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SYIOPSIS

Tonization by low intensity ¢7 radiation in 1., CO

4 ~y -t

4+, and He has been measured with pressures Trom 0.98 to 93
atim. of M., 61 atm. of CC,, 25 atm, of A, and 98 atm. of He
and with uniformn collecting fields of from 1.57 to 1065 volis
per cm., direct comparison being mede with the results of
Bowen for air. The marked increase in current with increased
collecting gradient and independence of the shane of the
current-~rield curves on intensity of radiation up to the inten-~
8ity used demands rejection of the wall emission theory of
Broxon and adaption of some recombination theory. Junction of
Koye and ILaby's resulits to those of Bowen show a gradient of

4 x :LO:5 volts per cm. is ssturaetion value Tor air at 10 atm.
pressure. & field of only 100 volts per cm. is saturation
value for argon up to 25 atm., and with this field the current
from the inert gases examined is a linear function of the
pressure up to 25 atm. Iess recombination was observed in I,
than in air, and investizgations of the effect of 0, impurity

in N, are now in progress.



In the Tirst edition of his book "Radio-Activiiy®”, pub-

|

lished in 1804, Rutherford makes the following statement” ) with
respect to the ionization produced in a gzas as a funcilion of the
collecting field: "There 1s no evidence of complete saturation,
although the current increases very slowly for large increases in
voltage. .... Taking into consideration the early part of the
curves, the current does not reach & practicsl maxinnm as soon as
1d be expected on the simple ionization theory. ... It is
possible that the presence of a strong electric field may assist
in the sevparation of ions which otherwise would not initially
escape from the sphere of one another's atiraction.” BSrazs and
Kleemangj in 1806 produced additional experimental evidence of this
effect in air and heavier zases up to one atnosphere pressure and
found the phenomenon even more pronounced in the heavier gases.
his work, as well as that mentioned previously by Rutherford, was
done with the radioaciive source within the ionization chamber,
alpha rays therefore producing the major part of the ionization.
The next notable account bearing on this thesis is that of
. A, Zrikson 3) on research in which he used a cylindricel ioniza-
tion chamber and produced fthe ionization with garme rays, probably
very intense. With this apvaratus he messured the currents up to
400 atmospheres for air and to 64 atuwspheres for carbon dioxide,

and studied the action of the colleciting fleld for wvoltases from 6




t0 1040 on air with pressures of 20, 40, 140, and 400 atmospheres
and from 8.5 to 1040 volts on carbon dioxide at pressures of 8 %o
84 atmosvheres. He observed that every current-pressure curve at
constant voltage had a meximum value which moved in the direction
of inereasing pressure as well as in the direction of increasing
current as the voltage was increased. The author has been unable
to find any other reference in which the curves show a maximun
value.

The first experiments in which the lonization chamber was
desirned for a constant field and appreciable pressure were con-
ducted by T. H. Laby and G. W. C. Kﬁyeeé} With & perallel plate
condenser chamber they measured the ionization in hydrogen, carbon
dioxide, and air as a function of the pressure and collecting Tield
for pressures of from one to 17 atmospheres and fields up to 3500
volts. The intensity of the gamma rays used by them is comparable
with thet used by the author.

Other works of this period deserving rmention are those of
W Z?ilson53 on air up to 40 atmospheres and very doubtful "satura-

loranceé', Whno uses Very

T F

tion" field strength; and D. C. H.
intense gamma rays with a cylindrical chamber in measuring the
pressure-voltage variation of current in air up to 80 atumospheres
and 2200 volts.

For the nexi seven years the investigations bearing on the

subject of this thesis are absent from the literature, and in 1920

the students of W. F. G. SwannVJ $00kK up the work as subsidiary to
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investizations of the Yresidual® ionization caused by "peneitrating”
radiation. The work was begun by liss XK. Ii. Downeyaj who measured
residusl lonization in a spherical chamber. In her investigations
on the voltage effect in air at 40 atuospheres she found a change
of only eleven percent when the voltage was increased from 600 to
1500 volts. In a later paperg) she presented another current-
voltage curve at 52 atmospheres with voltages from 120 to 800 volts.
It is of interest to note that Hiss Downey's paper of 1920 contains
the last reference to the work of Xaye and Iaby%}, and consequently

$o that of Eriksond)

, in the subject literature until 1932.
H. F. Frutth} extended the experiments on air up to 80 atuospheres,
and investigated nitrogen, oxysen, and carvon dioxide.

James W. Sroxon took up the work following Fruth and has

11)

nrublished many resulis , in very few of which he includes data on

variation of the current with respect o the voltage applied to his
. s N s o .12) e .
various spherical chembers. His treatise attempting to explain
the observed results makes no mention of preferential or initial
recombination.

By this time, historically speaking, nearly all observers
in the field of cosmic ray research had begun to improve their
accuraey t(and the author is of the opinion that a parallel gain was
undoubtedly made in their dispositions; by using higher pressures
in the sensitive electroscopes. Although the work in which gamma

rays were employed as the ionizing energy had clearly indicated

that for the collecting fields used the number of ions collected im



s

a given time was not & linear function of the pressure, yet some

13),14)

of the piloneers in the field were of the opinion that for

the herd cosmic rays the measured ionization would be directly
proporiional to the pressure. 3By direct comparison they found the
results the same as for the gamma rays.

Apparently the earlier research had been nearly forzotten,

15)

and it remained for 1illikan and Bowen™~*’/ and A, H. Compton,

Bennett, and Stearnsl6) to point out the cause of this departure

from linearity, their independent suzgestions differing not in the

least from those of Rutherfordl) , Bragg and Kleemang), Erikso

and Laby and Kaye4). The author wishes to show no disrespect for

5\.
n-’,

the men working in the subject, for the pioneer work seems to have
been generally forgotten. As a particular exsmple the following
quotationlv) will serve well: "At a pressure of 110 atmospheres the
ionization is Fifty percent lower than would be expected (propor-
tionality %o pressure), while the Tigures given in table I {current
against voltage from 6 to 400 volts with a cylindrical ionization
chamber 1) meke it quite clear that the failure to obtain complete
electrical saturation cannot account for more than a few percent of
this difference.”

Upon the suzzestion of the cause of the effect many directly
related papers have ensued. Compton, 3ennett, and Stearns presented
a theoretical treatment of the problem of preferential recombina-

tiogle}; it does not seem out of place to state here that if their
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theory were correct the present investigation would have been
Truitless, for according to their predictions a field of the order
of 4 x 10% volts would be required to avpopreciably effect the per-

manence of an ion pair. Their treatment also predicted a tempera-

4 \
ture varistion which has led to further research.t9/,29

Ixperimental work dealing more directly with the nresent nroblem

is that of Zowen®l), i. 7. Compton and J. T. Hopfield?2), and

Sievert.zg) As the other papers will be considered more in detail

later, it will sufTice here to say that Sievert finds a 7000 volt

field is not saturation value for air at 160 atmospheres.
Additional theoretical treatments have been nresented by

A o5 . . . . . .
Harperz" and Gross“o). These will =lsco be treated more in detail.

At present the experimental work is far in advance of a complete
theory for these "... experiments so simple to the experimentalist

and so complex to the theoretician“.24)

TTE PROBLEN

P

Practically 8ll of the ionization in a gas irradiated by
17 rays is due 10t to the action of the jr rays directly but to
the e rays ejected by them in Compton encounters between the
photons end neighboring atoms. In the research here described the
radiation was nearly monochromatic, the vhotons having an energ
of 2.85 x 106 electron volts; this energy completely transferred

to an electron would give 1t a range of between 10 and 25 meters

in gir at H.T.P.



If any gas is contained in a thick walled vessel, and the

(3

as pressure is low, then most of the ioniziag Gs TaysS are

ejected from the walls. According %o the explanation propounded

3),9) 11)

by iidss Downey and Broxton , as the pressure of the gas is
increased, more and more of the C; ray tracks are made to end
within the gas; and thus when the pressure reaches =z certain value,
ell the (3 rays are completely stopped within the gas, and no
further increase in lonization would be observed by reaising the pres-
sure even higher. In contradiction to this simple explanation of
the decresase of current per atmoéphere as the pressure is increased,
a fact observed by all the workers, Liillikan and BowenlS) and
Corpton, Bennett and Stearnsla) have pointed out thet the number of
ions formed within the chember should be directly proportional 1o
the pressure. The observed decrease of the current per atmosphere
with inereasing pressure is attributed to the inability of the ioniza~
tion chambers to collect zll, indeed even & small fraction, of those
formed.

The suggestion of the two last mentioned papers comes about
as follows:

Consider the ionization I in one ce. of gas located at the
origin of coordinates. Le% b be the number of ilons lormed ver cm.
ol path by one (? ray in the gas at unit pressure, and n the number
of paths passing thru a square cm. arbitrarily iteken normel to the

o

x axis. Then in general I = b n p when p is the pressure in atumos-

s

pheres. To evaluate n we shall consider two simplified cases:



Case I. An infinite gas chamber.
Let J be the intensity of 7’ ravs and assume 1t a constent
over the range l of the (3 particles. If d is the coefficient

of absorption of the ‘7 rays, then
n= [dTdax= TN .
[}

Since @ is direcily proportional to the pressure, and 1 inversely

proportional,

Case II. A4 finite chamber.

Iet the distance from the cc. of gas considered to the wall
be d. The number of paths n will now be due to the contributions
from the gas and from the wall if 4 £ l , otherwise we return to
case I. To & close approximation the coefficient of absorption for
the gemme rays in the walls will be a (:'/69 where Q" and (53

are the wall and ges densities. Also to a lesser degree of accuracy,

the range of a G particle in the wall will be l C]/Q“’ .

d d+ ('X'i)(’s/gw
«Jdx + a(@w/Q - J dx
0 d J

&)
"

e X J , 1dentical with case I.



The primery theories of ionization all include an account
of the decrease of the number of collected ions as the collecting
field is lowered, and the explanation fits the facts fairly well.
It is due %o "volume"” recombination, the occasionsl collision of
the positive and negetive ilons formed. But when the ionization per
unit volume is sufficiently small this sinple theory does not ex-
plain the effect. Two additionsl recombination theories have been
added. "Preferential recombination™ is caused at high pressures by
the formation of a negative ion by the ejected electron ( J. ray)
within such s small distance from the parent positive ion that the
pair are recormbined by the action of their mutbtual ettraction. Since

o or G? rays ionize a gas along their paths, the ions in one of

these colurms mey be in such propinguity that the electrostatic
attraction between Those of unlike signs causes many unions. This
is dermed Yinitial recombination”. As in the case of Yvolume"” recom-
bination, the "preferential” and "initial" recombinations should be
reduced by an increased collecting field.

All of the workers in the Tield of cosmic ray research have
found it much more convenient to use ionization chambers -of the cylin-
drical type, concenbric spheres, or a fine wire in a large srhere,

rather than a chamber allowing & constant collecting field. DJefining

average in the usual mamer, -.E-i - J:'E AT’ , we have for cylin-
ders of radii b 9 2 J-A‘T'
h 4
= 2V )
5= B and for spheres
(b + &) log

a
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where in each case V is the collecting voltage applied. Dowen -

has computed that the effective gradient used in nearly all recent
measurenents is of the order of o to 10 volts per cm.

As the suthor has mentioned in the introduction, the early
experinents seem to have been generally overlooked from 1920 until
1952, (See Ffor instance the letter of H. Zanstra and J. Clay, Phys.
fev., 41, 679; 1932). So between the publicationsl5)’16) indicating
a possible cause of the observed decrease in current per atwosphere
with increasing pressure and thatls) predicting a field of the order
of 4 x 104 volts as necessary o observe an appreciable change,
Bowen had consiructed s perallel plate condenser ionization chamber

21) show without a

and began an investigation on air. His results
doubt the theory of Compton, Sennett and Stearns to be far from
correct, asltho the preferential recombination which they treated is
very likely the cause.

Witrogen is knovm to be an "electronegative gas, behaving
much like the inert gases with respect to electrons. In fTact the
number of molecules which an electron will probably strike before

26) 14 was

becoming attached varies widely for all different zases.,
thus valueble to extend Bowen's work to other gases; especially to
argon, which is now being extensively used in the cosmic ray electro-

27), There are also the theoretical predictions bo check,

scopes
o~
altho at present only one®®) allows calculation. These investigations

have been conducted by the writer under the supervision of Professor



Bowen, and the results are herewith presented.

APPARATUS

The ilonization chamber with which the problem was atitacked
is in many respecis like that used by Laby and Fave“}: the number
of plates being increased. It is & steel cylinder 12.5 cm. in dia-~
meter and 20 cm. in length designed to hold at least 100 atmospheres
pressure (ILeft in the picture); the 1lid is held in place by 15
tungsten-steel bolts. Inside are placed 8 plates of 10 cm. diameter
which can be connected to a source of high potential; alternating with
these are 7 collecting plates 7.5 em., in diameter. These collecting
plates are surrounded by grounded guard rings from which they are
insulated by small amber lugs in grounded metal shields, The inside
diameter of the guard rings is 7.7 em. and the outside 10 cm., The
distance between the potential and collecting plates is one centi-
meter, and we can thus collect the ions from a definitely known vol-
urie with a wniform field numerically ecual to the applied voltage.
Because of the large capacity of this condenser and the very weak
source of ionization used, 1t was necessary to compensate for any
changes in the battery potential. In the case of helium gas the num-
ber of ions collected from one atmosphere pressure changed the poten~
tial of the collecting plates at the rate of approximately 0.03 volis
per hour! Any variation in the high potential because of battery
fluctuations would induce potentiel Tluctustions in the collecting
plates completely overshadowing these extremely small measured changes.

Hence a duplicate of the ionization cherber was built, except that it

was enclosed in a light brass case; the high potential plates of the



Picture of Apparatus
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Diagram of Apparatus
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ionization chamber A and the compensating chamber B were connscied
t0 the same battery as shown in Fig. 1, and the electrometer Z was
fixed to measure the difference in potential of the two sets of
collecting plates., The two plates of the single string electrometer
used were connected respectively to the two sets of collecting
plates, the leads being completely electrostatically shielded, while
a positive potential, changed from time to time throushout the exper-
iment, was applied to the string. During an ordinary run the sensi-
tivity was adjusted to about 500 divisions per volt. The interiors
of the static shielding of the electrometer leads and the electro-
meter itself were kept dry by open contact with small containers of
annhiydrous Pg0s.

A lead cylinder 30 cm. in diameter and 30 cm. long with a
conical opening leading to one end was placed asbout two mefers away
from the ilonization chamber. &t the rear of the opening was placed
a small guantity of radio-thorium, and the ‘7 rays from this sub-
stance, filtered thru 13 mm. of lead, were used as the ionizing
agent. The conical hole subtended a solid angle sufficient to envel~
ope the ionization chamber. This 7 rey gun was on a swivel so that
the rays could be directed at the ionization chamber or turned to one
side of it. By measuring the lonization with the 7 rays passing
thru the cheamber and again when they were missing it, a deternination
of the number of ions which are due to the ‘7 rays alone is possible
and independent of the ilonization produced by cosmic and & rays.

“he procedure in taking obsgervations is as follows: Connect

the collecting plates of the compensating chamber B to ground while
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nolding the collecting plates of the chamber A at some potential,
usually 0.05 volts above ground, by means of the potentioneter P,
and read the electrometer. Reverse the switeh 3, thereby putting

2y

the collectins plates of 4 at 0,05 volis below ground, and again
read the electrometer. Ilow increase the negastive potential a very
small amount, end open the switches & and b simultancously, leav-
ing both sets of collectors floating. Start the stop watch when
the electrometer string indicates the potential of the collecting
plates of 4 to be 0.05 volts negative and stop the watch when the
string indicates approximately 0.05 volis above ground. Ilow close
the switches a and b and apply this positive notential to the
collectors of A, recording the error made. 3Since the electrometer
was adjusted to give a linear displacement with applied voltage on
its plates, this error due to zero shift or change of sensitivity
could be corrected. This then gives quite accurately the rate of

notential difference between the collecting plates of A

b

change o
snd 3.
The relation of this measured rate of potential change to
the ionization per cc. per second is gilven by BOWenZl) as follows:
"Iet C3 be the electrical capacity between the collecting plates
and the high potential plates of the ilonization chamber, C, the
capacity to ground of the collecting plates, leads and electrometer
plates. By syrmetry these capacities are the same for compensating
chamber. Iet C; be the capacity between the plates of the electro-
meter., It is then easy to show that 1f a charge Qlis sccunulated

on the collecting plates of the lonization chamber and ©, on these



plates of the compensating chamber the potential difference in volts

across the electrometer is W where

W= (800(ny - 0.))/(Cq

4
«Q

+ 2C,). (1)

Likewise 1t may be shown that if the potential vplates of +the
compensating cyiinder are grounded while the potential of these
plates in the ionization chamber is varied by an amount v, then the
charges induced on the collecting plates {left floating) are such as

to change the potential between the collecting plates of the two

cylinders by an amount w, where

[AN]

w = v0,/(C1 + Cy + 2C5). (

[e3

w 1s obviously the change in reading of the electromster when
this variation takes place and hence cen be determined directly.
From (1) it is seen that the difference of the ionization

currents in the two chambers is

ke = (3)

where d¥/dt is the rate of change of potenitial across the electrometer,

in volts per sec. 3But substituting from {2)

A9y dGp _ AT v0y (4)
dt at at 300w

[€5]

Since, however, the distance between the potential snd collect-

Cqy = 4/4m



where A is the tobtal effective area of the collecting plates in

gach c¢yvlinder

£
&
2
%)
£
P
b\.

!
it

dt dt dt 300w 47

The difference in the number of ions (ﬁl - II,) collected
per cc. per sec. in the two chambers is then, since the volume
from which the ions are oblainsd is 4 cc and the charge on each ion
is e,
- 1 4d%1 49, aw v

&1 — — o "
Wy = = e e LA

2 ei 4t it  dt w00 x 47e

A more careful consideration will show that the first
assuription made is not strictly true, for altho the compensator is
comnensurate with the ionization chamber, their capacities are only
equal if the gas pressures within are the same. Letting k be the
variation from unity of the specific inductive capacity of the ges

23)

in chamber 4, a quantity exactly proportional to the pressure s

the expression is more correctly given by

+}~:) s

where ~ is determined with atrmospheric pressure in both chambers.
w

e o o 1
217 Y2 T 3% 300 x 4rme .

i«

An interesting by-produci comes Irom the measurement of ¥ at nhicher
w
pressures: signifving these by primes we get the relation with that

determined at one atmosphere to be

)<
l
514
=
H
o
+
=

28 & Tirst approximation. Thus we might deternine the guantity k

exverimentally.
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“hen the ‘7 rays are directed at the chamber A4 the number

-

N, consists of the ions due to ‘7 rays, Ny, , and those due to

’
radiations from the walls of the chamber, the walls of tvhe room,
and cosmic rays, EQ“ ; When the gun is turned aside it is only E}R.

Alwavs I,

2

consists entirely of lons formed by uncontrolled radia-
tions. IHence if we measure.%g hen the gun is turned toward the
chamber and again when 1% is Turned away, the difference in the
values will zive us directly E,1 . &t very hizh pressures the
second observed value I, - 1, is taken as X,& , Since the number
collecsed from the commensator is nearly nesligible.

A new U. 5. Test Gauge, face dismeler & inches, was used o
measure pressures above one and below 50 atuospheres. This weas
calibrated on a gauge tester, and hence these values are not in
error by more than 0,1 atiospheres. 4t one atmosphere the laboratory
barometer reading was corrected by an open tube manometer attached
to the gas inlet, but because of the very small tubing used, these
values may be as much as 2% in error. Two gauges reading high
presaures were connected to the apparatus, neither calibrated, and
as a result these pressures may be as rmuch as 10% off, vprobably too
high if the new gauges ol the cryogenic laboratory are assumed correct.

In all investigations a given collecting fleld was maintained
on the system Tor several hours before any readings were taxen to
allow any cherzes accumulating on the insulators to take up a steady
value.

Since the iy rays used gave a current about 20 bimes as large

as the residual ionization current, the Torm of the ionization-voltage
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curves was examined for an intermediate intensity of 7’ rays by
filtering them thru an added 4.73 centimeters of steel. These

investigations were made with the top pressures of argon and CO,.

RESULTS
In order to fix the curves obbained by Bowengl) for air
with those of the writer for other gases, data was taken for air at
pressures of 0,98, 24.95, and 51 atmospheres. Iultiplication of
Bowen's values by the factor 0.89 placed the curves identical well

within experimental error. 4 factor 0.805 multiplyinz Bowen's

values for roonm radiastion also gave nearly T

transposed values with those of the author
2 and 6,

Laby and Kayeé) zive tables for the variation of current
with collecting field from 500 to 3500 wvolts at pressures of 8 and
15 atmospheres for eir. If their results are fixed to Bowen's 10
atmosphere curve at the 1000 volt valus, the curves match beauti-
fully; and at the field value of 3300 volts, the curve has turned
assymptotically to within 3% of the value at one atmosphere, show-
ing definitely that with a sufficiuntly large gradient the lons can
be practically all colleected. This value ig still much less than
the 4 x 10% volt gradient required by the Compton, Sennett, and
Stearns theory.

Cormiercial nitrogen bousht from the Linde Air Products Co.
was the next gas 1o be admitted intco the charber. 4 hy-vac pup

was connected 0 the gas inlet and the chamber evacuated fto less
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then % mm. pressure before admitting the gas. In the case of

the cheaper gases the chamber was filled to atmospheric pressure
and re-evacueted several times before any observations were made.
¥y, Y. 1. Zaikowsky analysed the nitrogen chemically for CO, and
0., finding no trace of C0,, and 0.93 = .025% of 0. present.

The accompanying table sives the number of ilons collected per cc.
per second per atmosphere for the different pressures and collect-
ing fields. The results are shown graphically in Fig. 2 wheréon

the number of ions per cc. per sec. per aimosphere is plotted

128

against a logarithmic scale of the field.

TABLE I

No. of Ions per cc. per sec. per atm. from nitrogen

Pregsure
in
Field atm. 0.99 3.70 10.52 24 .56 93
in volts
per CcI.
1.53 72.3 67.1 60.0 46,7 22.7
6.328 76.3 71.9 64.0 5l.1 28.0
24.3 76.9 73.4 86 .4 53.1 27.1
101.8 77.2 73,4 63.7 56.2 29.3
395, 738.2 73.1 727 63.2 32.6
1020 758.0 74.0 73.9 68.6 36.7
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These results are not in agreement with the results of
Broxonll): "At all pressures at which observations were made,
from 0.82 to 167 atmospheres, the lonization in N, was greater
than that in air at corresponding pressures." It is directly
evident that less recombination takes place in N, than in air as
we might predict from lLoeb's statement.26) However, Loeb has
proven that the number of collisions which a free electron makes
with the molecules before it becomes permanently attached depends

to a large extent on ihe purity of the gas. lieasurements of

various authors on ionization in N, differ widely. The author
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had plenned to invesitigate the dependence of the shane of the
curves on the purity of the N, and had constructed an oxygen
remover containing copper turnings for the purpose. But the
valve on the tank developed a leak and the gas practically all
escaped before this research could be carried out.

o good explanation can be found for the coincidence of
the 3.70 and 10,52 atmosphere curves at the highest voltage; the
higher pressure curve is more reliable, and the 3.70 curve should
undoubtedly approach more rapidly %o the 0.99 atmosphere curve.

According to loeb, CO# is more electropositive than I,
and more electronegative than sir. Ve should thus expect less
recombination to take place in 602 than in air. The number of
ions collected per cc. per sec. per atmosphere from CO, is given
in Teble II and shown graphicelly in Fig. 3. The gas used was
comrercial CO, purchased from the Pure Carbonic Company of los

ingeles; no chemical anelysis was made of its purity.

TABLE II
Ho. of Ions per cc. per ssc. per aitm. from carbon dioxide.
Press.
Field in atm.
in volts
per cm. 0.g8 10.52 24,95 61
1.57 118.8 6.2 47 .8 1.8
6 .30 121.7 88.5 51,1 30.2
24,9 121.4 71.5 51.5 31.5
101.¢8 120.9 74,6 54,3 32.4
382 120.1 8l.6 28.1 35.1
10865 122.3 9l.1 66.0 38 .4




No remarkable differences are found among the curves
for air, N, and CO, of the purity used. They all show high
recombination effects which are noticeably changed by increas-
ing the field collecting the ions. Conclusions which may be
drawn from these curves are identical with those presented by

BoWenZl); they will be presented after a discussion of the re-

sults obtained by the author for two noble gases.
The argon examined was obtained from General Electric.
A chemical analysis made by Mr. C. B. Heblutzel, Jr. revealed

no trace of CO.

=

and less than 0.2% of O ; a weight determination
gave no evidence of N, but the method was not very accurate.

The ionization chamber was more completely evacuated before inﬁro—
ducing the argon than it hﬁd been for the N, or CO0,, and was re-

evacuated once after filling to atmospheric pressure. Because

of the size of the chamber and limited quantity of argon the

§a

1ok~
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highest pressure curve 1s 25 atmospheres. Data was taken at
that pressure with the ‘7 rays at full strength and when £il-
tered thru 4.78 cm. of iron. The column of Table IIT marked
4.55 I, 1s the result of multiplying the data obtained with the
smaller intensity I, by the factor 4.55. It is observed to
give values well within the experimental error with the possible
exception of the point at the lowest gradient, an effect also
observed by Bowen for air. The ionization was studied for four
different pressures and the results all presented in Taeble III;
urves for three of the pressures are given in Fig. 4, the black

rz

dots thereon being the values for 3.7Z atmospheres pressure.

TABLE I1X

Ho. of Ions per cc. per sec. per atm. from argon.

Press.
e - N\in atm. 25
Fleld 0.98 3.72 10.52 I 4.55 T,
in volts =
per cm,
1.57 108.2 105.9 106.9 92.1 95.1
8.30 113.8 112,3 112.7 105.5 105.5
24.9 115.1 1iz.8 113.5 11l.2 111.2
101.8 117.0 114.0 114.0 114.0 1iz.6
362. 117.2 114.1 114.9 114.1 11z,
1085. 119.2 1i4.2 114.6 1i4.2 111.9

The gradual sloping of the one atmosphere curve beyond

the 100 volt field value may be attributed to ionization by posi-
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tives, which, according to Dr. Otto Beeck, sets in at 100 volis
in argon; but the accuracy of these readings 1s not sufficient
for vindication.

N

ata obtained for helium: these re-
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sults are shown graphically in Fig. 5, the black dots representing
the results for 10.52 stwospheres pressure. The helium used was
kindly furnished by Professor A. Goeitz from the supply of the

cryogenic laboratory; no analysis of its purity was made.

HNo. of Tons per cc. per sec. per atm. Lrom heliwm.

Press. in
Meld atm.
in volts 0.98 10.52 20.9 g
Der Cri.
1.5% 1Z.4 14,4 13.7 2,80
6.30 15.9 14.9 13.8 8.77
24,9 17.2 14.9 15.0 g.12
101.8 17.3 14.9 1.1 10.0
362, 17.0 15.2 15.1 11.0
1065, l6.1 15.2 15.4 1l.8

In Table V are ziven the values of the difference ZQR - N,

\

which for the pressures used is nearly the number of ions col-
lected per cc. per second per atnosnhere when the ionizing radia-
tions are only  rays from the chamber walls and cosmic rays. It

is obvious from these results that even when the intensity of
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ionization is as low as one twentieth that of the c7 rays, Tthe

R -

pressure and field dependence, shown in Fiz. 6, is of the sane

YARLE T
lo. of Ions per cc. per sec, per ati. by room radistion
Press. #ield in volts per cnm.
Gas in atm. 1.57 6,3 24.9 101.8 368 1065
Alr 24:.95 2.45 2,60 £.70 2.87 3.26 3.55
23 1.08 1.17 1.250 1.32 1.42 1.80
Ny 24.86 2.86 3.10 3,28 3.56 4,00 4.26
93 1.51 1.57 - 1.65 1.7¢6 1.89 £.05
CO, 24.95 2.76 2.88 3,01 3.18 3.56 3.92
8l (2.76) l.98 Z.05 2.10 .24 2.49
A 10.52 7.10 7.4 7 .43 774 7.90 7 .48
25, 6.12 6.91 7,58 7 .66 7 .64 7.7
et 98 502 L8530 . 065 B35 702 42

The subsidiary experinment performed prior Ho the avsoclube

evaluation of the number of lons collected, that is a determination

of the ratio of v to w as discussed previously, gave values of this

guotient of the order of 2.72 when both chambers held one atuos-

tae period of research it

B}

phere pressure. ~everal times durin

3]

was necessary to dismantle the electrometer leads of their shield-
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ing, and once the electrometer had to be removed for repair.
These interruptions affected the second and third decimal pnlaces
of the gquotient. Attenpted determinations of the departure from
unity of the svecific inductive capacity were not very success-—
ful in absolute value, for when the pressure was large enouzh to
offer percepiivle variation, the ionization by uncontrolled
radiations discharged the collecting plates at such a rate that
an accurete measurement of w could not be made. Results of these
measurenents are hardly worth presentinz, but in =ll cases the
order of mazunitude was correct.

Zach value of 7, which is given in the above Tables I,

1

IT, and III is the average result obiteined from not less than ten

separate readings of the Time rate of change of potentisl with

i

(o

the '7 rays passing thru chamber A, and ten with the rays turned
aside. Liany of these points are averages of twenty such observa-
tions. With high pressures in the chamber {he measured times of
discharge elther with or without the ’, radiation are essentially
constant; the zero drift and change in sensitivity of the electro-
meter make the longer time readings ab low pressure more inexact.
This last mentioned cause of error affects pariicularly the values
in Table IV, doubly so because of the very low specific ionization
in helium. The values for this gas were Tound by measuring the
change of potential over half-hour intervals, instead of the usuzl
measuring of reculred time for a 0.1 volt change. Only seven read-

ings with and a like number without the '7 rays were averaged for
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this one gas.

Attention should sgain be called to the fact that the
lowest pressure used cculd not be accurately measured because of
the small tubing between the chamber and the nanometer. 4Also the
determination of ﬁ)ﬂ - li, Tor atmospheric pressure in each tank
was never accurate because of zero drift and change of sensitivity.

The tebular values are given as though no variation was
observed in the collecting potentials. The graphs show the
observed values.

Since the observations were continued over a periocd of
several months, it was of course necessary wo correct all observed

3

values to the same intensity of ‘7 rediation. Accordings to

N

mutherford, Chadwick, and Ellis“g} the helf-life of radio-thorium
is 1.90 years, which requires a correction of 0,1% per day. Five
months after the first dats was cocllected on alr at 25 atnospheres
this experinent was performed agein, and with the above specified

correction for decay, the values determined were identical to with-

in 0.5%

l J
H
/

)

ZSowen's results for ionization in air suopiémented by
those ol the author, especially for the two noble zases, "vprovide
conclusive evidence that the falling off of ionization per atmos-

vhere at higher pressures is largely due to lack of saturation

revher than to the mechamisim suzzested by Broxon.” With an apnlied
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collecting Tield of more than a few volis per cm below which
volume recombination plays an important role, Broxon's sinple
explanation of the observed decrease in current per atiosphere
would require essentially the same form for resulbs taken with
air or argon. IFurthermore it would not allow the observed pro-
nounced increases of current with raised collecting gradient.

In showing the number of ilons formed per cc. per sec. in a

Tinite ionization chamber to be proportional to the pressure, the
writer mentioned, and Bowen has pointed out that “there may still
be & slizht variation of the tyvpe supgested by Broxon due to a
small difference in efficiency of production of G; rayvs by the
gas and by the steel walls of the chamber.” %orkmango} has

recently shown “thet the effect of these materials is st rost

305 and is probably in the opposite direction; i.e., it should

cause the ionization per atrosphere to increase slizhtly with
the pressure." Compton, 3ennett, and Ste&rnslg; have called

attention to the fact that since botih photoelectrons and recoll
electrons have ranges which depend on the exciting radiation, the

dependence of ionizetion on pressure would certeinly not be the

SR}

same for '7 as for cosmic ray energies 17 the lonizing Q? rays

were all ejected from the walls. The work of Lillikan and

13)

) - W s ae 4] X
Cameron , and Hoffmenn and Llndnolml-}, hecl

checked recenily by

the three men above, proves that if such a dependence on the rad-

iation frequency exists at all, it is less than their provable
ok e 11}

error. In his latest »ublication 3roxon states that he Tinds
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the ratio of the current »roduced in air by f7 radiation to th

current from cosmic rays to be a function of the pressure, in-
creasing Trom 4.21 % a pressure of 0.82 atm. to 5.20 for 80

atm. T. T, f{opfield“/“zf

Tinds the pressure effect also in argon,
the ratio at 36 ata. beinz B.55 and at 74 atm., 7.19; this he
frankly attributes to insuflicient volbage for seaturation.
Reference to any of the curves by Bowen or the author will con-
vince the reader that for effective fields as low as those used
in Broxon's or Hopfield's measurements, volume recombination no
doubt takes a heavy toll, and Bowen has already pointed out that
the shape of the curves for these low gradients is probably de-

e

vendent on the intensity of ionization. {(See however the very

recent publication of J. J. Topfield, Phys. Rev. 43, 675; 1935.)

Bevond qualitative asreement the writer is at a loss to

find direct comparison with other authors, for other than Laby

4) 21

and sowen *>, none of them

and Haye T
of a known uniform potential gradient adecuate conpensation for
the intrinsic difficulties of a parallel plate ionization chamber.
Taking the number of ions collected per cc. »er sec. with one

atmosphere pressure and bhe highest field value as the number
formed per ¢ec. per second per atm., the Tollowing agresment of
relative ionization is found with the International Critica

Tables for & ravs, the values for Tast (5 rays not being

ziven Tor all the geses used:
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Lualitatively the results presented agree with all work related

to the subject. “ork is now in progress o investizate the

effect of the purity of nitrogen, and these results will be in-

s

cluded in the publication of this thesis.

wre Dwight O, Torth is presenting a theoretical treat-
ment of preferential recombination as his thesis in partial

1fillnent of the requirenents for the degree of Doctor of

Philosophy, and the reader will find therein a complete resumé
of the three mentioned types of recorbination., Only & brief
treatment of The provlem will be given here.

iAs was stated on paze 8, the elementary theory of recon~

bination feiled %o give agreeswent with observed values when th

ionization was suall, Towever, when the irpressed collectiing
Tield is small and the pressure rela

Tor the lons to travel to the collecting plates, 0.5 cii. averas

ey

b

or that used in this experiment, is so large that kinetic moition

mey cause many unions., That such is the case may be seen fronm

the agreement of the low volitase region of the curves with those

- . R . . . .
presented by Rutherford™! ror ionization by A rarticlss. Tor

i «f A

higher potential gradients the time allowed Tor Srovmisn movenents



is not ample to permit enough volume recorivination to explain the
observed lack of saturation.

By treating ion diffusion in & zero electrostatic Tield,
Compton, 3ennett, and Sﬁearnsle} developed & thecry of preferen-
tial recombination which cuelitatively explained the departure
from linearity of the current-pressure curve. ‘Tuantitetively it
did not allow perceptible increase in current with collecting

. - ) . ) 4 .
zradients of less than about 4 x 107 volts per cm. Harper

a2lso nade an investigation of preferen tial recombination and

)
8
1]

computed the Tield strencth at the boundary of a Yeritical sphere”
about an ion to be ons senth as great as that ziven vpreviously.
Thus he states that his theory allows a nracticable Tield "largze
enoush to reduce preferential recompination considerably.” DBut
in reviewing the article North discovered an omission of & Tactor
3 in Farper's computation of the eritical radius, and this briangs

the value of required gradient back to the Compton, Bennett, and

o

Stearns value. Jorth has borrowed from the Compion, Bennett, and

Y

Stearns paper an empirical eguation for the provbability of Tinding
an electron at a distance from its pavent ion greater than the

ritical radius, end with this one emperical eguation has obitained

reasonsble azreement with Bowen's results for air and those of the
author for “"on.
Harper criticizes all work itreatinz preferential recombin-

ation alone and negleciting "It can be seen

from the photozraphs of C. Soe. 104 A,
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192; 1923) that the averagze separation of two pairs in a sroup
is comparable with the average separation of the comvonents aof

a8 pair; hence in general preferential recorbination i1 seriously

3

complicated by initial recombination, and in fact both occur to

Sy ’
& similar extent." Gross~°/ has applied theoretical work done
/ . s . e
by Jaffe for o particle ionization to the problem of initial

nr

recombination for Gg particle ilonization. Zxcent for lorth's
unpublished work this theory is the only one permitting cuantita-
tive comparison with the writer's results. Gross®™ final ecuation

gives for the number of ions ver cc. per sec. per aim, an expres-

sion
¢
N = s
1+ ¢, p log Sal

[

where I is the applied collecting field and ¢,, c., ¢y arbitrary

e
o

constants. Do asccount for volume recombination with low fields

and large currenis he corrects the above value to

o)

WY o= {1l - exn. —cf/4;_~}3
oM

this of course giving agreement with the large curvebture for those
fields. Using the reduced values for air at the highest voltaze
and pressures 3.74, 10.5, and 24,95, the constanis of the first

equation become

3689 volts cm.™ atm.—

2]
]
it



Plotted to a logarithmic scale as are the figures of this thesis,
Gross' eguation for a constant pressure becomes hyperbola., As
the voltage is decreassd from the highest value, these hyperbolae
fall nmueh too rapidly to it the observed results, especially for
the 10.5 and 24,95 atmosphere pressures. The constant ¢, accord-
inz to Gross is inversely proportional to the mobility of the ions.
He candidly concedes "die noch wesentlich hdheren Strome, die

Compton in Argon ernalten hat, lassen sich nicht aus einer erhdhiten

Beweglichkelt allein erkléren.”™ The big fault in treating the

problem by initial recombination is no doubt the fact that the
number of ion palirs generated per cm, of path by a high speed @
particle is extremely low compared with the nusber gensrated per
ciie by an & particle, the problem to which Jartd originally
applied the esguations. 4s is well known there are only 35 to 6!

ion pairs per cum. alonz the IF.T.7, nath of 2 long range Q? nerticle

@
.

-
eranting separations of the order of 1.5 x 10 7 cm. between pairs.

This is much too larze t0 be seriously pgiven advantage over

0 . . - [Ton) r‘_ﬂ
attractions at distances of 1.08 x 107° cm. as required by pre-
Terentiel recombination.

hout mmeh alteration the present form of apparatus used

in these experiments could be used in measuring the eflfects of

known amounts of impurities in the different gases, and perhans
in messuring the temperature effect with sufficient sccuracy to

decide definitely upon the theory to be accepted. Accurate
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5

temperature effect measurenents would be very valuable in cosmic

- o o

rey work using high altitude balloon flizhts. In consideration

(L)
of the very recent paper by ;onl;eldow) it would also be advisable

t0 extend the work on argon to several more intensities of
rediation.

The writer wishes to thank Lkessrs. V. M. Zaikowslky and
C. Z. Hablutzel, Jr. for determining the purity of the gases
used; Lr. 2. I. llerkel for technical assistance with the hish
Dressure gZas systvem; Professor Alexander Joetz for use of the
helium zas from the supply of the Cryogenic Laboratory: and
especially Professor I. 3. Bowen for his patience, aid, and

obliging advice thruout the course of experiment.
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