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THE PROCESS  OF  IONIZATICN OF ARGOH

BY ALPHA-PARTICLIG

I. Introduction,

To ionize an stom of anv element rsguires the FXLGPQL*UTé
off a certain amount of work, dependent uvpon the particular elemsnt
corcerrned. This energcy nay be acquired through impasct with a
rapidly moving electron, pesitive ion, or neutrsl atom, or through
absorption of rsdiation. #e shall be concerned with ionization by
the irvact of positive 1lons and d-marticles. Suprnose the colliding
particle has more than sufficient energy to affect the removal of
one elsctron, what ie¢ the net result of the collisiont lay it hap-
ren under certalin favourasble conditions that & second slectron is
removed, or does the lonization vrocess invaeriably consist in the
removal of & single electron? It wae the object of this resesrch
to supply further eXperinental vrocf for the theory that more ither
one electron may be dislodged by single impact.

Up until 1211 we had no unambigucus information as to
what really happens vhen a high speed narticle collides with a
normal atom. It was not kriovn with certainty whether one two or
more electrons are dislodged by the impsct. True, Townsend snd
his students had deduced evidence, from measurements of the rstio
of the mobility to the diffusion cosfficients, that the ions formed
in elr by Reentpgen rays and the rays Trom radium bore only a
gingls charge. On the other hand, Sir J.J.Thomson, from his work

on nositive rays, had shown that in a relatively large number of

“

instances the ions formed by this method were mﬂlt]v ent. ITn



and nitrogen he obtained parabolae corresporiing

iong were received by the recording anparatus at a relatively
interval of time after their formation. It was thereloro

have had tirme to recorbine, or in Thomson's

consequent loss ol

The first really direct evidence beari or the

of valence in ionization vwas sunrliecd by gxperiments of
illiken end Flotcher (Phil.lag. vol.21l, 1011, p7FE7). By catching
the positive dicens on oll droens alnost alt the instant of their
Tformation they were able to ehow conclusively that irnsg formed in
alr by Hoontgon, - and y-rays vere inverliably univelent. The
vorl was continued by Lilliken Gottschall snd Lelly (Phys.lev.

vel.1f, 1920, ple7), who extended the measurecrents Lo carbon

iioxid cerbon tetrachloride, methyl ilodide, and mercury dimethyl.
Lhey aleo checled the nrevious wol'k on The lonizing agents

vere the rays rom radiurn. The vanishingly small numbaer of anparent

oubles wes exnlicable on the zssurntion of a2 simultaneous canpture

of
Direct preoi for the Formation of multinly charged ions
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by single imnact cane in 1992 from the vwork ofAJ.I.HllllﬁG (thS.
1% ptSoand

Lev, Volklg, pBlO). In Thomson!s experiments lhe lcnizotion was

affected by positive rays. Alvha-psrticles sre only e special type

of’ rositive rey so thet 1t would be natural to look for tlese

rultiply charged ions when o«-particles were the ionizing agent.



Aloo 1t d1s knowvn thet an 4«=particle 1s much nore effective as an

£ its range, and so if docubles or
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lonizing agent neear th

triples are produced it is to be eXpscted that they would occur

in grester number rear to the end of the 4-varticle's path. It
e MR oim Ban S

was the object ofhﬁilking' experiment to test this hypothesis.

1tmy'experimental conditions were identical with those of thésy
pfedv essors save thattheqused polonium, which glves rise to
« ~particles cnly.fﬁeqaeleo;Ju heliur as the geo with which to
eXperiment. The range of the d«-particles was varied by altering
the pregsure of the helium. In this way it was possible to test the
charge carried by the ions formed by d«=-particles of very
different energies. Results indicated that a small vercentege of
the ilons were doubly cherged; but of those Tormed near the end of
. "

the renge as nmeny as 157 were doubles. Coling beyond this roint

the proportion fell off quite rapidly. The curve showing the

fmd
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fractlion of doubles to singles vlotted against the distance from
the source weas similar in general fcrm to the curve repregenting
the ilonizing rower of the varticles against distancse from the
source, Lllklﬂﬁ also tested hydrogen and nmercury dimethyl for
doubly charged ilonsz. is was to be exXpected the hydrogen showed
o trace of them.]hﬂi’resultﬂ on the mercury comnound were likee

confirming the esrlier work of 1'illiken CGottschalk

Thus the process of ilonizetion in the comrcner gsses has
been showr to congist in the rermoval of & single slectron. Only in
the cass of the inert gas helium is the wnrocess different, in that

4

out of one hundred ions formed, asg many as Tifteen of them may



have logst both elscirons. It is to be notel that in this method

of studying -the lonization »rocess, the ions, movin

I
e

under the
infiuence of a powerful votentiasl gradient, are caught by the oil
dron almost at the instant of their formation, and hence there is
& vanishingly small chance of their r@coﬁbining cr of beling struck

by & second d-varticle. Thus the uncertainties Iinherent in the

-

eXperiments of Townsend end Thomson are cbviated.
Inasmuch as hellum appeared to be unidque in showing this
interesting property of multirle valence, it seemed worth while

to exXtend the method to other merbers of the same chemical family.

Though helium, neon, argon, etc. arc identical chemically, there

=0

seened to be no & priori reason Ffor belileving that they would be
£ [w) &

similar in this particular respect. Eecause an d4-particle is able
to remove both electrons from a normal helium atom, one would not

necegsgarily eXpect that it would do likewise to a neon atom with

its complete Leghell cf sight elecirons, or to an argon atom with
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Since argon wag readily cbtainable, 1t was decided to

-

apply illikan's oil drop method to 1t, to find whether or not

14 behaved 1like helium in the formation of doubly charged lons.
Tnasmuch an the apparatus and method of ocXperimentation are now

quite familier, only s brief descrintion will be given.
Tiny drong of watch oil are svrayed into the spacs
between two varallel and horizontal metsl nlates, Pl.7cm in
Gismeter &nd 1.5%ewm apart, trhrough a few small heoles in the
The condenser is contai

urver plate. ned in a large Iiron cylinder

L

192 inches in diameter and 11 inches deep, imrersed in another
vessel containing about ton gallons of ordinary lubricating oil.
The 01l served the dcuble purnoss of supplying a tight o0ll seal

and also keeving the temperature nearly constant. & large nropor-

[

tion of the drons entering
so 1t 1s generally sasy to pick out one of about the right size
and balance 1t against gravity by means of an electrestatic field

aprlied scross the condsnser plates., Under these conditions

It is to be noted that in the cese of argon with its relatively
low ilonizing potentisl, it 1s not feasable to have a largs value
of the polentiel gradient, for in this cese a discharge occurs

betwveen the plates, thereby introducing e eXitransous and wholly

unco ilable source of ilonization. In 1hs eXrerimerl to bhe

never eXceedsd 400 volts per centimeter.
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The source of o —-particles was a bismuth disc bearing
8 prell amcunt of poloniurm, separated in the usual vay from the
active residue in old radium emanation tubes. The radicactive
source was so0 placed at the edge of the gas chamber that the
4 —-particles were projected into the condenser just above the

surface of the lower vplate. The J-rays could be cut off at will by

.

4

a leed ehield overated from withcut. In this vork no absorbing screens
vere used to cut down the range of the ~-narticles, so that srgoon
presaures up to £2cm of mercury were found necenvary.

The light source was a BECOc.p. pointolite lamp with a
suitable condensing lens system to render the beam parallel.
This form of illumination proved very satisfacto;y indeed. A
water cell was intervosed in the light path to absorb the in

- .

red reys, which would produce loczl hesting and thence convsction

N
L

currents. The observing was done with the aic

of a special telescove

>l

of large aperture, kindly lent to us by Dr C.F.Eyring of Brighan
Younyy University. The incident beam sand the dirsction of obsgervation
rado an angle of about 160 degrees.

For the production of the oil drops, an ordinsry medical

atomizer wes incorporated into the system. Condenser notentbisls

=~

were obtained from a battery of small storagse cells arranged in

(e

barks of 160 volts. These were in series wit?

—

e notenlicnmeter
errangenent so thet a continuous variation of potentlal up to
1200 volts could be had. Because of the avidity with which argon

iz absorted by charcoal immersed in licuid air, it was found a

very casy patter to change gas pressurc without lose of argon



Iil. Procedur
Having selected & sultable dr
appropriate speed of Tall under gravit

op, that 1s one having an
v, & single positive charge

is put upen it and the drov balanced near the unper nlate. Then
the shisld over the poloﬁium is raised, causing the projection
of d-particles into the condenser just underneath the olil dron.
Of the icns Tormed the rosiltive are drawn to tro unper plate and
the negative to the lower., Vhen it happsns thet 2 positive ion

strikes and adheres to the oil drop, the balance is disturbed and
the droep moves upward at s uniforr rete. As soon as an ion is

caught the shield ig drovred over the rolonium so thaet there will
be no morse captures. If the drop catches & singly charged ion the
revultant force on the drop is edV/dx and its upward veloclity is

given by the modified Stokes' Law. IFf on the other hend the ion

is doubly charged the force is dv/dx and the velocity just twice
as great, Thusvthere ie abeolutely nc ambiguity ebout the inter-
rretation of the observations, for 1f in general the drop requires

o
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translt over a given num

particular cadnture traver

ptured ion ¢
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These la
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accurate timing device, an ordinary st

Durpose.,
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ber of scale divisions, and

ses the sare peith in 10 gsec.

rrioed
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twice the charge of

o

rerences requlrs

no very

op-watch was used for the

It is to be noted that due to Brovnlan movements the times
T ey o ) 4 P ~ o . n wny ~ B T b - S bl v
ol trensit alter the capture of single charges vary slightly among
thercelves, but these differences are small compared to the sort
that we are looking for. The time of transit having been measured,
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arn electron is capltured, thus restoring the balance, and the dron
nt back to its original vosition and the process repeated.

»

FKlectrong or vpositive ilons may be caught almost at will by opening

up the nolonium snd shorting the condenser plates momentarily.
! ] rla
Iin this way 1t 1s possible to put any desired charge upon the droplet.

2

By means of a second stop-watch the time reguired to make a

2 1

copture is measured, that isg, the time Crom uncovering the nolonium

to the instant of capture. The average value of thie Intervel will
be denoted by T in the following, Provided that the number of ions
ceuslhit 1s s0 large that we mey anply probability considerstions
then 1t 1s evident that thie interval T 1s & measure of the

& -perticle's efficiency in producing icns at any given point in
its peth. Inesmuch ag the number of lons caught al any one pressurs
is not larg (250 in most cases) it is perheps not justifiable to

stress this correspondence too heavily.



LV IXperimental Results,

The results of the capture of about 2500 argon iong are

contelned in the following table.

[
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No. catches Doubles “ doublesg

=1

Press.
QF mMm 3 sec. 560 18 2.9

10& 48 190 5] 1.5

138 20 260 14 546
B7 Z2 A0 23 4.8

177 18 280 25 10.0

187 17 2h0 S 11.2

1096 e 260 28 10.7
21 s 200 13 Cah
e : 3l 7Z 4 5ab

The first column gives the gas pressurec, the second the average

time nccessary to make a capture, the third the total numher of
ions ceught, and the féurth is the nuwber cof this total which
wore apvarent dcubles. The £ifth column is identical with the
Fourth save thet the mw ber of doubles ls exXnressed in the form
o & percentage.,

To obtaln the data for any one row, the number of drovs
worked with veried from eleven in the case of the first to thrse

in that of the last. O course the balancing potential vwes dif-

ferent for every drop, but any systemalic differences due to thie

use were quite imperceptible, Table IT. contairs in detell the

-
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figures whlch are combined to form the fourth row of Table T.

4



in P . . A
Prega. P.D. T No. catches Doubles % doubles

184 . Fym 747 volts 20 sec. 100 2 7.0
154 .5 400 e 1510, F 10,0

157.0 3686 03 41 1 24

- 4 7

187.5 R4 HC 75 4 e
7 ~

18,0 SO8 635 18] i G

18G.0 47O 40 108 5 4,7

From = consideration of column B Table T.

the varistions Tound by Vilking In the care of helium, with
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V. Discussion of Results.

In analysing the above results 1t 1s necessary to take
account of an important amblilguity which this type of eXperiment
ig unable to overcome. It 1s quite impossible to distingulsh
between the capture of a double and the almest sirultancous
zanture of two singles. The capture of two singly charged ions
ﬂithin a very short interval of time may occur in one of two weys,
It may conceivably harnven that an o -Particle produces more than
one ion Q_recfiy underneath the comvaratively large oil drop, and
these 1 they are drawn on to the drov, will be captured simultan-
. It 1s absoclutely imnossible to distinguish this tyvs of
capture from that of a true double. It may also hapren that two
4 -part (lwv_pass beneath the drop at about the same time and the
drop catoh~e an ion formed by each. The observer will also record
this prair of close singles as a double. To tris latter tyve we
may apply the theory of vrobsbiliiy Tor we know something of the
frequency with which d-particles sre projected under the dron.
If independent events arec occurring with a perfecily random
distribution and are separated by an average interval of 7 seconde,

thenn the chance thet two of these events will be sevarated by an

interval not greater than t seconds is

.7"\

-t/ o =
P=1-c¢ = /7 - (t/T) + 1(£/7) e
B g

Due to Brownian movements it is improbable that an observer
will be able to distingulsh the capture of a true double from that
of two cloge singles if the singles are caught within one second.

Thus since t = 1 and T varying as it does between 17 and 6% sec.



we may neglect all terms of higher order than the first. Then the
chence of catching two long nroduced by two different (-=particles

80 cioee together as to be indistingulshable is 1/T, and the
number of close singles per hundred catches is 100/7. In the rost
unf’avourable case recorded, i.e. T = 17, there should be siX close
singles out of every hundred captures. It is to be notsd however
thet tre above ressoning is only velid provided the number of
captul'es 1s very large Tor only then are we justified in applying
nrobablility considerations.

The objection might e raised that while T 1s the average
interval required to catch a rositive ilon upon a dron which already
beares one positive charge, we are really interested in the time

required to catch a positive ilon on a drop which carries two nos-

l__’

tive cherges. It seens probable that the difference between these
two intervals must be insignificant.

There

=N

g an experimental point bearing on this sgare subject

{

which is of importance, In no single instance did the writer observe
a capture which he felt Jjustified in recording as a pair of closse

singles. It seems strange that out of some five thousand cantures

it was not possible to observe one which could definitely be set
lowil 28 belonging to this class. Also it is to be noted that if

cne, gas can be found which gives no evidence of apparent double
charges at all then the previous considerstions are valueless.
1:11liken Gottschalk and Kelly found in air no doubles out of six
nundrsd and twenty-four ions observed. However they did not meke
any adjﬁstmﬁnt for the end of the range so that the particles

were not travelling at their rost efficient ioniw ing speed,
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in view of these uncertainties the eXperimental results have Dbeen
recorded without aprplying any of the corrections which the theory
of probability would seem to demand. For these reasons the actusl
ures for the relative number of doubles to singles are not to
be taken as eXact but as a qualiteative indication of the way in
which the ratic varies with the ilonizing power of the «-particles,
it seems safe to say that do«=particles do certainly produce doubly
charged ions in argon, and the figures given in Table I. are upver
limits tc thelr number. The following graph showe the relation
between nercent doubles and the distance from the polonium

source reduced to atmospheric pressure of argon.
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in the lisht of Henderson's experiments (Proc.loy.Scc.
vol,102, 192%, p496) it is not a surprising fact that 4 -=-particles
should be able to produce doubly charged lons. His work shows

that the process of ionizaticn consists in the bhinding of one or

o]

two electrons by the particle, and then at a subsequent collision
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thege recently acquired electrons ar

“

a. part of the truth, for he finds nc trace of noutral or singly

~

cherged hellum atoms unless the veloclity of the rarticles emerging
from the absorbing materilal is less than a certalr definite value.
It ig of course pcssible that the binding of the captured electrons
is relatively loose, so that the high speed nucleus is unable to
hold thew {or any appreciable time. As 1s to bhe exXpected the bind-
ing of the first electron by the 4 -varticle is quite firm and

the band due to HY first appesrs vwhen the renge is BR.Zmm of air.,

The band nroduced by the neutrsal helium atom does not aprear

however until the range is reduced to 4.Fmm, Bul the energy varies

as the r‘/” nower of the range so that the energies are in ths ratio
off E«7 1+ 1. However the icnizing »notential of neliuvm la £F.7 volls

. i D A " , g
snd the lonlzing notential of H' is 74 volts. Thus the relstive
Tirmness of binding in the two cases should be in the ratio of
Z.1 ¢+ 1. The agreement ig 2t least qualiltativs.

AY

As Uillikan vointed out (Phys.Rev. vol.19, 1921, pdEs)

the determining factor in the production of doubles is ons of
charnce rather than energy. An | -particle, vprovided itg snergy

lies within certain fairly broad limits, may or may not nroduce
a doubly charged icon depending unon the direction of incidence

relative to the orientation of the struck atom. The duratiocn of
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cihance of a second ele

It ig currentiy suvpossd that the normal healium atom

conzistas of a nucleus with two elect about it in

onmosite dirccetlions but in the sane the nucleus and

erice one would neturally eXpect that an  ~Dar

capturing two electrons from the argon atorm should be
mﬁu,kw~qu

much grester than from a heliuw ston. UoweverAﬁilkjns' results

shov o raXilman of 15 doubles in heliuw while the oresent results

naxirur of only 117 in
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But any theocry which will eXplain the m1rocess of iloniz-
atlion muet alsc show why doubly charged ions ray be formed in

b

helium and argon and are not in nitrogen, oXygen, chlorine, etc.

it 1s not sesy to gee why this should he so. OFf course it must

be borne in mind thet the eXperimental rroof Tor the non-ciistence

of doublas in the latter gases 1is not wholly satisfactory. The

arce unique in that they are ronatomic. But our

© molsculer, as oprosad to atoriic, structure is so

limited, that it 1s not vrossible to seay vhether or not this is

son for the difference. 17
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reury, of course,
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tegted by th

iis method, but only in the Torm of the compound,
mercury dimethyl, and this may behave quite differently fronm

the ronatomic mercury vahour.

S
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It is of interest to note that idams (Phys.Rev. vol.24,
1007, pl0o&) in his confirming eXperiments of the Bragg-illeeman
lew, viz, that the stopping power of a gas for o-particles is
vroportional to the sum of the square roots of the atomic weights
of all the atorms comprising the molecule, found that no scintil-
lations were detectable from a noloniun source immersed in argon,
vher the nroduct of the vnressurc of argon in centimeters of nercury
and the distance from the source to the flourescent screen
measured in centimeters was gresater than %01. In this »resent work
the distance from source to oll drer was 1%,4 cm., and captures
became difficult at rressures greater than 22 cm. of mercury..

Thug the product pd = 204,8, 1in satisfactory agreement with
Adams' figure,

In conclusion, the writer wishes to exXvress his apnreciation
to Frofessor I'illikan for suggesting the oroblem and for his
generous encouragement throughout the progress of the work,., Als
he 1is deeply indebted to I B.Beverly for assistance in making

ortservations.
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