is present, lonized
nitrogen in molecular and atomic form. Friedlander, Ksllman, Lasareff,
anl Rosen (42) have found by a someshat doubtful means of distinguishing
between E*, and K+, that there exist no doubly ionized molecules in
nitrogen suffering impact from slow electroms. It seems probable that
doubly ifonized molecules, if they exlst, have 2 very short mean life-
time. However, under any circumstances, the results obtained in nitrogen
must be considered as a mixture of results due to different constituents
of the scattering medium.

Meagurements were attempted on hydrogen, but the gas pressure
would continually decrease during the cowrse of a run. | Fo consistent
results could be obtained. This disappearance of hyirogen under such
conditions has been obaervafi before; the mgst regent discussion of it is
by Kunsman and Nelson (43), who give other vreferences. They state it
probably eccurs at the het glass surface, and may be a progess of come
bination with exygen to form water.

Oxygen was tried also, but its effect on the filament (positive
ion bombardment, and oxidation) was gquite destructive, and considerable
diffioculty wes encountersd in obtaining a filament which would last
through the preliminary processes, necessary to be gone through before
taking a ruh. Accordingly attention was turned t9 nitrogen.



Discussion of Factora Iatroducine Possible Errors
in the Scatterins Measursments

1. Stray ficlds--glectrogtatic or magnetig.

The magnetic fields in the region of the apparatus are com-~
ponsated for by adjuasting the current through the Helmholtz coils #0 as
to center the beam, The error involved is negligible. Eleectrostatic
fields are eliminated because the apparatus is madé of brass. The atray
field which might penetrate the scattering chamber through the collimating
slits is negligible.

2. Besplying power and siit width.

Pearson has shown that the error in angle of scattering dus to
width of slits in this apparatus is such that 90% of the scattered current
has besn scattered through an sngle of 8 ® 1.6°, where © is the ansular
gotting of the collector.

The error due to the vertlcal length of the vlits, he has shown

© ® ° ‘M‘e
for 30° causes a 46 = 1.9", decreasing at @ = 90" t0 0",

3. Spread of elegtron velocity and inelagtic collislons.

There is approximately a 3 volt spread on other side of the
mean velocity of the beam. This causes an inhomogeneity in the beam, but
due to the method of choosing the retarding potential, inelastically
asgattered electrons are not collected. The scattering measured is the
mean of the scattering curves for electrons of velocity V¥ 3 volts.

The change in the scattering for such small velocity changes is well
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within other experimental error. The collection of inelastically scattered
electrons would be a definite cause of error. The ionization potential

of nitrogen is approximetely 16.5 volts (40) ut the average loss of |
energy of the impacting electrons per ionization in nitrogen is 27.9 volts
(41). The difference is dwe to the random cblusiena of the electrons
which have end have not made iomigzing collisions (41), Renninger (18),
resulting in exscitation of the further impacted atoms. The scattering of
inelastieally scattered elestrons is quite different in character from
that of elastically seétterad, aud the above indicates that with 2 re-
tarding potential of 10-15 velts less than the velocity of the bean,

inelastically scettersd electrons are not collected.

4,  Fogusing effect.

Since the value of the main beam curremt is read, =nd the
scattered gurrent collected comes onmly from this pert of the beem, as
insured by the collimating slits, the foevsing effect introduces neg-
ligible error. In other spparatus, in which the measurement of the main
beam current were mede by collecting it on the walls of the chember, the

effect would have to be congidered.,

S. Eositive jons.

In mercury these are negligible. In nitrogen, they may cause
conaidemblec,: rM}imwevmr, the positive ion current was always subtracted
from the electron current. The error involved will be thet due to the
difference in the‘ nusber of positive ions collected at colleetar potentials

of say 15 volts below the beeam velocity, and 30 volts ebove, Since ths



beam velocity was in the range of one %0 four hundred volts, we may
agsvme & small error. However, this ia undovbtedly the main sowce of

error in the nitrogen scattering measurememts.

6. Badlal field about the beem.

Arnet (10) (both references) has shown the presence of a radial
field about the beam produced dy the plasma of positive ions and sleotrons
in the space through which the deam is passing. This results in an acceler-
ation toward the center of the beam, introducing an error in the apparent
angle of scattering. To determine ths error, ons needs to lmow the
potential difference between the beam and wslls of the acattering chambey.
However, from Armot's data, the error inm our apparatus should be no more

than a degree or two.

7. Eresenge of ether zases.

In the mcasurements on mercury, forsign gases are negligible,
their pressure being less then one percent of that of the merénrx. In
ths méasurements on nitregen, both constant flew and statle pressure
methods were tried. Im either there is the possibdility of a2 few per cent
of oxygen or carbon dioxide, The error introduced is less. than other
errors, so it was not considered necessary to attempt strict purification

of the gné. All vapors were removed dy the liquid air traps.

8. Eressure deteminetion.

In mercury the pressure was determined by the temperature of

the mercury. Im nitrogen the absolute pressure was not directly ebtainsble,



when the constant flow method was used (this method gave the purest

gas in the chamber). However, the reading of the gauge was proportional
to the pressure in the range used, and the large size of the comnecting
tube between the chamber end the gauge caused the reading to be in the
proper order of magnitude. 4 check on this ia indicated later under
"focusing effect®. In any caze, absolute knowledge of the pressure was
aot important, as the factor expressing the proportionality could bse

absorted in the X of the eguation for the scattering.

9. Beflegtien.

An error eptering theough the reflection of the electrons from
the collector and the consequent subtraction of those electrons from the
meagured current was compensated for by the introduction of the retarding
grid for the main beem, and the retarding slit for the rotating collector.
The actual receiver would then bé at a positive potential with respect
$0 the retarding field., The grid was found more successful than the
glit, The chanece of receiving electirons reflected from the walls of the
chamber wus small due te the good collimation. It was further reduced
by roughening the walls through the introduction ¢f a copper screen placed
next to the walls.

g on the Fogusing Effeck

This was more pronounced in mercury than in nitrogen. In both
the effects were similar. In vacuum, the beam would be broad end not '
gharply defived, due to the spreadinz caused by the mutual repulsion of

the electrons. With inereass of gas pressure, the beam would narrew
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down, and become more intense. An example of such behavior is given in
Figh. 7 . The change of shape with increase of pressure is seen to be
a concentration within a narrower range, of the current which before was
spread out. In mersoury the maximum intensity in gas could be as much
as five or six times that in mm Fig. /O shows the relationship of
the half width of the beam to pressure in a typical case in nitrogen.

It is seen that here the half width remains constant after a definite
pregsure is reached.

The phenomencn depends on the intensity of the beam, the
veloclty of the electrons, the pressure and nature of the gas. Some
evidence was found that for a definite gas pressure and electron velocity,
the focusing would increase very slowly up to a certain value of main
beam current, and then rise rapidly, almest as if focusing had set in at
a definite threshbld valuec of the currsut in the heam. In general, for
one definite gas pressure, &nd value of main deam current, there would
be a small range of electron veloelity in which the foousing was more
pronounced than for other velocities. Fig. /0 ghows the gemeral relation-
ship between the value of the maximun current {intercepted out ef the
main beam by the alits, as the beam is moved across them) and the pressure
of the gas. The straight line portion gives the decrease of maximum
intensity with increase of pressure which is due to the increase of
the number of scattering centers in the path of the beam. From the slope
of the straicht line portion, and the intercept on the axis of ordinates
of this portion extended, 1t ig possible to obtain the abaorpbien co-
efficient of the gas to elactrons of the given veloeity, if one kuows

the pressure of the gas. Assuning the zas pressure to be that shown on
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the McLeod gauge, we obtain a value of the absorption coefficient of 15.5,
whereas Robinson {47) obtaine the value 13.0 for two hunired volt electrons
in nitrogen. The agreement is excellent, considering the spread of his
individual results, the method of measwring pressure here, and the fast thot
the absorption coefficient in nitrogen changes from 3.9 to 15.1 in the
range of velocities of 660 to 165 volts. Referring ag‘::n to Plg. ¢

is seen that the straight line portion does not continue to zero pressure,
but suffers a drop off at low pressures. This is due to the lack of
focussing effegt at these low pressures, and the consequent spreading

of the beam, which decreases the beam density, and therefere alse the
maximum value of the current which can be read.

The focussing effect has been noticed by others. In cathode
ray oscillegraph tubes, it has been taken advantage of to sharpen the
beam. Also it explains why an electron deam bent magnetically will
remain a sharp beam. Seyfarth (48) has eontributed ene paragraph
to a previous article by Voges (49) in which it is stated that the im-
portant factors in determining the shape of a beam are the space charge
determining factors, not the defining slits. Brighe has done a little
work on similar lines, .an,d & reference is given in the article by Veges.
The explanation effered, in general, is that in the beam there exlats a
plasma of positive ions resulting from impacts, and electrons from the
beam and from impacts, which greates a radial field about the beam tending
to draw the electrons toward the center of the beam. This has been
dlscussed by Ranzi (44) (in a paper mot obtained). The work by Arnot (34)
has treated this positive lon plasma, and he has found a positive ien

current going out in all directions from the beam, with a maximum in a
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direction at right angles to the beam. MNo such maximum was found in the
present exzperiments, the pesitive current belng thoroughly random. Ope
poasible explanation is the lower gas pressures used lm this work, and
the fact that the apparatus is of metal, thus redusing stray fields.

The varlation of current density and therefore of measured
intensity across the beam would cause a noticeable effect on the variation
of the measured absorption coefficlent of a gas for slow eléctrons, as
one varies the slit width of the Faraday cage meceliving the electrons.
{For woric on variation of absorption coefficient with slit width see (48)
in which Palmer obtains consistent results, shd shows that Green's random

results are not trustworthy).



Retardlps Fobentiml Curves.

Pg. Bais a typical curve showing the variation of main beam
current collected with the variation of the retarding potential applied
to the collector. The flatness and slight rise of the ¢urve as the re-
tarding potentizl is decreased, shows that the method chosen to apply
the retarding potential sliminated the effact of reflection of electroms,
and of the ejection of secoﬁdaries from the collestor. The rise at very
low nezative and all positive retarding potentials corresponds to a
gathering up of the low velocity el=ctrons in the beam, and those gjected
from slits. The distribution in space of the very slow electrons ejected
from atoms by the beam has been studied by McMillen (13) with interesting
resulting patterns. The positive retarding potentials in gensral show a
trend toward the horizontal, as all positives are repelled, end all available
negatives are bding collected. The width of the drop off of the curve
at the retarding potemtial correspending to the beam velocity, sgrees
well with the known spread of veloeities in the beam due to voltage drop

along the filament.
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Sugzgestions for & new Apparatug

The following poimts should be gonsidered in building & new

apparatun?
1. Pressure gontrol and measurement

The apparatus should be built of some material which can be
outgassed. Wax joints should be eliminated. Either a static pressure
of the gas with a McLeod gamge, or preferably an ionizatibn gauge, with
either static or constant flow methed should be used. TFor the constant
flow methed, a capillary will be found guite satisfactory if one of the
smallest that can be drawn is used. This will allow the desired pressure

to be obtained with even a half atmosphere pressure behind the capillary.

The use of low pressures and large dimensions is advantageous.
Large dimensions make possible a rotating collecter, instead of a retating
electron gun, thus allowing an analysis and measurement of the maip beam
by a fixed collector. Horeover, no trouble is experienced from the
main beam striking on new parts of the chamber at each new angular
setting. A rotating mein beam collector and gun would be complicated.
However, the apparatus shovld be desigzned so that gas pressures some-
what greater than in the presemt apparatus may be used, in order to have
a greater scattered intensity. These two coneiderations involve &

compromige.
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A source of electrons éhould be used wrich would give a beam a
very nearly homogenecus velocity. A heater type souwrce at the center
of a cylinder with & small sllt parallel to the axis would be good if
not wo complicated. The gun should by mounted with a sylphon mounting
80 as to allow it to bs adjusted parallel to the slits while there is a

vacuam in the apparatus.

4. Collectors.

These should be made long and deep 86 as to minimige reflection
of electrons received. The len:.th of the esge should be at leest ten
times the slit opening. Other factors are discussed by Skinner and

Piper (48).

5. BRetardise potentials.

These should be arranged to do away with reflection of received
electrons, and ejection of secondaries. 'This will iuvolve the use of two
or three potentials as discussed elsewhere in this thesis. An alternative
would be the means of alectrostatic velocity analysis uwsed by Mciiillen.
However, there the focusing of the electrons of one velocity is only a

first order focusing (Se¢e Voges (49) for photos of the focusing).

6. Eleciropeter.

Should be as close ag possible to the scattered current collector.
It should be preferable to use & more sensltive and dependable inastru-

ment than an shunted electrometer. (G. E. tubes?).
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7. Insulation of gollectors apd reterding slits and rids.

This should be of quartz or amber. Redmanol or other similar

materials have too low 8 resistance.



Swpmaryy.

There has been investigated the. anguler distribution of scattered
intensity of electrons scattered im mercury and in nitrogen, and its
dependence on velocity.

()

The scattering in mercury shows 2 definite mirimum whose
position is a function (approximeting an inverse cotangent function)
of the velocity, in the range studied,

(2}

The scattering iu nitrogen is montonic except for & minimum
for the lower velocity electrons, which occure in the reglion arcund 90°.
Thié anszle of minimam scabtering deerecases with inerease of electron
velocity monotonically.

(3)

Scattering at smwall angles in wercury is beat explained by

the lLangrulr empirical expression.
(4)

The focussing effect is pronounced in mercury, snd exists in

nditrogen. 4 gqualitative investigation of its dependence on pressure is

ziven.
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<+ by (11) the charge of the positive center portion (which, by (8) is

equal to the negative charge outside) is
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Apolication of the above to Experiment.

Exanination of the expressions developed shows that ¥5" and hence all
the remeining ¢fgressions devend§ functionally u: on éZJq;. Twus the
rate of decay of the ztowmic potentizl and field of our revresentative
atom, with imcreasing distance from the center, the positive chagge
incluoded in the center kernel, the distribution of charge, the radius
of the center kernel, all are determined by the value of 62 vrz;(and

found that for any one gag. the pro-

The following is abstracted in part frow K. 9. Compton and 1. Lengmuir,

Rev, of Mod. Physiecs, 23233, 1930.

Gas Tolts 9 Ggw {(volta rxiiansg)
1=
He 50 25 9.5
100 15 11.0
e 78 21° 9.8
100 19° 11.0  (In determining
024, they evi-
30 24° 5.3 dently took into
" 50 18° 5.2 account the fractions
- 100 12° 4.7 of the degrees
150 10° 4.5 which were omitied
in the table.)
R 100 15° 7.3
g 250 g° 6.7
7 75 16° 5.9
2 100 14° 5.8
30 17: 2.5
.. 50 11 Sel
He 100 10" 3.

250 8° 3.2
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For Ammot's results with 82 volt electrons in Hg, they found the curve

fitted with 8, = 11.7° = 0,197 radisns. “his gives O = 5.17

2. The ilercury Atom.

o )
Je may take 6,% = 3 volts radian”

o (20)
= (.01 e.s. volt rad®
Then
p = 0.62:208 (a1)
Humber of elermentary charges in the positive kernel
7 - &&=61.24 B~ - 3e. (22)
- 9o

I

o for this range of velocities, the shielding of the nuctdus is such

that we may take Z = 60
S K=1.% (23)
giving
~0.4({108¢)®

VW) =15 e erg fel. (24)

for the aporoximate potential field seen by the approaching elzctron.

kadius of positive kernel
To =[§ L=-19.8107° e (25)
2 P
Distance of closest zprroach of oncowing electrom (say 100 volt)

by ==

1 300K _ 21.0-107° 26a
min P log ﬁ; “ an ( )
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Distance of closest aprroach of same velocity electron to an inverse

s uare center of force of same positive charge.

<}

- OZe
nihn.inv.sq. )

r = 861077 cm. (26h)

Deceleration experienced by am electron just reaching vy, at r,, ina

head on impact.

;E!;“ =2 ¥ 3.10% o fses (27)

D. Discussion

The n:odel obtained by the calculation from the Langznuir approximate
sc8tiering expression resembles the actual ator in consisting of a positively
charged nucleuns, surrounded by o negatively charged atmosphers. It may be
locked upon as z smearing together of the actual charges, in such & way as
to meke calculations pessible.

The dimensions of the moedel are incorrect by an order of mag-
nitude, even when ws consider the wositive charge to have besn smearsd out
over the space from the center through the first few electron shells. This
is probably the most serious fault of the wodel.

“he field is & good approximation for use in this type of work,
in which the calculation of the actual field of so compliczted an atow
as the Hg atom would be impossible. 7he distance of ciosestansroach of
the electron to the atom is much less thin for the electron under the ine-
fluence of an inverse s-vare field. This may be considered dus to the

spreading out of the charge; rather than its concentration in a peint,

@5 fov example weuld be (re case 77 Che crrverie ’f”‘*-""'[‘.elcp.
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¥inal iy, I wish to state that the above is not offered as an
actval atoric wodel, but has merely bo:mn investigated to dsterwine what
field the Langmuvir approximate expression for the scattering at swall
angles (which sgrees fairly well with experiment) indicates. The fact that

experimentally GQ‘{ﬁ ig found to be constznt makes the model useful.



