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SUMMARY OF RESULTS ' 

It is found 

(1) That high angle electron scattering 

in •gases can be measured by using low pressures and high 

current densities. 

{2) That the angular distribution function 

of electrons scattered by m~rcury is not a monotonic func­

tion of the angle, but has a minimwn. 

(3) That the -angular position of this 

minimwn depends upon the electron energy and moves to 

smaller angles for higher energies. 



iii 

B I:BLI0G-7<.AT'HY 

(1) ":Slectron Sc Ptter inp in Atomic 2nd }Tole culR.r 
Hydroge n." G,P.EPrnwe ll, Phys.Rev., 34 pf,f. l. 

( ~ ) 11 :::;1ectron Scptter :Lng inMercury'V9por." 
~.L.Arnot, Proc. ~oy. Soc., A-79 9 p660, 

(3) "Absorbtion Coefficients of Electrons in JJercury 
VPpor." R.B.Brode, Proc. Roy. Soc., A-7 96 pl34. 

(4) "Electron Scpttering in Helium." 
E.G.Dymond, E.E.Wetson,· Proc. Roy. Soc., A-1~~ p 5 71~ 

(5) "Electron ScPtterinr; in He lium. 11 

:S .. G. Dymond, Phys. "lev. , ,-9 p4 :7i3 . 

(6) ":Fll~ctron Sc8tterinp: in He lium." 
Hrrnwe ll, Proc. Nat. -Aoad, Sci., 14 p564. 

(7) "Diffraction of Cathode Reys" 
G,P:Thornpson, Proc. ~oy. Soc., · 117 p6 60. 

(8) "Uber den Wirkungsruerschni tt der Edelgasmolekule 
Gegenuher F.lectronen Unterhelb 1 Volt. 11 

C.RP.mseuer u. R. KBlla.th, Ann. d. Phys., 3, p536. (1929) 

(9) "Vvirkune; s(iuerschnitt u. UolekulebPu der Isosteren Reihen." 
Ernst Brueche, Ann. d. Phys. 2 p909. (192 c ) 

( 10 ) " Sc B t t er i ng of E 1 e c tr on s i n GP s e s . " 
G.P.Herrnve ll, Phys. Rev., 33 p559. 

(11) "Collisions Betvveen Electrons ancl Molecules" 
Lenc;mu ir and Jones, Phys.Rev., 31 p357. 



1. 

THE SCATTERING OF ELECTRONS BY GASES. 

I. THE PROBLEM 

In the studies of electron scattering that were first 

made it was t~e experimenter's idea to measure the average 

area presented by an atom to an external moving electron. 

This was done most aceurately by a method due to Ramsauer, 

and later refined and specialized by others. R. B. Brode 

in his Doctor's Thesis at this Institute (1925} gives a 

very full account of the method, with bibliograpey. The 

scattering was found to follow this equation: 

I -T -«px 
- t) e . 

I is the current density in a beam of small divergence,I 0 

the current density where'X.=O, "x'' the distance in the 

direction of the beam to the point where I is measured, Jo 
the pressure in mm,. of mercury reduced to 0°C, and Gt 

the coefficient of absor\tion; •· oe'' can be thought of \ f 
as the number of effective square cm. of cross section 

presented by 1 c. c. of gas at 1mm. pressure and lJ" C , 

or it can be thought of as the probability of an effective 

encounter with an atom while the electron moves one cm. 

in gas of the same concentration. The latter would be 

the same as the reciprocal of the mean free path. 

It was found that tl was independent of f and inde­

pendent of L within the range of current densities used, 
I C 

but was dependent on the speed of the electrons in a most 
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interesting way. For high speed electrons~ was generally 

low, and changed with the speed in a slow monotonic manner, 

increasing for lower velocities. However, for electrons of 

less than ten { vo1tJ velocity, in the nRamsauer regiontt, 

some of the curves of« with speed show maxima and minima, 

and in some cases the minima are actually the lowest part 

of the entire curve. (10} 

Several independent investigators have covered and 

are still working on a large number of gases. In a recent 
(9) 

paper by Brueche a correlation is made that indicates that 

similar absorr tion coefficient curves belong to atoms that 

have similar external configurations. 

While the measurements of the absorption coefficients 

and the corresponding technique have been refined to a great 

degree, a very closely allied problem has remained compara­

tively in its infancy. This problem is the study of the 

angular distribution of the scattered electrons with regard 

to their original direction. It is with this problem and 

the results obtained in answering it that this thesis will 

deal. 

II. PRELIMINARIES 

( 5) 
The first work on this problem was that of Dymond 

in which scattering by helium was studied. He reported 

observation of :tpreferred angles" at which sharp peaks of 
( 6) 

scattered electrons were found. Later Harnwell at this 

Institute tried to check Dymond's results, but could not do 

so. Dymond himself almost simultaneously reported that his 
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preliminary results were due to lack of shielding in the 

glass apparatus . . Harnwell surmounted this difficulty by 

sputtering the inside of the tube with magnesium. With the 

tube properly shielded Harnwell's measuring apparatus could 

detect nothing but the main beam of electrons, either in 

vacuo or in gas. The peaks as reported by Dymond had dis­

appeared. Harnwell left the Institute before he had time 

to carry the investigationsfurther. However, he has since 
(12) 

obtained and published the scattering curves he was after. 

The author inherited the apparatus and with the cooperation 

of Mr. Warren Arnquist began a series of investigations in 

an attempt to improve the technique. The principle improve­

ments sought were: 

1. Currents of larger density. 

2. Lower speed electrons. 

3. Better shielding. 

4. Improved methods of measurement. 

5. More monochromatic electrons. 

6. A scattering region as nearly as possible 

free of either electric or magnetic fields. 

Conditions three, four and six were difficult to meet in the 

design as then used. Shielding by magnesium coats was not 

permanent; insulation conditions were not ideal for use with 

an electrometer. The presence of a hot filament connected 

with an accelerating potential introduced stray electro-

static fields and space currents to the shielding in the 

scattering space. Higher current densities at lower speeds 

were, however, made possible by introducing a high accelerat­

ing field ana th..e.n retarding t he electrons obtained. However, 
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the necessarily compact arrangement of the f i laments and slits 

proved impractical owing to the sputtering of the f ilament to 

the mica used for insulation. 

The parts of the old apparatus that were in vacuo are 

slhlown diagrammatically in Figure 1. 

The axes of collimation of s, and s2 were arranged to 

intersect at non, which was the axis of rotation of the fila­

ment assembly. It is seen that the electrons reaching c2 

mllst have been deflected by the amount of the angle 0 , due 

to an encount.er with an atom near O . Rotation of the nelec­

tron gunn served to change/} as desired. This rotation intro­

duced a difficulty when the beam was made intense; each time 

6 was changed the intense electron beam impinged upon a new 

area of the tube wall. The outgassing that resulted destroyed 

t he pressllre equilibrium that ha d existed. For this reason 

and also to attain the above improvements it was decided to 

construct an apparatus of en tire ly new design. 
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III. THE DESIGN. 

Because of the difficulty caused by rotating the main 

beam it was decided that the source and the main beam, M, should 

be fixed and the collector, c3 , be rotated instead. This also 

had the advantage of making possible a less compact filament 

assembly and thereby avoiding insulation troubles. Because of 

the high intensity of the main beam to be used a separate, fixed 

collector, Ca ; was arranged to be connected with a galvanometer 

for its measurement. (See Figure 2.) This arrangement made 

it possible to test experimentally the shape of the main beam 

and also to test the scattering space for its freedom from 

magnetic fields, as will be explained later, (Appendix I). In 

the diagram of the apparatus, Figure 2, the width of the slits 

is purposely exaggerated to make it possible to differentiate 

between the sides of the beam. The actual slit width was 1.0 mm. 

for S, and less for the others in proportion to their respective 

spacings. 

Let us look at a few of the more salient points of the 

design. 

First. If the results are to . be at all interpretable 

it must be certain that the scattered electrons being measur­

ed have been through only one encounter. This puts an upper 

limit on the pressure of the gas. From the experimental value 

of the absorbtion coefficient, <X , the mean free path, /4 , can 

be deduced. As long as the mean free path is greater or equal 

to the dimensions of the apparatus, the probability that a 

scattered electron which reaches C 3 has had more than one en-
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counter is practically zero. Under our conditions the mean 

free path is given by A=- 3}A,~so that when ). ': /J"" e"!r p-:::: t!lJJo,z""""' 

as the upper limit. 

Second. For given conditions of electron supply from 

slits s, the beam intensity, L , at "Av'' in the center goes 

down exponentially with the pressure,f; at the same time the 

current scattered from '1V- is proportion~l to fa , so that there 
. / 

is an optimum value of/ • A simple calculation shows that 

this optimum "j:," is much highe! than the upper limit referred 

to above. Fortunately, however, the scattered current goes 

to zero much more slowly on the low pressure than on the higher 

pressure side of its maximum. 

Third. In order to obtain an intense beam, especially 

at low velocities, it is necessary to use wide slits. This 

in turn means proportionately longer distances between' slits 

and correspondingly lower pressures. 

Fourth. As the source of the electrons and the accel-
.. 

erating grids are to be in the gas they must be so spaced 

that at the pressures used a discI1.arge will not tend to start. 

Ionization is bound to occur, but self-sustained discharges 

or narcs 11 are avoided by placing the accelerating grid very 

close to the filament. This grid, "An, is a fine mashed, 

nicKel gauze semi-cylinder bent convex toward the filament 

and with its axis parallel to the filament. The filament 

used is an eight mil tungsten wire bent as a narrow hair pin 

to reduce its magnetic field. It is supported vertically by 

a nicKel wire looped through it at the top. This wire is, 
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incidentally, brought out through a seal to make a direct 

connection with the filament and to avoid the RI drop of the 

filament leads in the accelerating potential. The filament 

and grid are both spot welded to leads through the glass stopper, 

"~"• The seals are so extended that the leakage path through 

sputtered tungsten is a maximum. Where bare the leads are 

close enough to make a spontaneous gas discharge improbable. 

The filament assembly fits into a ground Joint at one end of 

the tube,T, the other end of which is fitted to the apparatus 

by another ground Joint. These joints, which make the filament 

assembly very aecessible for adjustment and repair, are sealed 

w.d.th picein. 

With a view to obtaining as monochromatic a source as 

possible coated cathodes, indirectly heated, were tried. 

They were very successful in high vacuum, or when used at low 

emissions in a gas. However, when high emissions were tried, 

the positive ion bombardment shortly proved fatal to the coat­

ings. On this account the heavy tungsten emitter was chosen. 

This yielded the desired current density at the cost of a 

wider range o.f' velocities. 

Fifth. To insure that the gas under examination be in 

a space as nearly field free as possible the entire apparatus 

is constructed of brass. The scattering chamber is circular 

in cross section as shown in Figure 2. The exploring collector 

is mounted in a ground metal joint in the cover. The cover 

with the rotating assembly is removable for adjustment. The 

electron beam enters the chamber after passing through the 
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two slits, S, , both of which are grounded. Diametrically 

opposite these slits and optically aligned with them are 

another similar pair of slits, S~, that admit a portion of 

the electron beam to the c.ollector, C~. To make the absorb­

tion of the chamber Wijlls for electrons as efficient as 

poesi ble a fin.a mesh copper s.creen is placed immediately in 

front of them as indicated by the dots. The slits, S1 , both 

groll!lded, effectively prevent stray ei:e',~troatatic fields 

from the grid from entering the chamber. The grounded slits, 

S.2, likewise shield the o,hamoer from the field of the collector, 

c~, that arises from the retarding potential. 

The earth's magnetic field is balanced by two large 

pairs of Helmholtz coils. One pair is for the vertical and 

the other pair is for the horizontal component. The current 

needed to balance the horizontal component was determined 

before the apparatus was installed, with a magnetic pendulum. 

To allow for possible., minor, fut11re variations in this 

component the apparatus was so mounted that the axis of the 

electron beam is horizontally north and south. Experinent 

showed that comparatively large variations in this component 

made no noticeable change in the beam. The current needed 

to balance the vertical component was found by experiment; 

it was adjusted so as to allow the maximum current to reach 

C~. This arrangement also permits~ analysis ~f the sharp­

ness of the beam to be made. This is done by moving the beam 

back and forth aoros·s the slits, S.z., by varying the vertical 

magnetic component. An analysis of this is given in Appendix 

I. 





Sixth·. The rotating collector, being somewhat compact, 

uses narrower slits. A vertical section of the apparatus is 

given in Figure z. This figure is taken in a plane through the 

slits S, and s ... , with 8 = o for the collector. 'l'he ground joint 

holding the collector is in the center of the circular cover. 

This cover has a groove in its edge turned to fit snugly into 

the top of the chamber. A vacuum tight seal is made by filling 

only the outer edge of the crack with picein. This is done 

after pwnping down to a few cm. pressur~. 
/ 

To in~ulate the lead to C3 _, it is put through a quartz 

tube which in turn is completely surrounded by metal for shield­

ing. Thus no electrons can reach the lead except via the slits 

S.3 and the collector Cl . Conversely the interior of the main 

chamber is free from the field of C3 due to the retarding poten­

tial on C j • 

The angular position, II , of tlm.e collector is read 

directly by the index, f, attached to the rotator, on the 

raised engraved scale . 9 . (fjJ is a circle divided into 180 

equal divisions. 

Seventh. The electric circuits used to control the beam 

make the measurements are shown 4. 
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The filament is lit by A.C. through an insulating transformer 

and is controlled by coarse and fine adjustments as indieated. 

A D.C. generator with two separate windings and two commutators 
ctn ✓ r ,d ard1nf The a cce lev4 l-t~1 v o l f-wJ_e 

furnish independent accele.rating" voltage~hereafter called nA" 

is read by meter A, and the voltage determining the electron 

energy at the slits hereafter called 11 Eu is read on meter E. 

Thus t he energy of the alee trons reaching and pas sing slits S, 

is dependent only on E, while the condition of the space charge 
I 

near the filament can be independently cont·rolled by A. It 

is found that about 60% of the emi ssion current stops on the · 

accelerating grid, and that the remainder reaches the slits 

S, and passes through the milliammeter, M, to ground. It is 

found that the current through the slits is constant for given 

values of A and E if the reading of Mis constant, and pro­

vided A is high enough to draw the saturation current from 

the filament. M is kept constant by manual control of the 

filament current. An automatic control was tried for a while, 

but it was found that the limits of variation were wider than 

with the manual control. 

The scattered electrons reaching C3 are measured with 

an electrometer inside the electrometer shield. For t his a 

modified Dolezalek eleetrometer was used. A description of 

its construction and use is given in an article by the author 

as Appendix II. In order to supply the collectors C2 and C3 

with the necessary retarding potential 1•r
8

11 the galvanometer 

return is connected to the electrometer shield, and the whole 

is raised to the desired potential with respect to ground. 

The retarding potential or bias is read on voltmeter 8. 



11. 

At first the potentiometer supplying 8 was fed from the low 

potential D.C. commutator, but since the small fluctuations 

in voltage induced charges on collector C3 of the order of 

magnitude of those being measured, the elect:rometer readings 

were quite unsteady. For this reason batteries were substituted 

as a supply for B. The auxiliary 45 volt battery shown, in 

Figure 4, connected to a reversing switch is used either to 

read a bias higher than the range of the potentiometer, or 

to give a small positive bias instead of a negative bias. 

Let us now consider . the current that we can hope to 

get on CJ ; 

Let ft1Jb be the probability under the given con­

ditions that an electron be scattered in a range, d~, at an 

angle P with its original direction. It is really this-/(8J 

that we are after. 

Let Is stand for the total current of electrons 

scattered from the volume ~y common to the paths of collimation 

of slits S, and S3 • (See Figure 2) 

Because of the slits, S3 only a fraction, 1(3 , of the 
.) 

electrons scattered between II and //+ti~ are received on C3 

and the number is still further reduced by scattering along 

the pa th, of length lJ , from the scattering volume to C.1 . 

Thus the current received, I e , is 
-ttp1➔ 

Ie ;:- k3Tsf(PJe d~. 

Let now I. be the intensity of the main beam,hl, just as it 

enters the scattering volume Non its way to 52 • Then of 

this main beam a certain fraction, K~, is lost on slits S2, 

and it is also further reduced by scattering along its path, 
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of length l~ , .from the center of the chamber to C2 • Hence 

current L, is 
I T -ot..J,l~ r, = K:z be • 

the galvanometer 

As the intensity of the main beam is given at a distance 'X 

(positive to the left of ,tlY-) by 

r - 7' -«/>X 
- .Loe 

We have the amount of current scattered in a distance 6/~ given 

by 

so if we set t/y w3 
,. ::: s/ntf and X= tJ 

where~= width of slitl!,)then 

dI ::: - L D(f s'::o • 
but since 

Is= { -tlI).,.=- 0 

we have Is:: ol 1.7.0 "13 
I' S""- IJ 

and as before 

dividing to eliminate Io, 

.:r<!.' = 

whence I3 

Consider now the expression in brackets. 
- o1.;I '). -IJ) . 

(! J.S practically unity when the pressure 

to satisfy the condition for single scattering. 

ffd) 

The exponent 

is low enough 

P 
-3 

{ ·~ /b mm.) 
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The value of a changes very slowly with the electron speed in 

the range of speeds used, and is a constant for any one speed. 
(3) 

( See Brode ) . (ti= 3~ t. S7J cm~/ cm~ ) . The value of }(~and 

J<3 (especially K.1,), however, were quite critically dependent 

on the pressure, on electron velocity and on current density 

as we shall see later in examining the results. The effective 

width,~, of the slits is constant. The value of d&, the 

limits of the angular divergence of the scattered ele,ctrons 

received, is slightly dependent on the angle /l , but principally 

is determined by the slit width and slit length. A detailed 

analysis of this dependence is given in Appendix III. Hence, 

if E , p , Al , and fl are co,nstant the quantity in the brackets 

is constant {;)so that we have 

re . ~P :. 1<f_dJ. 
::r; p 

The final adjustment of the apparatus gave ti/I such that 90% 

of the current arriving at C'3 was within± 1.5° of e . 
Objection was once raised against the use of long slits 

because it is conceivable that an electron reaching C 3 might 

have been scattered through an angle considerably greater than 

9. But as the analysis shows, the objection is not supporta-
0 

ble, especially at angles greater than /) = 30 , so that the value 

of t/6 is essentially that determined by slit width only. However, 

this brings up another and rather more serious objection; the 

scattering volume .L1Y, proportional to "/:.sp increases quite 

" rapidly for & < 30 , so that 

Is/. x) L AX 
( page /:4 ) 

This latter expression assumes thatL]f is so small that the 

current density, .J.~, is essentially constant throughout it, 
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an assumption that is invalid when & ..c 30 ~. 

IV. PROCEDURE IN MAKING MEASUREMENTS 

First the resistance, R, in the electrometer (see 

Appendix II) was measured by allowing it to discharge a con­

denser. When first made, I( was not constant, but became so 

in a few months. Measurements taken a year later agree quite 
,, 

well with the original constant value, 1.68 • 10 ohms. This 

resistance is .quite small compared to the insulation resistance 

of the shielded lead to C3 • With a bias of 200 volts the 

leakage resistance of the quartz tube was found to be of the 
15" order of 10 ohms. The deflection, at this bias, produced 

on the electrometer was of the order 3 to 10% of the smallest 

currents which were read, so that for lower biases correction 

for leakage was unnecessary. 

Great difficulty was found at first in getting successive 

readings of L , scattered current, and of ~ , main beam, to 

agree. This was because the great dependence of K, in 

K -Ct&J :. Te Jda! 
JV• :r, p 

on j> was not fully appreciated. { see page /3). When j:, was 

under control and the whole apparatus in equilibrium, successive 

readings would check regularly within 5% and usually to about 

As mercury vapor W';S the most readily available gas, 
0 (2) 

and since the scattering up to 30 had been measured by Arnot 

it was decided to investigate the higher angle scattering in 

mercury. The arrangement is as follows in Figure 5. 
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The diffusion pumps are connected through trap number 1 

with a short, large diameter tube to the scattering chamber. 

On the other side a comparatively small tube about a meter long 

passes through trap number 2 to a McLeod gauge. A mixture of 

ice and water placed on trap number 1 is constantly and thorough­

ly agitated by a stream of air bubbles. A thermometer with 

its bulb in the bottom of the ice bath is used to check the 

uniformity of the temperature. Liquid air is put on trap number 

2 . Umder these conditions mercury vapor is constantly distilling 

from the pump to trap number 1 and coming to pressure equilibrium 

there with metallic mercury at Q"C. Because of the large tube 

the vapor at this equilibrium pressure can readily diffuse into 

the scattering chamber, which is at room temperature; thus 

mercury cannot condense there. Because of the constriction of 
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the long, narrow tube to trap number 2 the temperature of this 

trap has comparatively little to do with the pressure in the main 
" -1/ apparatus. The pressure of mercury vapor at O c. (1.8 • 10 mm.) 

is exactly in the range for which the apparatus is designed 

( 10-
3 to 5. 10(" mm.) The essential condition for single encounter 

scattering is amply satisfied. {Electron m.f.p. 140 cm.) 

The room temperature is quite constant, between 19° and 
0 

21 C., so that everything else being the same, readings from 

day to day can be checked. However, the density of vapor in 

the chamber is extremely sensitive to the temperature of trap 

number 1. If the air agitator becomes a little less vigorous 

0 " so that the bottom of the bath changes from 0 to 0.1 C., the 

main beam reading would drop as much as 20%. Because of this 

sensitivity to temperature control, and the time needed to 

reach equilibrium (two hours), measurements were confined to 

this pressure. 

The procedure in making a run is this: The apparatus 

is first brought to pressure and temperature equilibrium. The 

absence of non-condensible gases is checked by the McLeod, which 

reads zero. While this is going on, the filament is lit and 

the slits bombarded with a heavy current. Next the values of 

A, E, M, and the current 11 iu in the vertical component coils 

are experimentally set to give maximum current to the collector 

Ci,.,,. By adjusting these values, each to produce the maximum 

effect, small changes in any of them make little difference in 

the beam save in the case of "i" as will be shown later. 

The energy distribution of the electrons is next 
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investigated by changing the retarding bias, /3, and reading 

the galvanometer. Because of the type of electron emitter used 
• ' 

as explained in the discussion of the filament (page 7) the 

electron voltage distribution half width is about 2 to 3 volts. 

Consequently, it was decided practical to investigate only 

elastically scattered electrons. Phe bias, B, is chosen so 

as to be just less than the energy of the full speed electrons. 

Under these ·oondi tions it is found that the collectors, C .,_ and 

C3 , being negative to ground, collect all the positive ions 

that are diffused into their .neighborhood as well as the full 
I , 

speed electrons. The resulting positive current is, in order 

of magnitude, usually about 10%of the amount of the negative 

current of the scattered electrons. (For very high angles it 

is sometimesAOO% or greater}. However, the positive current 
.. 

is easily accounted for by increasing /3 to cut out all electrons 

and by taking the difference in observed currents, which is 

the electron current that was cut out. This is checked by 

the fact that although the positive ion component might change 

slowly by a factor of two or three, the current difference, 

ot the electron current stays constant within our limits of 

observation. 

At each angle two sets of readings are made of f'end 

of the maximum .Z,. If during a run these readings check to 

5%, and readings made at the beginning and end of the run at 

the same angles agree, the run is accepted. 

Check runs made on different days under the same eon­

di tions give for J<.f{BJ surpri~ingly good agreements in actual 

values, for all electrons above 100 volts energy. For slower 
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electrons the ordinates of curves made on different days differ 

by a constant factor, but the curve shapes are exactly alike. 

The significance of this is probably discovered in the analysis 

of the spread of the main beam to be discussed later. (Page it J 

V. OBSERVATIONS AND RESULTS 

1. Focusing eff'eet. All runs for the reasons above 
/ 

explained (page /fo ) were made at a vapor pressure of 1.8 • 10" 

mm. We observed ·at some certain velocities the "focusi.ng effect" 

due to the positive ion sh~ath. This effect was most marked 

in the case of 128 volt electrons as shown in curve A. Here 

the broad flat peak was observed at hard vacuum conditions 

and the sharp peak at eqailibrium under the running conditions 

at 128 volts energy. Most of the area of the low peak is 
0 

within an angle of 1.2 of the peak, which corresponds ·quite 

well with the geometric calculation in Appendix III. However, 

the same percentage of area in the beam focused by ions is 
0 

within 0.5 of the peak. (The peak current,1,Jhere is a little 

over 4 mieenamperes.) It is now quite plain why it was nec­

essary always to read only the maximum.:z:;, determined by varying 

n:i" to control the vertical magnetic compo·nent. A small change 

in the magnetic field at 128 volts would change the galvanometer 

current by a factor of two or _three. ( This amounts to a change 

in Nz , see page /3 • } At other energies the focusing ef feet 

was not nearly as strong. 

2. Energy of E_lectrons. As explained in the discussion 

of the procedure the actual electron energy was measured at 
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each voltage by reading the galvanometer current 1t against 

the retarding bias, /3. The graphs of these data show an 

interesting phenomenon. They display a maximwn just before 

the bias cuts off the current. A typical curve is given here. 

(Energy 176 volts.) Before the mercury vapor pressure was 

under control, we could not reproduce the,se curves in the 

region between zero and maximum bias. They did, however, check 

under equilibrium conditions. In making the runs the bias 

that just preceded the steep part of the curve was used to 

collect only elastically deflected electrons. At this energy, 

-160 volts was used to collect only full speed electrons, and 

-200 volts was used to read only the positive ions. 

An explanation of this type of curve, in vi.ew of its 

sensitivity to pressure, is in the formation of positive ions 

near e~ by the very intense electron beam. 0 Due to the negative 

bias these ions would be collected and thus reduce the negative 

current indicated by the galvanometer. However, when the bias 

became so high as nearly to stop the electrons, the electron 

velocities near½.? were much lower. Consequently, fewer ions 

were formed near C~, and the indicated current would rise. 

For low biases the secondary, photo, and inelastic electrons 

were collected, causing another rise. 

The derivatives of these curves give the electron 

energy distributions. In every case the peak of the distri­

bution was from 10 to 20 volts lower than the voltage. (See 

page Z~}. This was consistently the case and repeated itself 

under the same conditions either in gas or in vacuum. Con­

sidering the very high current densities used this effect might 
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be ascribed to space charge. It has been observed by others, 

and some experiments with this type of electron gun are referred 

.to by Whiddin~ton in a recent note to Nature, about November, 

1929. 

3. Scattering Curves. Runs were made at given settings 

but d'ifferent times to study the reproduceabili ty of the runs; 

also to make sure that the changes in the runs could be accounted 

for. The sensitivity of the results to small changes in any 

of the numerous variables was observed as above outlined. At 

energies above 100 volts the values of KfOwere quite easily 

checked any time. (See curve E). Near and below 100 volts 

K{(B)would change by a constant factor from time to time, but 

the minimum at a given voltage was always found at a given 

angle within the limits of the resolving power. This meant, 

of course, that for electrons of lower energies the "1<" in 

/(/f) was not reproduceable. One explanation of this might 

be in the fact that the energy dissipated in bombardment of 

the slits was so much lower at lower voltages that conditions 

there of occluded gases were unconstant. 

Because of the methods used, i.e., simultaneous readings 

of L and I, ( see page 17 J and because of the great change 

in the scattering volume at low angles (see page J3) the 
•• " {I 

scattered electrons were taken only from the range 31) ~II~ I~() • 

Over the whole range of velocities studied one very 

interesting characteristic of the curves becomes ~pparent; 

it is the distinct minimum whose locus is a function of the 

energy. '11he curves appear as though they would be quite 

monotonic except for the fact that at one angle for each 
[\ 
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velocity the scattered electrons are almost missing. Because 

of the somewhat wide energy distribution the minima at low 

energies are less sharp than at higher energies, but are never­

theless quite distinct and reproducible. That these minima 

have not been reported before is probably due to the fact that 

other .observers have found that at higher angles, (greater than 

about 30° , which is where these measurements start) the in­

tensity of the ·scattered electrons received was of ,the order 

of magnitude of the accidental variations of the measuring 

apparatus and of the positive ion current. This would in such 

cases effectively mask the minima. 

In one of our curves there appeared to be another very 
0 

weak minimum near 100 tl76 volts). But this is extremely 

doubtful because w,e were there again at the bottom of the range 

of measurements and, besides, the cage containing ( 3 was getting 

near the VJery intense main beam. 

Curves B to F give graphically the data and interpretations. 

The legends explain the conditions at which the data were taken~ 

The curves are arranged in the order of increasing voltages. 

The effect of the changes in/'( from run to run can be seen 

as above mentioned (page.20) to decrease with increasing energy. 

In the case of curve Eat 154 colts the actual values for 

for th~ positive angles do not exactly check those at negative 

angles, as they do in the cases of curves F, 176 volts, and 

B, 128 volts. 1rhis is probably because the negative angles 

were read first before the apparatus was exactly at equilibrium. 

The positive angles were taken in the afternoon some hours 

later. ~he check points were taken again tn the morning several 
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days later anc1 agree quite exactly with the original curve. 

Curve G is a plot of the loci of the minima as a function 

of the energy ·. i 1he extended scale of this curve exaggerates 

the displacements due to uncertainties. However the displacement 

of the smooth curve, as drawn, from the points as derived from 

the data is adjusted in accordance with the uncertainties of 

the derived points. In order to be lib~ral this allowance was 
0 

made:l 2 -volts by:tl.5 , and the curve was drawn. closest to the 

points at the higher voltages. 

VI. CONCLUSION 

It is found: 

1. That high angle electrons scattering in gases can 

be measured by using low pressures and high current densities. 

2. That the angular distribution funation of electrons 

scattered by mercury is not a monotonic function of the angle, 

but has a minimwn. 

3. That the angular position of this minimum depends 

upon 'the electron energy, moving to smaller angles for higher 

energies. 

During the preliminary work and during the making of 

the final runs the following phenomena were observed and are 

considered worthy of future experimental examination: 

1. The focusing effect at high current densities and 

low pressures. 

2. The difference in the energy of the electrons in 

the beam as compared with the accelerating field E. 



23. 

Further development of the apparatus may make possible 

a study of the behavior of the distribution fwiction, at high 

angles, of the inelastically deflected electrons. 

In conclusion I should like to thank Professor R. A. 

Millikan for his interest, advice and enc~uragement in this 

work; Dr. c. C. Lauritsen for his assistance in untangling 

some of the difficulties; Mr. W. Arnquist for the great amount 

of time and energy that he has contributed toward the attack 

and solution of this problem; Mr. Julius Pearson, and 1'Ir. 

William Clancy for their effort and skill contributed to the 

construction of the apparatus. 
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APPENDIX I 

Analysis of the width of the main beam by variation of 

the vertical magnetic field: 

1 • • I z 

-- --- w 

When the magnetic field,H, perpendicular to the paper is zero, 
// 

the beam will go straight through as shown .by the solid line. 

When it . is not zero,. the beam on reaching 5~ will be slightly 

deflected by the total angle¢' along the are of a circle of 

radius n.f n as shown by the dotted path. It is proposed to 
~ ·~ 

calculate¢ in terms of the magnetic field and electron speed. 

For an electron of v· vol ts energy mov in.g perpendicular to a 

field of }I gauss the radius of curvature is 

Iv' R -;;; 3,.3/, H Cbt~. 

For small angles ¢ ~ : where ~ is the distance from the 

center of the slits S, to the center of S, . 

The field strengthP of the vertical component coils is given 

from the dimensions by Fr::-/.1011 gauss, when "/"is amperes • 
. 

Thus "if 1. is the field current giving the maximum current 

through slits S~ , the resulting value of H is ti=- 1-1111 ( 1.·- '~) 

~ is 15.3 ems. 
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APPENDIX II 

A METHOD OF INCREASING THE SENSIBILITY OF THE 
DOLEZALEK TYPE ELECTROMETER; AND A 

DIRECT READING "NULL" CIRCUIT 

BY ]OHN M. PEARSON 

In connection with some studies being made on the scattering of electrons by gases, we have 
found ourselves in need of a means of measuring currents over a range of several orders of 
magnitudes. The method developed below has been found so satisfactory and convenient, 
that it is thought, perhaps, to be of general interest. 

The scheme makes use of a Dolezalek electrometer, of comparatively rugged construction, 
which has been slightly modified to increase its sensibility. This instrument is used as an 
element in a null circuit that is direct reading, and that can be adjusted electrically to cover 
a wide range of orders of magnitude of current. 

I. SYNOPSIS OF THE THEORY 

Let C1(0) = Capacity of needle and quadrants "l." 
Let C2(0) = Capacity of needle and quadrants "2." 

(See Fig. 1.) 
Let V1=Potential of quadrant "1" above the instrument case. 
Let V2 = Potential of quadrant "2" above the instrument case. 
Let Va= Potential of needle above the instrument case. 
Let To= Moment of torsion of fiber. 
Let 0 =Angular displacement of needle. 

Then we can write the total potential energy of the suspended system 
as 

In equilibrium, -dE/ d0 = 0. So if V a= constant. 

dE dV1 dV2 
--= (Va-V1)C1-+(Va-V2)C2-

d0 d0 d0 

Then we have : 

(Va- V2)2 dC2 
---- - . -To0=0. 

2 d0 

(1) The mechanical zero is at 0 = 0. 
(2) At the electrical zero, 

dV1 dV2 
V1=V2=-=-=0. Var"=0 

d0 d0 

371 
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so 

V3
2
{ dC1 dC2} - -+- +To0=O 

2 d0 d0 

Now, dCi/d0>O and dCi/d0<O by the convention of the direction of 
increase of 0. Hence if the electrical and mechanical zeros coincide, 
l(dCi/d0)B=o I= l(dCi/d0)B=o I since 0=0. -i> ' "" 

(3) Voltage sensitivity can be defined by = 
s- -( ao) 

V - a V 1 V21'Vi ~onstant. 

) 
2 

Frc. 1. 

Where in equilibrium, 

dV1 
V1~0 -=0 

d0 
V2~O 

dV2 
v3~o -=0 

d0 

(Va- V2) 2 dC2 
---- ---T00=F=O. 

2 d0 

So 

The denominator can be made as small as desirable, since To> 0, 
(V3 - V 1) 2 >0 and (Va- V2)

2 >0, if the second derivatives are negative. 
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When these derivatives are negative we have what Compton1 calls 
"negative electrostatic control"; and when they -are positive, "positive 
electrostatic control." The first case amounts to a reduction, the second 
to an increase in the effective moment of torsion. 

( 4) A null method is suggested by the following inspection: Con­
sider the needle always in equilibrium at an angle 0, kept there by pro­
perly adjusting V 2 as V 1 changes. As before, 

.-.v,-v,-+ ✓ 
I 

Then 

(Va- V2) 2 dC2 
------To0=O. 

2 d0 • 

dC1 
(Va- V1) 2-+2To0 

d0 

-1 d0 

- dC2 ✓dC1 2To0 - -+----
d0 d0 . (Va- V1)2 

Thus if we take the mechanical zero, 0 = 0, as a 'null point we have: 

which is a constant independent of needle or quadrant voltages. Ex­
perimentally, of course, how small a "dVi" can be detected at 0=0 de­
pends upon s. which in turn depends on Va, etc. If the electrical and 
mechanical zeros coincide, by (2) 

1 A.H. Compton and K. T. Compton, Physical Review, 14, p. 90; 1919. 
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( dCi) =-(dC2) : aV
2
=1 and V2=V1+Vo 

de 8=o de 8=o • av1 

but since the electrical zero is 0 = 0, VO= 0. 

IL EXPERIMENTAL ARRANGEMENT 

(5) The arrangement to make d2Ci/d82 <0 and d2Cdd8 2 <0 is as 
follows: The needle is first bent on its axis as in Fig. 2, so that when the 
quadrants are level the right hand end "A" is about one fifth the way 
from the bottom to the top, and the left hand end "B" the same distance 
down from the top to the bottom of the quadrants. Next the instrument 
is tilted about the axis MN, down in back as seen in Fig. 2. 

FIG. 2. Front halves of qi,adrants and needle removed. 

This brings about the desired condition, as can be seen from Fig. 3. 
The arrows indicate the positive direction of 0. It is seen that for the 
"A" end of the needle, positive rotation not only moves the needle out 
of quadrant "2" and into quadrant "1," but also increases the spacing 
of the needle from the bottom of quadrant "2." Therefore, since the 
capacity contributed by the top side of the needte is much smaller 
than that contributed by the bottom side, d2C 2/ d82 < 0. And in moving 
into. quadrant "1" the advancing edge of the "A" end of the needle gets 
farther from the bottom so d2C1/ d8 2 <0. Exactly the same kind of argu­
ment holds for the "B" end of the needle and the tops of the quadrants. 

The instrument used had two levelling screws in a line parallel to 
MN, and one centrally in back as seen in Fig. 2. By adjustment of the 
first two strews, and the height of the needle, the electrical and mechan­
ical zeros could be brought approximately together. Further adjust­
ments, as for zero drift,are made with the third screw. A very convenient 
means of doing this would be that described by Watson• in his recent 
paper on "Current Measurement with the Compton Electrometer." 

2 E . E. Watson, Proceedings of The Cambridge Philosophical Society, 25, Part I, p 74; 
1929. 
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By raising the needle voltage V3, the instrument can easily be made 
to approach instability. We used a Dolezalek instrument with the sus­
pension which gives normally 800 mm/ volt. By making the above 
changes we could operate regularly at 8000 mm/volt. We could attain 
double this, but only temporarily since the instrument was on a stand 
that would not remain accurately enough level with slight temperature 
changes. 

Frc. 3. 

A curve of sensibility with needle voltage, obtained by letting 
V 2 = 0 and V 1 = 0.001 volt, is given in Fig. 4. With this adjustment 
the point of instability was 97 volts. It was found possible to adjust so 
that there was a range of several centimeters about the null point in 
which Sv was sensibly constant. 

(6) The null method: Fig. 5 shows the diagram of the circuit 
used.. By :filtering the V2 and v~ leads with condensers and resistances 
as shown, it was found unnecessary to shield them. The condensers 
"C" are 2µf; and the resistances "r" are 1/ 2 megohm leaks. These 
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resistances, besides taking part in the filter, make it possible to ground 
any part of the instrument without measureably disturbing the external 
circuits. 

The potentiometer P1 is used to control the needle voltage. 
The potentiometer P2 supplies a known voltage to an Ayrton shunt 

"S," from which V2 is derived. The voltmeter can conveniently have 
a range of 10 volts. 

The result that V2= V1 of (4), above, has been checked as closely 
as the meters could be read from 0.0001 to 10.0 volts. When V1 and 
V 2 become appreciable as compared with V3, Sv is automatically 

s. 
800 

7000 

6000 

5000 

0 

I 
I 
I 

I 

3000 I 
V 

2000 / 
/ 

/000 
~ 

/ 

0 
4-0 .50 

• • 1,. 
60 .,. 70 80 90 

Frc. 4. 

reduced provided the polarity of V3 is chosen correctly. Otherwise 
V3 can be reduced for high voltages to make the needle less agile. 

The resistance R is a line of india ink on soft drawing paper, 
, thoroughly boiled out and sealed in paraffin. After many trials we 

succeeded in making one that is constant at 2-1011 ohms. Using this 
R the instrument and circuit can measure currents over a range from 
10- 16 to 0.5 • 10-10 Amperes directly. 

In manipulating the operator can use P 2 and the reversing switch 
to set the spot of light on the null point. With a little practice this can 
be done in a few seconds and a reading made. When measuring very 
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small currents, because of the inertia of such a large needle, it is necess­
ary to wait a few seconds to be sure the needle is balanced. 

With so high a value of R, and if the circuit connected to quadrants 
"1" has a low enough capacity, the condition that dV 1/ d0 = 0 is not sat­
isfied for rapid changes in 0. This operates to make the instrument 

I ,_-""3,,-!!>---i S 
I 

----7 
I 

J 
I 
I 

R I 
I 

L... 
__ a ,L!..4- _________ J 

Fie. 5. 

more stable to sudden changes in V 2, by virtue of the charge induced 
on quadrants "1" by the motion of the needle, without introducing 
an appreciable "lag." 

In conclusion I should like to thank Mr. W. Arnquist for his patient 
assistance in adjusting and using this circuit, and Dr. L. A. DuBridge 
for the technique used in making R. 

NORMAN BRIDGE LABORATORY OF PHYSICS, 

CALIFORNIA INSTITUTE OF TECHNOLOGY, 

PASADENA, CAL., AUGUST 1, 1929. 
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APPENDIX III 

• 

With respect to slit width: 

1- -s - ~, 
z l 

..._______ - - -;-;-:- - - - - - • ;V 
/1-1 • - - --- - -----==---- - -- ---i__'e 

I l ------
ca.) (b) 

Assume slit na. " to be uniformly illuminated with particles 

having all directions. Then the g priori probability that 

a particle moving at angle Y,- with the axis MN passes through 

slit 111, " is proportional to the distance K from one edge of 

illuminated slit 11
4 

11 , which is the width of the illuminated 

area from which such particles can come, and still get through 

slit 

, Let W ~ width of slits 

" S ';' distance between slits 

n P,, -= ~ priori probability for a particle 

I 

' ' . ~ 

at angle 'J/ . 
Then, 

if W<:< J' , Py, = II when ~ y, = f 
and /? = /- ~ p, • 

The graph of this is: 

or 'f ~ -f radians. ,,. 

where the shaded area is 9()'.1/4 of the total area. In the 

'"' • f adjustment used, .JU-s -= -;:- -=.o,t radians. 
2.t>•'I 

• was within 1.6 of the axis MN. 

Thus 90% of the beam 
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2. With respect to slit length. 
V 

- -- - - -> - IV 

Let an electron originally going in 

'?r 

I AJ 
.J:. 

ection MN be scattered 

in the volume VV' so as to go to CJ via slits SJ . As before, 

the di stance from VV' to C1 is l J • Let A3 be the length of 

slits Si , and the heighth of the rectangular beam of collima­

tion. Let the path 111N be at a distance J. down from the top 

of this beam. Our scattered electron now, instead of moving 

parallel to the axis of collimation of slits S3 , might move 

dcmn at an angle r • Thus the actual angle of seat taring /J , 

instead of being fJo as read, will be given by CtH# ,:; fk/1.t;pfJ . 

The number of electrons that can arrive at C3 at the angle l.f' 

is, by the same reasoning as in ( 1), proportional to the maximum 

value of ~ for which an electron can get through ~ . If 

we let P1 be the ~ priori probability as before, P,. == KX,,..._,c -= K(A.!-J.s -c;::.,~ 

so that P~ plotted is: 

and 90% of the area is shown 

shaded. 

Tnus it is seen that 90% of 

the area is withinj /1° ; or, 90% 

of the electrons reaching C3 

radians. 

fJ 
have deviated 12 or less up or down from the parallel path. 
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Let us now examine what effect this has on the real 

angle of scattering 6 as compared with the measured angle ,90 : 

/ ~ C<n l" ~ .9~1 . Moreover, for reasons ex­

plained in the text, 3otJ ~ J?. . Hence under the worst conditions, 

, and the II dtP " due to the length 
0 I) " ,, J ,. 

of the slits is 1.9 • As v0 nears 90, this a~ lessens to 

exactly zero, independent of;P . 
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