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Abstract

A series of experiments on the ionization of noble gases by noble
gas atoms is describedes The results obtained are the following:
l. Preliminary results by Beeck showing little velocity depend-
ence for iocnization of argon by argon atoms bobtwoen B0 and 120
volts, and showing an ionization of neon by argon atoms in this
energy range are found to be due to sescondary effects, principale
ly due to argon radiation.

2+ Positive evidence for the ionization of one noble gas by atoms
of another is given for argon atoms bombarding neon, krypton, and
xenon.

3+ The inset potentials for ionization of the above combinations
are measured, and are believed to be comparable in accuracy to
those measured by other methods, since the measured value for ar-
gon in argon (48 volts) agrees with that of the best previous
worke The values found are: argon in neon, approximately 130

volts; argon in krypton, 50 volts; argon in xenon, 55 volise



Page 1

Introduction

The ionization of gases by neutral atoms has been a subject of study
only for the past six years. At a meeting of the A.A.A.5. at the
University of California at Los Angeles in December of 1930, Dr. F.
Zwickyl pointed out that on purely classical considerations, one
would expeot that the ionizing power of a partiole increases with
decrsaging charge if mass and kinetic energy are held the same,.
Consequently if we were to allow A, K*, and Cat* of the same kinetio
energy to impinge on argon atoms, the ionizing power must decrease
as the net charge inoreases. Since a method of obtaining an intense
beam of Cat* has not yet been discovered, the only way to check this

theory was to make a comparison between the efficienciss of A and K%,

Dr. Ot5o Beeck? and others had already made a rather ocareful set of
investigations as to the ionizing power, and the enerzy required to
cause ionization to set in--the "inset potential"--for most of the
possible combinations of alkali ions in the noble gases. Conseguenily
it required only a quantitative study of the ionization of one of the
noble gases by its own atoms to give a preliminary check on the theory.
Argon had proved to be the easiest of the commoner noble gases to handle
for positive ion work, so it was chosen for the preliminary work on

atom bombardment.

The possibility of the production of a bsam of accelerated atoms had
been suggested by work by Kallman and RosenS,%, They discovered that
the probability of charge transfer is very great for gas ions moving

in a gas of their own kind, and that the neutralization of the ions
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takes place without albering the Uranslatory energy of the moving ion.
Consequently it is possible to obtain homogeneous beams of atoms at ener=-
gles considerably sbove those available by gas-kinetic methods. A

sketech of the method used by Baeaf};s given in Figure l. Argon ions
were formed by elestron inpact in chamber I. These ions wers acceleratsd
bebtween I and II to give the desired energy., In chamber II, in which a
pressure of argon was maintained, a portion of the ion beam would be
neutraliseds A retarding field between II and III kept positive ions
from reaching chamber III, and the condsnser between these chambers was
supposed to sweep out secondary electrons that might have been in the
beam at that point. The ionization was measured by c¢olleocting the
olectrons formed onto the center plate of a guard ring condenser, whioch
was connected to the string of a string electrometer. Beeck reported
exceptionally intense lonization in the case of both argon and neon
when bombarded by argon atoms. In the case of argon, he observed
approximately equal numbers of "positives" and "negatives", with nega-
tives predominating slightly; but in the case of neon he observed very
few positives. He also found that the efficlency of the effect changed
very little between 50 and 120 volts. It is significant to note here
that these effects can bo oxplainod on the basis of secondary emission,

the experimental evidence for which will be described on page 25.

Bncouraged by his apparent success, Beeck9,6 proceeded to construct a
more elaborate, and more carefully designed, apparatus, which would
allow the intensity of the atom beam to be measured, so that efficien=~
cies could be compubted, A schematic dlagram of this apparatus is showm

in Figure 2.
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Argon lons were formed in chamber A by electron impact., These diffused,
along with the gas, through the slit le The ions were then picked up
by the eylinder Z, which was made positive to 1 and 2, and the result-
ing beam homogenized by the condensers k and k'e The condensers nob
only gave a beam of uniform veiocity, but, by deflseting the beam out

of dirsct line of the slit 1, radiation from the discharge chamber was
prevented from reaching the chamber in which measurements took place.

As will be more clearly demonstrated later, the effesct of the hot fila-
ment itself is small, but the effect of the radiation formed in the dis~

charge around the hot filament can be very large.

The thermocouple was calibrated by means of an ion beam, which could be
measured both thermally and electrically. Equal accomodation coefficients
for neutrals and positives were then assumed in order to get a value for
the intensity of the nentral heam, The principle limitation of tho thor-
mocouple was one of sensitivity-~it was impossible to get sufficient ine
tengity of atom beam to give a readable deflection from the thermocouple

for energies less than 350 voltse.

The ionization of the gas was measured by measuring the electrons liber-
ated in the space between the plates of a parallel plate condenser. The
actual collecting electrode, which was connected to the string of a
Wulff electrometer, was protected by a guard rinz to insure a uniform
collecting fields The condenser platew were protected by fine grids
about a millimeter from the surface, which could be made negative with
respect to the condenser plates in order to hold back secondary elec-

trons formed by impact of scattered atoms on the plates. By measuring
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the intensity of the atom beam, the intensity of the lonization in the
gas, and the pressure, and knowing the length of path over which the
atoms had acted in ionizing the gas, it was possible to obtain the ione
ization efficiency of the atom beam. This was computed as the numbser
of ionizing collisions per centimeter path per atom at a pressure of

1 mme of mercury at O° ¢, Three points were obtained: at 350 volis,
500 wvolts, and 650 voltss The data are plotted, in comparison with

those of Rostagni, in Figure 2.

The accuracy of the measursment of the intensity of the atom beam is
gertainly not vory great for the 350 volt point, bub for the upper
points the intensity of the beam could be obtained with considerable
certaintys However, in light of later work it seems that we were ‘oo
optimistic in assuming that we could take the entire slectron current
oolleoted by the condonsor as a moeasure of the ionization in the chaumnm
ber. The grids, after all, have a finite area, and can give an apprew
clable secondary emission. Furthermore, although the transvsrse field
between glits 6 and 7 would turn any secondary elesctrons already in

the beam to the left~hand condenser plate, yet secondaries formed at
slit 7 would reach the final chamber; and what is worse, the lon bean,
which is deflected toward the right-~hand plate, would strike that plate,
knocking off electrons which would be picked up by the fisld and carried
into the final chambsie Comsequently the probabllity is that Uhese

results are somewhat too highe

At about the same time as this work was being dons, Brasefield7, ap-

parently started off by Beeck's sarly work, attempted to measure the

efficiency of ionization of neutral atoms in various gasese. His first
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work wes done in a tube which was sealed off from the pumping system,
so that it was useful only for measuring the effect of atoms in their
own gase The initial ion beam was accelerated by the same field which
meintained the hot-cathode discharge, hence the homogeneity was bad on
this accoulit.e Furthermore, mno precautions were taken to eliminate, or
correct for, the effects due to radiation coming from the discharge
directly into his measuring cheaunbers. Alsec his measuring instrumentse—-
galvenometers--did not have sufficient sensitivity to work at pressures
low enough for the results to have quantitative significancs. Quantie
tative work requires low pressures in order that each atom partake in

no more than one collision, on the average.

In a second papera, Brasefield repudiated most of the results of ths
earlier papere. In this case he worked with an apparatus similar in
design to Bseck's preliminary apparatus, but again accelerated his ion
beam directly in the discharge, end again used galvanometers. The ine
tensity of the neutral beam was calculated from a knowledge of the
neutralisation cross sectlion, and from the intensity of the ion beam
coming from the discharge tube. Again his results have no quantite-
tive significance, but this time he worked over the various combina-
tions possible with argon, neon and helium, and found no measurable
effect except in the case of the gas in its own kinde This tended to
throw some doubt on Beeck's results with argon in neon, though Brasem

field's sensitivity was far less than that of Beecks.

In his third paperg, ‘rasafield attempted to evaludte some of the se~

condary effectse He was this time working with a vacuum tube electro-
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meter, which gave him ample sensitivity to do some precise worke. Again,
howsver, he failed to take account of the radiation formed in his dise
charge tube. He allowed a mixed beam of ions, atoms, and photons, to
strike a plate protected by a gride. By varying the potential on the
grid, he ocould measure the emission of secondary electrons from the sur-
face of the slectrodes Then he put on a transverse electrostatic field,
which swept the ions oubt of the beams The secondary emission which was
left was atbributed to the neutrals, and hence they were assigned an
efficiency very much greater than that possessed by positives for this
processe Acbually, as shown by Rostagnggﬂthe coefficients of emission
for argon atoms end for argon ions are approximately the same, and the
experimental work described on page 23 leaves little doubt that the
principle effect measured by Brasefield was due to argon rediation formed
in the discharge. Radiation from the hot filament could not possibly
account for such a difference.

10’11'12’13’14, Rostagnl describes a very elabo=-

In a series of five papers
rate series of experiments on the processss connected with any study of

neutral rayse He made careful measurements of the efficiencies of ions

and of their corresponding neutrals for emission of secondary elsctrons

from metal surfaces for argon, neon, and helium, {fiading Lhalt above 100
volts the values for ions differed but little from those for abtomse Be=
low 100 volts the coefficient of emission for atoms drops off, becoming

unmeasurable below 20 volits; whila for ions it remains of the same order
of magnitude down to the lowest point he measured--25 volts in argon,

11 volts in neon, and 6 volts in heliume He found that the neutralisa-

tion of ions by striking a mebal surface at grazing incidence was at



best a very inefficient process. He made careful measurements of the
neuvtralisation cross sections for argon, neon, and helium positives in
their own gases, finding that the neubtralisation cross section increases
to 20 volts, remains constant between 20 and 30, and then decreasss
gradually on out to 900 volbts. With the assistance of all of these mea~-
surements of accompanying phenomena, he made a careful study of the ef-
ficiency of ionization for helium atoms in helium, and for argon atoms
in argon. His apparatus was similar to that described above, except that
he deflscted his beam through 30° before neutralisatione. This gave him
an homogenanus heam, and at the same time kapt radiation from reeching
the measuring part of the apparatus. He determined the inbensity of

his atom beam by measuring the numberrof secondary electrons knocked

out of a metal surface by its He also checked his intensity by absorpe
tion measurements on the initial positive beame. He was able to take

the secondary emlssion inte account better than was done by Jeeck and
the author, so that his results are probably quantitatively better than
ours. Also, he was able to push down to much lower velocities than we
were able to do with our thermocouples The shape of his curves-—-which
are shown in Figure Z along with our dabta--seems a bit strange in light
of the curves obtained for positive ions in argon; but further experi-
mental work, preferably using another method of measuring the intensity
of the atom beam, if such can be devised, will be necessary to check

this pointe.

In the mean time the author was working on an apparatus which would per=

mit a measurement of the inset potential for ionization of the noble gases
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by bombardment by their own atoms and of other noble gas atomss The
sxpariment was undertaken with the hope of eveniually refining the ap-~
paratus to the polnt that it would be possible to measure any difference

that might occur in the inset potentials for the combinations Ne2O-Ke20

20_ye22, 1

and Ne Since, on the classical picture*, if one reguires the
conservation of momentum to be satisfied by the two massive particles
before and after collision (neglecting the momentum of the electron
liberated), there will be enough energy available to produce ionization
only when the energy of the bombarding particle is considerably greater
thean the elootron ionization potentiale Thoe maximum onergy available--
for direct impact=-is equal to mlE/{m 1~ Op) where m; is the mass of the
atom struck, mp the mass of the bombarding atom, and E the incident ener=

gy of the bombarding atom. In the case for which m, " m,, wa see that

2
the maximum available energy on this theory is 0.5 the initial energye.
In the case of neon?® in neon®? the available energy would be only 04476
of the initial energy. Hence the inset should be, on this theory, aboutb
five percent higher in the sscond case. Such an experiment would give

us the possibilibty of checking just how good this simple picbure of the

Process ise

In order +to insure an homogeneous beam, and to remove radiation effeets
from the measuring chamber, an electrostatic deflection method was t ried,
The ion beam was deflected through 127° 17' by means of a cylindrical
condenser. This gives not only an energy separation, bub also focusses
ions of given snergy but slightly divergent directionls. The ion Dbeam

was then neubtralised, the ions removed by a retarding field, and the

rosulting homogeneous atom beam used for the experiments. The ionization

of the gas was to be detected by a balanced space charge detector, ag
H
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16, and revised by Varney17 for similar

devised by Lawrence and Edlefson
measurements on the inset potentials for posibive alkell ions in the

noble gases. The principle of the device is the following: e straight
tungsten filament is run down the axis of a metal cylinder. The tungsten
filament is heated electrically, and a small potentiaml difference is
applied between the filament and the cylinder. If the electron current

is space~charge limited, the introduction oi another electron by ionie
zation of any gas in the eylinder will not affect the current; but if a
positive ion appears in the cylinder, it will be attracted toward the
conter, Since, in gemeral, it will have zome component of veloeity per-
pendicular to the plane defined by its position and the filament, the

atom will, in general, spiral around the filament many times before it
finally reaches it. During this comparitively long time, it will considerw
ably influence the space chargee~sufficient, in fact, to neutralise, on

the average, the effect of 30,000 to 40,000 elecironse This will change
the current flowing between the filament and the oylinder quite conside
erablys. If two of thess chambers are balenced in the arms of a bridge,

so that fluctuations of heating current and accelerating potential are
pretty well balanced out, and the ionization which is to be measured

allowed to occur in only one of the chambers, a very sensitive device

is a% hand for the detestion of the positive lons formed in the process.

This has many advantages over the use of electrometers or sensitive gale
vanvmebters, since it is relatively insensitive Lo secoudary slectronse
Varney had measured the inset potentials for the alkall lons in the
noble gases with such a device with eonsiderable success. However, the
author found that his own apparatus--which was enclosed in a metal chame

ber, and consequently could not be baked outwwwas so unsteady that with
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the intensities available for the neutral beam, it was impossible +to
get guantitative results. The most intense beam of neon ions %o reach
the upper chamber was only of the order of 10-11 amperes, and the neu-
tral beam was even more feeble, Even sending the beanm directly into
the space-charge measuring device, eliminating the velocity filter ale
together, did not give usable results with neon in neon--~the only case
tried with this apparatuse

la
In the mean time Varney had applied his space charge apparatus to the
measurement of the inseb potentials of neubral atoms in their own gas.
He used an apparatus (Figure g} of much simpler design than that employed
by the author, having only two narrow slits to cut down the intensity
of the beam, and having the apparabus sealed in glass so that it was
possible to bake out the space-charge cylinders, which very materially
out down the unstoadiness of the epparatus. Hiec values are shown in

table 1, page 42.

Next he set out to consbruct an apparatus which would allow him to use
differential pumping, so that he could try using different gases for
porjectiles than used for targets. His apparatus was very similar in
construction te Eeeck's original apparatus, except he used the space-
charge detector instead of the collecting condensers In this case pho-
to eleotrons would cause no serious consequences, since the detecbtor
was sensitive particularly to positives. However, the exbra slits so
decreased his intensity, that he was barely able to get a measurable
gffect for arcon in argon-ethe easiest case~~and could get no positive

results whatsoever for argon in krypton, and argon in xenon. Even for
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the argon~argen case, he could come no closer than within ten percent

of his earlier resulis,

Verney's difficultlies in the "mixed" cases, coupled with the fact thet
circumstances foreed him to abandon the field, made it seem feasible
for the author to go ahesad and attempt to measure at jeast some of these
cases by another method, always with the hope that sufficient gensitie
vity could be obtained to allow a measurement in the cases of the neon
isptopess It was also imporbtant to try to clear up the discrepancises
between the works of various experimenters in the field, Particularly
to account for Beeck's preliminary results, showing ionization of neon
by argon, and showing practiocally no velocity dependence of the ioniza=-
tion of argon by argon; and to account for the discrepancy between
Brosefield's and Rostagni's values for the ceefficient for emission of

electrons from metal surfeces by atom bombardment,.
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Description of Apparatus

le Production of the ion beam

S
The ion beam was produced by electron bombardment in chamber I. (Figure 4)

The electrons were emitted by a heated tungsten filament end accelerated
toward slit 1 by a field applied between the filament and a grid G. The
filaments used throughout all of this work consisted of spirals wound

from & mil pure tungsten wire on a 20 mil pianc wire mendrel. 5 mil piano
wire was wound simultaneously with the tungsten, but held from the opposite
side in order te keep bhe mendrel, which was burned froum bolh ends in s
small winding machine, straighte A spiral about three inches long would
be wound, end then mandrel, spacer, and tungsten spiral were all placed

in concentrated hydrochloric acid. This dissolved ont the iron mandrael
and spacer, leaving a very wniform tungsten spiral. This was cut in 1 cm.
lengths to be used for filamenis. These were mounted with nickel leads
mede from 30 mil nickel wire, dhe end of which was filed down in a lathe

so that it would fit tightly into the end of the spiral. The spiral was
spot-welded to the nickel lead., This filament assembly was then welded
across heavy nickel lesads, attached to bungsten-pyrex seals through a
ground joint which permitted the filement assembly to be removed for rew
placing the filamentse The grid was made by winding 5 mil tungsten wire
cen an 8-32 mechine sorew, cubting the resulting spiral to the right length,
and welding it along one side to a 20 mil nickel wire. This, in turn,

was welded to & support sealed through the ground jointe This allowsd the
possibility of applying a different potential to the grid than was applied
bebtween the filament and slit 1, although thls degree of freedom eventually

was found unnecessary, as maximum emission was obtained when the entire
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electron accelerating potential was applied between the filament and
gride The grid and filement were not mounted concentrically, the fila-
ment being mounted closer to the sicde of the grid which was just in

front of slit le

Slits 1, 2, 3, and 4 were &all O 5 mm. wide and 5 mme. longe Slit 1 was
8 mm. deep, while slits 2, 3, and 4 were 5 mm. deep. A high speed mer-
cury diffusion pump was connected Lo chamber II, so that there would be
little neutralisation of the ilons emerging from 1 in their passage be=
tween 1 and 2. This precaution was considered to be necessary, since
no other device was used to homogenise the beams, Certeinly the ions
emerging from slit 1 would have only at most kinetic velocities, when
no potential was applied between 1 and 2, since any fields applied in

chamber I would have pulled them towards the filements

2+ Production of the Atom Beam

The ions emerging from I were accelerated by an electric field between

1 and 2. This accelerated beam of ions then entered the "neubralisation
chamber™ III. In this chamber a gas pressure could be maintained, allow-
ing a part of the ion beam to be neutralised by the process mentioned in
the introduetions From slit 3 there emerged a mixed beam of positives
end neutrals, from which the positives could be removed by applying a
retarding potential to slit 4. 8lit 4 was either conmected directly to
1, so that the retarding field was equal to the amccelerating field, or
an additional 22 1/2 volt battery could be commected in to meke absolute-
ly sure that no positivee would reach the final ohambor, Albthough ouch

a field removes the positives effectively enough, it acts as an accelers
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eting field for any electrons that might be in the beam due to secondary
emission at various metal surfaces struck aleng the waye. Consequently,
a small permanent magnet was placed just above slit 3, in order to deflect

any electrons out of the beame

3e Measurement of ionization

Two different measuring chambers were used. The first (VA) turned out to
be useful only in determining the origin of the most important secondary
effectse This arrangement was & modificetion of that used by Sutton,
Mouzon, and Beeck” in their work on the ionization of gases by positive
ion bombardment. A collecting ring CA’ protected by a guard ring RA from
impacts by the direct beam, was made positive with respect to the grid

GA' The field belween the collecting ring and the grid brought any slecs
trons formed in the space between to the collector, but it also collected
secondary electrons emitted from the grid and from the walls of the inner
chamber, which was at the same potential as the grid. Electrical connec-
tion to the collecting plate wes made through brass rod, insulated from

the mebtal chember by amber bushings, and made vacuum tight with ceresin

wax on the outside.

The finel measurements were taken with collecting head VB. In this appara=-
tus a parallel plate collecting arrangement was usede In this case the
shape of the field in the neighborhood of the actual collecting plate was
much more uniform than with the preceding spparatus, and in addition all
metal surfaces were protected by gridss The grids protecting the condenser
plates were made of Z mil nickel wire soldered to narrow brass framese. The
wires were mounted 1 mme. apart, and the front of the grid was 1 mm. from

the plate it coveredes The grids were supported by pins extending from the
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four cornsrs and passing through small insulating bushings of Bakelite
BT 61, which protruded O.5 mm. beyond the front surface of the condenser
pletess This Ce5 mm. plus the thickness of the brass frame, which was

the same, gave the spacing of the grid from the condenser plate.

The actual collecting plate PE was supported by a brass rod, which also
formed the electrical conmmnection to the outside, passing through a single
amber bushinge This connection was made vacuumw~tight with ceresin wax on
the outside of the apparatus. The brass rod supporting the central part
of the condenser arrangement was surroundsd by a brass bube which formed
the support for the guard ring, end also formed an electrostatic shield
for the electrometer leads. This tube was led out of the vacuum chamber
through a redmancl bushing, and was olcotrically commected to the case of

the electrometer through the continuation of the electrostatic shields

The condenser arrangement was supported in a chamber inside of the vacuum

chamber, which could be maintained at a different potential from the main

chamber to keep secondary electrons formed on the walls of the outer chamber

from reaching the collecting plates. A slit was placed in the bottom of

this immer chember, When the inner chember was made negative with respect

to the outer, electroms knocked off of slit 4 by the atom boam oould be pre-

vented from reaching the messuring chambere. The inmer chamber was supported

on & ring of Bakelite BT 61, so that slits 4 and b were only 1 mme aparte

The electrical comnections to the grids, condenser pletes, and inner chamber

were taken out through redmanol bushingse

Above the grid Gstwo different arrangements were used: the first consisted
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of a flat plate placed 1 mm. above the grid; the second merely did away
with this plate, allowing the beam to strike the top of the vacuum cham=-
bers No significant difference could be obtained by changing from one

to the other, so most measurements were made with the plate removed.

All surfeces except the grids and their frames were blackened with benzol
soote The grids and grid frames were blackened with Aquadag-=colloidal

graphite in aqueous solutione This was to cut down secondary emission by
atom bombardment, and to cubt dowvm reflection of radistion from the wvarious
metal parts. The grids could not he =zooked, ss the hest nf the flame was

sufficient to warp them.

4, Electrical measurements

The electrometer used for the measurement of the slectron current was a
Wulff string electrometer, bullt for Beeck's work with positives in the
noble gasese This had a maximum sensitivity of 1000 scale divisions per
volt, though was usually used at about half this sensitivity. The capacity
of the electrometer cireuit was caleulated as approximstely 50 centimeters.
At full sensitivity, allowing 40 seconds for a traverse of 2 scale divisions,
a current of 3 x 10”4 amperes could be measured. Actually, readings were
kept below 20 seconds whenever possible, and a larger traverse--at least

5 scale divisions--was usually used. The accelerating pobential was mea-
sured by a Slemans=-Halske volt meter, 300 ohms per volt. This meter was
calibrated against a Weston standerd cell hy means of a Brooks deflection
potentiometer with volt box made by Leeds and Northrupe The standard cell
was calibrated by Dr, Dunnington against cells whose values were knowne

The meter was found to read 0.3 volt high in the rsgion between 40 and 60
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voltse The insebts for argon in argon, krypton, and xenon were found to
e in this regione Thio corroction wos nogligeablec for tho ovorall ac—
curacy of the measurementse In the region between 100 and 150 volte both
scales used were found to be between 0.8 and 1.1 velts highe This also
is negligeable for the accuracy of the measurements mede in this regione
The elsctron acceleration and ion acceleration potentials were supplied
by a bank of Exide 6 CTI storage batteries. These batteries have & low
capacity, about 15 ampere hours, but proved to be very steady for the
small dreins used in this work. Other potentials were furnished by radio

"B batteriess

5o Method of handling pases

The gases were adnitted to the various chambsrs through Smythe 1eak818 from
300 ccee gasometer bulbs for argon and neon. The gasometer bulbs were £illed
from liter flesks of the gas obtalined from the Air Reduetion Sales Companye
The gases were bought in pure form, and no further abttempt to purify them
was made. However, between the leaks and the spparatus, a liquid air trap
was placed, in order to remove grease vepors and mercury vapor from the
gasese - The krypton and xenon were left over from bulbs brought by Beeck
from Germany--e gift to him from the Linde works. Since the gases had been
sealed in by stopeocks for several years, their purity was tested spectro-
scopically before they were used. The only contamination found was mercury
vapor, which the trapping system did net completely remove from the dise
charge tubes. These gases were passed through a 002 trap before being used,

as liquid air would condense them outbe

The pressures used in chambers I and III were measured by vibration gauges.

guch a gauge consists of a flat quartz fiber about Ce2 mme by 1 mme and a=
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bout 6 cme longe One end has & slight globule melted on, the size depend=
ing on the pressure range in which the gauge is to operates The other end
is fastened to a projection from the wall of a tube, so that the fiber hangs
vertically dowrward. A magnetically operated hammer allows the fiber to be
set inbo vibrabion, and the time for the vibration to dawmp down to half amp=
litude iz measureds These gauges can be celibrated asgainst a MeLeod +o give
very reproducible resulbs iln a 50 fold pressure ranges In bhis appuralus
the readings of the pressure gauges which corresponded to maximum emigsion
were obbtained empirically, and used in adjusting the lesks, without any
attempt ot obtaining the abselute valus of the pressure, Tn the messuring
chamber, however, the pressure wag messured on a McLeod gauge calibrated

by Beecks The MeLeod was comnected to the chamber through a trap which was
cooled by liguid air for work with argon and neon, and with a mixture of

alcohol and solid 002 for krypton and xenons

When the gas in the top chamber differed from thet used for produsing the
atom beam, it was impossible to use a suffieilently high pressure in the neu-
tralising chamber to insure the maximum efficiency of neutralisation, since
the interdiffusion would conteminate the gas being bombarded. Consequently,
the pressure in the neutralisation chamber was adjusted to such a value that
the pressure in the upper chamber was at most 2 x 10™% mn. of Hg, when no
gas was admitted directly to that chamber. Since the lowest pressures used
in the upper chamber were 2 x 107% 1m. of Hg, the contamination was kept

to 10 percent or lesse
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Measurements

les Collecting head A

This arrangement proved to be useful particularly in locating the exact
nature of the most troublesome of the sources of secondary electrons which
tended to mask the measurement of the actual ionization in the gas. As
will be noted from a look at the diagrem of the apparatus, only the surface
which the direct beam of atoms struck was protected by a grids Consequently
any secondary electrons knocked off the side walls by scattered atoms or by
scattered radiation would he captured by the cenllectnr. The mnet discone
certing thing in attempting to make measurements with argon atoms in argon
was the copious emission of electrons that took place for atom beams with
energies even below the value found by Varney for the inset. This emission
seemed to be practically independent of the presence or absence of the
residual positive ions in the beam, even when the positive lon currsnt was
greater then the intensity of the neutral beam could possibly have beens
Consequently it was suspected that radiation must be the principle cause.
The filaement did not give sufficient photoelectric effect even to be men~
sureasble on the electrometer at the sensitivities used=--about 500 scale
divisions per volt, which allowed currents as feeble as 1 x 10" £o be
measured, However, as soon as electrons were accelerated with sufficient
energy to icnize, and incidentally, also to excite, the argon in the lower
chamber, the effect began to show up. Consequently it was assumed that the
principle offender was the resonance rediation of the argone To check this
hypothesis, a series of measurements was btaken with verious conditions in
the upper chamber, and with only rediation and 60 wvolt positives bombarding
it, since chamber III was evacuateds With no gas admitted to the upper

chamber, & potential of 20 volts applied to the upper plete reduced the



Page 24

current collected on the collector to 16 per cent of its original value,
with the plate at the same potential as the grid. With argon at a pressure
of 8 x 10™° in the upper chamber, and the seme bombarding beam, twenty

volts applied to the plate reduced the current collected only to 73 per cent
of its wvalue with the plate at the same potential as the gride With neon

in the upper chamber, at a pressure of l.5 x 10”2

mme of Hg, & potential
of 20 volts on the plate reduced the current collected to 34 per cent of the
initial values The large amowunt of emission apparently coming from the
body of the gas in the argon~argon case could not possibly have been due
to ionization of the gas, beocause even if the boem had beoen neutralised

in chamber IIT, the ionization at 80 volis had been found %o be only a
small fraction of the backgrounds And in this case the neubral component
must have been very small indeeds The positives could have caussd no ion-
ization, as Wolsl® has found that ionization of argon by argon ions does
not set in until the ioms have about $00U volts energye. Consequently the
effect must be explained by scatbtering of the ion beam and of the argon
radiation. Since cutting off the positive heam made only a small differw
ence in the total effect memsured, the radiation is left as the principle
offender., The most ratiomal explanation is that the argon radiation is
absorbed by the argon, and re-emitted in all directions, %nocking seconde
ary electrons off the side walls. Neon, on the other hand, would show no
such selective prefsrence for argon radiation, and consequently would not

give nearly as strong an effset Irom the side walls.

The fact that the argon resonance radiation is in the exbreme ultraviolet
mekes it exeoeedingly effective in knoeking off phetooelosbrons. Tho oopious
emission of these secondaries by the radiation explains Brasefield's spur=

ious results as to the coefficient of emmission of slectrons by neubral
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argon aboms impinging on a metal surface, as well as accounting for the
apparently copious ionization of both argon and neon found by Besck in an
apparatus completely unprotscted as far as photo emission was concerned,

The fact that for argon in argon he measured almost as meny positives as
negatives is explaimned by the fact that, if the collecting field is such

as to remove the photoelectrons from the plate connectad to the electro-
meter, the string will oe charged up positively. Comsequently the only
difference between "positives" and negatives will be due to the exira secon-
dary negatives formed elsewheres In the case of neon he would observe few
"positives", because the neon would not be very efficient in scattering the
radiation to the condenssr plabes, even at high pressures, and the pressurss
he used were of the order of a few times 1070 mme Hge However, there mush
have been a falr number of photoelectrons smitted from the "grid" at the

top of the condenser=chamber, as it was constructed of a piece of bronze

window screen made vf guite heavy wirge

2. Collecting head B

ae Methodology

As was mentioned in the description of the construction of this apparatus,
the major surfaces were covered by grids which could be made negative with
respect to the surfaces in order to hold back electrons knocked off, Uon=
sequently the first thing to do vms to determine ths correct potentials %o

apply to lusure Lhe oplimum conditionse

With all of the grids connectsd to the plates which they covered, the effect
of the collecting potential between the condenser plates was studieds This
was done. in the following manner: a collecting potential of 30 volts was

taken as a standarde. With & beam of argon atoms bombarding the chamber,
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which contained argon at a pressurs of a few thousandths of a mm. of mere
ecury, the time required to charge up the center portlon of the right hand
plate--which was counected to the string of the elechrometer-~from 40,05
volts to ~0,05 volts was measursds Then the collecting potential was
changed to 1 1/2 volts and the time for collecting the same charge was
measured, Immediately the collecting potential was reburned to 30 volts,
snd the rate of charging up of the elsctrometer measured againe If the
"standard" hed not changed appreciably, a new collecting potential was
trisd, and so on, each time coming back te the 30 vold point for a stan-
dard. In working up ¥he data, the current collected for a 30 wvolt colleot-
ing potential was bteken as unity, and the other values compared Lo it.

An average of the 30 volt reamdings before and after each other reading

was used in compubtimg the ratiose. The current collected at 30 volts tended
to drop with time, due to the gradual decrsase in pressure in the various
chembers as the pressure in the gasometer bulbs dropped: +the slits in
this apparatus were, after all, pretty large, and conssquently it used quite
a lot of gas. "Saturation" curves for grids at 0, 6 and 12 volts negative
with raspact to the condenser plates are shown in Figure . Tho 6 and 12
volt curves were btaken no further than 30 velts, since in general it was
deemed advisable to keep the collecting potential so low that the electrons
acoelerated by this fisld would not have sufficlent energy to ilonize the
zase The actual collecting potential used for most of the final measure-
ments was only 12 volbts, which will be seen to give nearly 90 per cent of
saturation, though in no case was any significant difference found with 30
volts collecting potentiale Since the purposs of the experiment was To
measure inset potentials, it was more important to keep down secondary
effects to a minlmum than %o be surs that every liberated electron was

collected, The effect of wvarying the grid potentials with the collecting
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potential fixed is shown in Figure 6, hence it is clear that grid potenw
tials between & and 12 volits would be sufficient to hold back the secvn-

daries emitted from the condenser plates,

The upper plate was normally mads 22 1/% volts positive with respect to
the grid, which proved sufficient to hold back the secondary electrons

emitted from its surface. Here it was not considered necessary to keep
the electron acceleration below the ionizing potential of the gas, since
electrons formed would be pullsd toward the plate, and not into the mes-
suring spaocee Slit 5 was mado negative with rospect to slit 4, 45 voltbs

proving sufficient to give a minimum of secondaries.

In spite of all of these precautions, secondary electrons still formed a
fair percentage of the measured effects. However, with optimum conditions
in the upper chember, it was possible in several cases to get effects that
seem abttributable only to ionization of the gas by atom collision. Although
the actual measurements were taken collesting negatives, in all cases ox-
cept neon in neon s check run was made collecting positives to be sure

that they were presente. Since it required 60 volts collecting potential to
get even close to saturation for positives, it was deemed advisasble not to
attempt to colleet them for an acbual determination of the inset potential,
since the elecitrons, both primary and secondary, had plenty of energy to
ionize the gas themselvess. Any abtbempts to collect positives with low
enough collecting potentials to assure no ionization by the elsctrons
proved to give such small currents that no good determination of the insetb

eonuld he made.

Runs were made as quickly as possible, in order to avoid changes in pressure,
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and fluetuations due to warping of the filament as the supports got heated.
Considerable practice was required before it was possible to get runs in
which the time element was not serious. It was found Lo be impossible

to reduce data taken at different pressures to a common basis by any method
of correction that presented itself, so data wers plotted run for run, and
the inset potential obtained from comparing wvarious runs. The daba wers
teken by assuming a point, which a preliminary run showed to be below the
inset as & standard. A value for this accelerating pobtential was taken,
the aceslerating potential changed, and the current to the colleeting plate
measured again, whereupon the accelerating potential was returned to the
"standard" value. If this had not chenged appreciably, the run was con-
tinuede If the current collected at the "standard" points drifted slowly
downward, as would be expected from decreasing pressurss, the run was used,
1f, however, the "standard" was erratic, or drifted very rapidly, so that
interpolation was dangerous, the run was throwm oute. Runs were taken with
various pressures of the gas being bombarded in the final chamber, and with
various conditions in the disgoarge tubes Values for the insets obtained
for different pressures were in agreement with eaoch other bo the limits to
which the curves could be reade. For very low pressures the total effect of
the ionization was so small that the slopss of the curves cbtained wers

too small to allow an accurate location of the potenbiels. Also, for low
pressures, the effect of the residue of argon in the upper chamber was

appreciable,

be Argon in argon
Argon in argon was sbtudiocd for bwo roasons: due to the comparitively high
efficiency of lonization for argon neubrals in argon, it was ideal for

setting used to handling the apparatuse In addition, Varney had already
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measured this case by another method, and it would give a good check of

the accuracy of this methode However, argon not only gave the larzest ion-
ization currents, but also the largest absolute value for the background.
Although considerable care had been taken %o keep down the unprotected sur-
face to a minimum, still there was enough to furnish a considerable emission
of secondaries. Although many runs were made with argon in getting used

to the apparatus, very little data were teken under the conditions set

up as necessary to be fulfilled for a useable run. None of the runs taken
were out of line with the "useable runs™, all giving an indication that
ionization set in in the neighborkood of 50 volbse The two runs which
fulfilled the required conditions for steadiness and speed are given in
Figure @« It will be seen that the check with Varney's value of 48 volts

4 2 volts is excellent--so good that further work with argon in argon

was deemed umnecessarye In working with argon in argon, the background

was so large that the electrometer had to be used at rather low sensiti-
vities in order that the tiwme of traverse of 20 scale divisions could be
measured with accuracy. Conseguently the sensitivity for measuring ionie
zation was considerably cube For argon in argon, the usual charge collescted
was U.1 wolt, while the largest charge collected in other cases was half
that, and frequently much less than halfe The time reguired to charge

up the elsctrometer to the required amount was always kept between 5 and

40 seconds, but in gensral it was adjusted to be between 15 and 20 seconds
for the background, since this allowed rapid work, and at the same time
considerable accuracy in handling the stop watch, The elesctrostatic ca-
pacity of the system was estimated to be between 30 and 50 centimebterse

In general, data were plotted in percentages of the background, since

that gives a good idea of the reliability, and the absolute value is of

no conseguence for measuring insetse
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ce Neon in neon

The effliciency ol lonlzabion fur neon neulrals swems Lo be excsediugly
small, and in addition it is more difficult to get an inbtense beam of
neutralse. In the only curve obtained for this case, Figure %, it is

seon that the rise above the background is very smalle The liklihood of
malking a measurement of the inset for neon in neon with any degree of prew-
cision with this apparatus is seen to be smalle Certainly it would have
been impossible to detect the small difference to be expected for the
different isotopes with the small amount of neonzz available. Since Var-
ney's result of 78 voelts should be more accurately determined then zuybhlng

that could be done with this apparatus, no attempt was made to do more

work with neon in neone

de Argon in neon

The first evidence for atoms of one gas ionizing another was obtained in
the case of argon atoms in neon. Curves a, b and ¢, Figure|@, gave promise
that there was a real effect. Curve d, taken at a much higher pressure
than the othsr curves, gives very definite evidence of ionization, and s
fair indication of the inset. From these curves the inset is estimated to
be in the neighborhood of 130 volits. This set of curves was taken with the
collecting potential at 30 volts, grids 12 volts, and the electron acceler-
ation in the discharge tube at 40 volts.for b, ¢, and d, and at 50 volts
for a. The pressure of neon in the upper chamber was about 4.5 x 10~ e
Hg for a, 9.5 x 1070 for b, 445 x 1075 for o, and 1.6 x 1072 for d. It was
found in general that the effect went up with increase in pressure, though
the background also rose. However, pressures in the diskharge tube and
nevtralisation chamber also had their effécts in changing the relative in-

tensity of radiation and atom beame The neon data is all plotted relative
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4o tho background as wnity. Froliminary oxporiments indiocated that thore

was no evidence of ionization below 120 voltse In order to be absolutely

sure that the effects measured were not due to the residual argon in the
H

upper chamber, a run was taken over this energy range--see Figure o

the flatness of which leads one to conclude that the effect in neon isreal,

8s Argon in xenon

Due to the small amount of gas available, the number of runs which could
be made for argon in xenon was distinctly limited. Figure 1L a shows

the results of a preliminary run taken with 10 wvolt intervalse Curve 1L b
was taken shortly after with § volt intervals in the hope of gotiing a
better messure of the inset, but the intensity of the initial atom bean
had dropped in the mean time. The xenon pressures were about 4 x 10"'5 TMMe
Hg in case a, and 3.5 x 10"3 in case be Trouble with the gasomeber system
forced the runs to be stopped, and resumed a few days later. The McLeod
gauge was out of order for these runs, so the pressurs was not known exw
acbly, bub probably was somewhal higher Lhan for Lhe earlier ruuse Curve
¢ shows the relative effects for the first of these runs. Something went
wrong with the filemsnt for the second, so a oomplete run could not be
takens However both gave a definite indication of a break between 55 and
80 volts, as shown so clearly in curve ¢, Sufficient gas wasg not at hand
further to check these valuese The collecting potential used in all of
these runs was 30 volts, the grid potentials 12 volts, and the slectron

acceleration in the disktharge, 40 volts,

fo Argon in krypton
Here again the small amount of gas avaeilable mads rapid work absolutely

sasential. Unforbunately about half the gas had been wasted in attempiting
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to get results with an intermittant ground in the filament circuite. Howw
ever, the set of runs shown in Figure 18 more than made up for the previous
difficulties. Curve a was taken hurriedly at 10 volt intervals to establish
the region in which it was worth while to look for the insets Curve b was
then btaken-~these two curves were both taken at a rather low prassure to
consérve gas, aboub 3.3 x 10“3 e 0f Hg-wat & volt intervals to fix the
inset more oloselye Then the pressure was raised to 7 x 10=3 and curve ¢
taken at five volt intervals. The flatness of the curve below 50 volbs
indicuated that inset must occur gt that point or above, s0 curve d was to-
ken with 2 volt intervals. The pressure was beginning to fall repidly, so
no further curves were taken. All the curves are plotted on the seme scale
of currents collected, taking as +the value for the harkground the average
of the background readings throughout the run, and taking as the capacity

of the system 5§ x 10-11

farads, which was estimated to be an upper limit

to the capacitye Although the major differences in background are probably
dus to the differences in pressure in the measuring chamber, the smission
mey very well have dropped svme throughout the sequence of runs. Immediately
after the last run, all of the gas was turned off, and the system allowsd to
pump down to a pregsure of about 10'5 mm. of Hg as estimated from the McLeod,
which was exoeedingly insensthtive in this ragion. Then the stopeocks leading
from the leaks to chambers I and III were opsned and the system allowed to
come to equilibrium. The pressure in the upper chamber was found to be

2 x 1(2)"'4 mme of Hge The filament was then turned on and a background set

of readings taken. This is plobtted to scale in Figure 4 along with curve 4,
It is obvious from this comparison that the inset for ionization of krypton
by argon in the neighborhood of 50 volts is real. Also the shape of the

background curve leaves little doubt as to the reality of the effect in xenon,

even though the inset is not so sharp as in krypton.
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Discussion of results

The conclusions to be drawn from the work with arrangement A have already
been discussed in detail on page 25, Chamber B afforded the possibility

of measuring the inset potentials for idonization of argon, neon, krypton,
and xenon by argon neutralse. The existence of ionization in all of +these
cases 1s believed to be conclusively demonstrated. The check with Varnsy's
value for argon in argon makes this work directly comparable with his i
comparing the variation of inset potential with change of particlese His
results are given in parentheses in table 1, while those of this work are
given without parentheses. It is interesting to note that the inset poten-
tial rises as we progress from the disgonal, as would be predicted on the
simple theory as expounded by Zwicky. The actuel value for the inget in
the case of argon in neon cannot e teken too seriously, as the rise of the
curve is so slow that the true inset may be somewhat lower than the value
of 130 volts estimated from the graphse The value for argon in Xenen is
considerably better, though it is true that curve b suggests that there may
te some effect below tho BE volts assignod to bho insots Tho appaﬁron‘b of-
fect may, however, be due to the argon background, since the xenon pressure
in this case was rather lowe The case for argon in krypton is certainly
the most clean cutes Here there can be no question that a very marked effsct

sets in just above 50 volise

Ir discussing measurements of inset potentials one of the principle bones
of conbention is the relative sensitivities of the balanced space charge
method and the electrometer methods. If we compare the results obbained by
Varney and those oﬁtained by the author, scme light is thrown on this ques=

tione Fith Varney's earlier apparatus (pe.l3) he was able to measure all
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KRYPTON
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TABLE 1

Target Atom

Gas Bombarded

NEON ARGON KRYPTON
(74)
(48)
130 25 50
(40)

XENON

55

(35)
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of the ncoble gases in themselves, with the exception of helium in heliuvim,

In this apparatus, the small number of slits allowed a very intense beam of
neutrals to be employede As szoon as he incressed the pumber of slits, with

a ennsequent Ainirnmtion in intensilty, he was only able to cheel hie results
in argon to 5 volbs, and could obbain nothing definite for argon in krypton
or xenon. The author's apparatus must have had an inhkerently grester sensie-
tivity than Varney's, since, in spite of the small intensity of the atom
beam, Varney's esrlier result for argon in argon was repBdduced, and ionizge
tion was detected for argon in meon, krypton, snd xenone Had the author been
able to use beams of thevintensity used in Varney's sarlier work, it is pro-

bable that the results with neon would have been much more satisfactoryes

Always there is the questicn as to whether or not the insets are bruly sharp
at these values so far above the elechron ionization pobtentials. The results
in the first cases tended to support the hypcthesés that the inset was not
sharp, but the data for srgon in krypton certainly favor the hypethesis of
sharp insetse If we were to take curve 18 ¢, we might be tempted to extrae
polete back to 52 volts as the sharp inset. However, when a 52 volt point
was taken, curve 13 d, it is seen to make the curve swing in to the background
instead of cubtting it sharply. It is %true that the probability of ionizetion
must rise rapidly between 5C and B5 volts, but the data still do not preclude
the possibility of some ilonization even at much lower potentialss. In order
to gain further informetion on this point it would be enlightening to work
with a system in which the beam was homogenised by a good velocity filter,
wnich im turn would remove &ll of the radistion. The problem of inbensity
could probably be met by using a vacuum tube electromebter for measuring the
ionizetions, This might also permit the possibility of making measurements

of some of the other combinations, partisularly some of thosse using neon as

a bombarding agente
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