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INTRODUCTION 

The problem of the ionization of gases by impact 

of positive ions at low velocities is one in which it is 

necessary for a large amount of experimental evidence to be 

gathered before the theorist is able to hazard an intell­

igent guess at the processes involved. The material here-

in presented. represents the essential advances that have 

been made in this field. 

As is usually the case it is impossible to say 

when and by whom investigations have begun on a particular 

problem. So it is with this problem. However, the history 

of its development up to a few years ago is one of a series 

of experiments giving either absolutely negative results, 

or results completely masked by secondary effects. It was 

because of these past futile attempts to obtain any con­

clusive evidence that Professor R. A. Millikan suggested 

to A. L. Klein at the California Institute in 1922 that he 

take up very carefully first the study of the possible ion­

ization produced when positive ions impinge upon a metal 

surface. This proved to be a step in the right direction 

since Klein l) found for the first time, and this was sub­

seQuently checked by other investigators, that positive 

ions of relatively low energy are Quite capable of eject­

ing electrons from metal surfaces. He found further that 

the effect began to set in at an energy of the order of 

1eo volts, and also that positive ions, themselves, may 

be reflected from surfaces. It was then obvious that an 
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apparatus which would prove successful in detecting pure 

ionization ia a gas must be so built that it would be able 

to make these surface effects negligible, or else measur­

able independently of the main gas phenomenon. Such an 

apparatus was first built by R. M. Sutton with the advice 

and assistance of Professor Millikan at this Institute. The 

design of this apparatus had been suggested by Professor 

Millikan as early as 1924. A detailed account of it and of 

the difficulties encountered was given in Sutton's Ph. D. 

thesis in 1929 and, in a condensed form, in the Physical 

Review of March, 1929. 

The results of Sutton will be summarized briefly 

thus: Neon and argon were bombarded by singly charged pos­

itive ions of potassium of energies up to 750 volts. The 

collecting potentials were so adjusted as to eliminate 

practically all secondary effects due to the ions and to 

enable him to collect any electrons liberated from the 

gases. A variation of pressure from 0.005 to 0.1 mm gave 

a definite variation in the ionization. This fact alone was 

sufficient to prove very definitely that the electrons 

collected were due to ionization of the gas. This was the 

first conclusive evidence presented by anyone on this sub­

ject. Sutton found that argon was ionized more efficiently 

than neon when potassium was used as an ionizing agent. 

Ionization was not observed when the bombarding ion had 

a velocity of less than about 100 equivalent volts. How­

ever, since his galvanometers did not afford high enough 

sensitivity, he was unable to measure the insetting poten-
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tial accurately or even to prove that a sharp insetting 

potential actually exists. It will be well to add that 

the technique he divised for the collection of the initial 

positive ions and the electrons arising from the bombarded 

gas is essentially that which has been used by all observers 

anywhere who have later taken up and pushed farther the 

work on the ionization of gases by positives of low energies. 

The writer began work with Dr. SUtton in January 

of 1929. The research was carried on jointly with him 

until December, 1930. During this period some revisions 

were made in the apparatus, making the measurements more 

exact, and the study was carried on in the three noble 

gases; neon, argon, and helium with the five alkali ions; 

lithium, sodium, potassium, rubidium, and caesium. The 

results were published in the Physical Review 2 ) in April 

of 1930 and in February of 1931. In December of 1930 the 

writer continued at the Institute the investigations in 

krypton and xenon with Dr. Otto Beeck with a much more 

sensitive apparatus. Dr. Beeck had already studied the 

ionization in neon and argon by the alkali ions using 

sutton's method, but improving the accuracy and sensitivity 

by separating the alkali ions in a magnetic analyzer and 

by using sensitive electrometers instead of galvanometers. 

He published his results in Naturwissenschaften in the 

summer of 1930 summarizing his work with the statement 

that the efficiency of ionization in a noble gas is high­

est for that alkali ion nearest it in atomic number. It 

will be shown later that this statement is not strictly 

true. The writer and Beeck also made a very careful study 
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of the potential at which ionization sets in, using the 

five alkali ions in neon, argon, krypton, and xenon. The 

ionization in helium is so small that it cannot be studied 

with any degree of accuracy with this apparatus since the 

gas pressures are kept low. A summary of these findings :,_ 

appeared in the Physical Review for September, 1931. A 

more detailed account was given in two articles in the 

.Annalen der Physik, 5. Folge. Bd. 11. 1931 Nr. 6 & 7. 

A description of the apparatus used in the work 

wi th sutton and Beeck will be given with the results ob­

tained in each case. It will be of interest to see that, 

although the apparatus used in the earlier work was not 

built for exact quantitative measurements, the agreement 

in the results obtained with the two different apparatu s 

is surprisingly good. Section {1) will treat the work 

with Sutton while that with Beeck will be treated in 

Section (2) of this paper. 
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SECTION (1) 

APPARATUS 

All of the work done at this Institute between 

June of 1929 and December of 192.9 was with the apparatus 

to be described. The only marked change made in the apparatus 

that Sutton had used in his first work was in the tube in 

which the ionization took place. Fig. 1 shows the tube 

formerly used by Sutton 3 ). Fig. 2 shows the experimental 

tube and the electrical connections employed in the work 

here presented. 

The source of the positive ions was a 0.0005 

inch platinum foil 0.3 by 1.2 cm resting in a half cylin­

drical porcelain trough held rigidly between copper term­

inals. A thin coat of oxide catalyst, containing a small 

percent of the particular alkali desired, was spread on 

the foil. This type of source was originally developed by 

c. H. Kunsman 4 ). The oxide was reduced in an atmosphere 

of hydrogen before it was put into use. The filament 

was heated by a heavy duty 6 volt storage battery using 

a current from about 4.5 amperes to 7.5 amperes. As is 

expected from the work functions of the alkalis, it was 

observed that the current required for emission decreases 

with the increase of the atomic weight of the alkali ion. 

By this method it was possible to obtain singly charged 

positive alkalis. Several minutes of heating were re­

quired before the emission became constant. This prelim­

inary heating was probably a great factor in making the 

results as consistent as they turned out to be, since 

it :partially purified the source by evaporating the im-
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purities. The fact that these sources were not absolutely 

pure was obviously one which prevented the results from 

being of a ~uantitative nature. Recent study of these 

sources by means of magnetic analysis shows that some 

purification is obtained by continued heating. The current 

of the initial positives used in the experiment was of the 

order of 10-8 amperes. 

The entire filament, F, was enclosed by a: .hollow 

steel cylinarical cathode, C. This prevented any positives 

from entering the ionization chamber by any other means 

than the channel. This channel, 1.5 mm in diameter and 

2.5 mm long, was found to be the source of considerable sec­

ondary emission. The difficulty was obviated by putting a 

thin ring in it, cutting down the diameter of the hole so 

that no electrons ejected from the walls of the channel 

could escape into the ion chamber. This proved to be a val­

uable remedy. The channel projected through a hole in the 

collector, s., so that none of the direct positive beam was 

able to strike it. In Fig. 2 Sis the collector for the 

electrons liberated from the gas. 2.5 cm above Sis the 

grid, G, which defines the upper limit of the ionization 

chamber. 2 mm above the grid is the plate, P, on which 

the initial positive beam is measured. 

The chief features in which the tube in Fig. 2 

differs from that in Fig. 1 are: 1) a ground glass joint 

by which the repairs on the filament might be easily effect­

ed, 2) a greater space between collector, S, and grid, G, 

from which the products of ionizati on were collected; and 

3) a flat plate, P, placed only 2 mm above the grid and 
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parallel to it. The ground glass joint consisted of two 

parts. The upper part was coated with graphite and the low­

er with stopcock grease, and sealed with mercury. The region 

between these two parts was pumped out continually, min­

imizing the aanger of grease vapor entering the tube. By 

placing the grid 2.5 cm above the collector a larger volume 

was made available in which the ionization might occur. 

This increased the sensitivity of the measurements. Further­

more, any trouble arising in the old tube ( Fig. 1) by ion­

i zation above the grid was done away with by making the 

plate, P, flat and placing it only 2 mm above the grid. 

It was found that the reflection of the positives from P 

was of no consequence, so that the V-shaped plate previous­

ly used to reduce the reflection was eliminated. As a matter 

of fact, a small reflection wf positives from the plate 

was sometimes recorded when no gas was present in the 

tube, but this seemed to reach its maximum value at about 

80 volts and decrease when the voltage was increased be-

yond this point. 

The electrical connections were as indicated 

in Fig.~. A is an ammeter which indicated the filament 

current controlled by the rheostat in series with the six 

volt storage battery and the filament. It will be noted 

that the cathode, C, was grounded through a galvanometer, 

M. Ions were accelerated from the filament through the 

channel by means of the battery, Va, which consisted of 

several banks of small capacity storage cells.Vis a 

voltmeter to record the accelerating potential of the ions. 
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The galvanometer, M, was not essential to the apparatus. 

Because of criticism, suggesting that all of the electrons 

collected on S could have been accounted for by assuming a 

dark discharge to have taken place between the filament and 

the cathode, M was placed in the circuit. Any discharge 

would have caused a suda.en jump in the current to the 

cathode through the galvanometer, M, at some critical point 

as the filament current, the accelerating potential, or the 

gas pressure wa.s increased. This criticism proved to be 

completely fallacious since the current recorded by M 

never showed any sudden fluctuations under the conditions 

stated. 

The collecting potentials in this type of work 

are quite critical. A thorough study of these was made by 

Sutton, so it is only necessary to state what conclusions 

were reached. The initial positive ions are collected by 

the plate, P. Now it is desirable to prevent any emission 

of secondary electrons from this plate. This is accomplish­

ed by applying a small positive potential to P, not suff­

icient to retard seriously the initial beam. Experiments l) 

have shown that the velocity of the secondary electrons 

is rarely over 8 volts. Thus, a potential of 9.5 volts 

was sufficient to stop all such electrons from escaping 

the plate. The galvanometer, G1, which recorded the initial 

positive ions, is shown connected in series with the 9.5 

volt battery, Vp. 

The region between the grid and the collector, 

S, formed the volume from which the products of ionization 

were collected. The grid was connected to ground, shielding 
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the space below it from the positive collecting potential 

of the upper plate. The electron collector, S, which served 

to capture the electrons liberated from the gas, was con­

nected through the battery, Vs, and the galvanometer, G2 , 

to ground. To be satisfactory, the potential on s must be 

positive and high enough to give a saturation current of 

the electrons freed above it. Yet, it must be below the 

ionization potential of the gas used. Otherwise, the elec­

trons accelerated to S by the collecting potential would 

have sufficient energy to ionize. In most of the work done 

with this apparatus 13.5 volts proved satisfactory for 

this purpose. This method of adjusting the collecting 

potentials is the same as was used in the investigations 

that followed; namely, those of Beeck in Danzig 5 ), and 

those of Beeck and the writer at the California Institute 6). 

The galvanometers, G1 and G2, had sensitivities 

of the order of 10-9 amperes per millimeter deflection on 

a scale placed at a distance of 3 meters. G2 was about 

twice as sensitive as G1 in the work done on helium. In 

all of the rest of the work G2 was about seven times as 

sensitive. The ratio of the sensitivities was checked at 

frequent intervals by applying a known current derived 

from a bridge across a battery and sent through the gal­

vanometer .·~ in series with 500000 ohms. 

The apparatus was evacuated by means of two 

stages of mercury diffusion pumps backed by an oil pump. 

Gas pressure was measured by a McLeod gauge. Liquid air 

was used to freese out any water, grease, or mercury vapor 

that might have been present. The neon and argon used were 
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pure to less than a half of one percent. However, they 

were passed through a magnesium discharge tube to make 

certain that they were not contaminated. Much difficulty 

was encountered. at first with the purity of the helium 

used. It was obtained from the United States Bureau of 

Mines at Amarillo, Texas in a moderately pure form. By 

passing it over oxidized copper turnings and charcoal in 

liquid air, and then through the magnesium discharge tube, 

it was made spectroscopically pure. Consistent results 

were obtainable after this process of purification. Since 

the efficiency of ionization in helium is very small, a 

slight impurity produces an unusually large effect. After 

each run, no matter what gas was used, the tube was pumped 

out and fresh gas admitted before another run was taken. 

The method used by Beeck and the writer of letting the 

gas flow steadily through the apparatus is a more conven­

ient way of making certain that the gas is kept pure in 

the apparatus. 

PROCEEDURE 

The following proceedure is that used in a typical 

run. With no gas present the t wo galvanometer deflections 

were read when the filament was turned on and an acceler­

ating potential was applied. This gave a measurement of 
P,111:'lke.W\t 

the secondary emission. (Slight variations in~emission 

caused no difficulty since corresponding variations in 

the electron current to the collector plate took place. 

The ratio of these two currents was tak@.n as a measure of 

the secondary emission, as 'well as a measure of the ion-
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ization in the gas). After the determination of the second­

ary emission from the metal parts, the gas was admitted to 

the tube and time was allowed for the pressure to become 

constant before the actual run was taken. 

During the run the accelerating potential was 

varied from 100 to 750 volts. Readings of the two galvan­

ometers were taken for each accelerating potential. At 

the conclusion of the run, just before the gas was pumped 

out, the positive ion current, IP, to the plate was read. 

Call this reading, Ip! • Immediately after this reading 

was taken the tube was evacuated and G1 again read. Call 

this reading, Ip
0

• These last two readings were taken to 

correct for the scattering of the initial positives in the 

gas, as will be explained below. This proceedure constituted 

a "run TT. 

The efficiency of ionization of a gas by pos­

itive impact will be defined as the number of electrons 

liberated from the gas per initial positive ion per cen­

timeter path per millimeter pressure of mecury at ·20 deg. 

Centigrade. A slight difference in the efficiency is to 

be found in the definition given in Section (2) since it 

is there reduced to O degrees c. To obtain the efficiency 

of ionization, N, from the data it is merely necessary to 

divide the actual electron current, Is, by the correspond­

ing positive ion current, IP; then divide the result by 

the pressure, P, multiplied by the distance from the cathode 

to the grid. The equation for the efficiency is then: 
..Ts 

;( = Ip )f p X. .t 
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where . Pis the pressure of the gas in mm of Hg. 

and 1 is 2·.5 cm. 

Is is the electron current to the collector. 

Ip is the initial positive ion current to the plate. 

Is and Ip must be reduced to the same terms by 

multiplying by the ratio of the sensitivities of the gal­

vanometers. Let K equal the ratio of the sensitivity of 

G1 to G2. Besides taking care of the ratio of the sen­

sitivities of the galvanometers, there ate two corrections 

that can be applied which will give a more quantitative 

result. One is that for the secondary emission, which 

was generally very small. The other is for the scatter-

ing of the initial positive beam by the gas. If the latter 

correction is made, it is seen that, at low gas pressures, 

the ionization is a linear function of the pressure. At 

higher pressures multiple collisions take place, spoiling 

this simple relationship. Making the correction for sec­

ondary emission and scattering the equation for the eff­

iciency, N, becomes: 

' where Is 

L '-:Tso X k. 
I.po Ia X PX2,S-
;;....y-_- r1 
.J-P' 

is the observed electron current to S with gas 

present. 

Is
0 

is the observed electron curr~nt to S with mo 

gas present at the same accel. pot. as above. 

K is the ratio of the sensitivity of G1 to G
2

. 

Ip' is the initial positive ion current to P just 

before the gas is removed. 

Ip
0 

is the initial positive ion current to P just 
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after the gas is removed. 

Ip1 is the initial positive ion current to P ob-

served at any time during the run. 

Strictly speaking, one could correct far the increase of 

the positive ion current to P due to secondary electrons 

leaving it. However, this is absolutely negligible. 

A number of measurements with a galvanometer 

were made to test for secondary emission due to electrons 

ejected from the grid. This gave a practically negative 

result. 

In order to obtain higher sensitivity the gas 

pressure was often increased above the point where the 

mean free path was of the order of the distance from the 

collector to the grid. This gave rise to multiple coll­

isions of the positives on their way to the upper plate, 

thus causing more electrons to be liberated from the gas. 

This procedure was particularly helpful in getting a 

~ualitative idea of the ionization in helium. Ionization 

was not detectable at pressures as low as 0.005 mm where 

the kinetic mean free path is comparable with the dimen­

sions of the apparatus. 

Fig. 3 shows the ratio of Is/Ip plotted against 

the accelerating potential for different pressures. These 

curves were then reduced to one curve for N, the efficiency, 

plotted against the accelerating potential as is shown in 

Fig. 3a. (N for argon and neon are those obtained by Sutton 

previously. 3 )) To obtain N for helium, the ratio of 

Is/IP was divided by the average pressure multiplied by 

the path length. The increa se with pressure was expected 
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in the value of N since multiple collisions took place with 

the high pressures used in helium. Therefore, the quant­

itative value of Nin helium is not to be taken too ser­

iously. The correction for the scattering of the initial 

beam was not applied in the case of helium. The fact that 

the curves in Fig. 3 taken at pressures of more than 0.05 mm 

seem to be shifted bodily upward is undoubtedly due to 

this scattering. 

RESULTS 

Figures 5 .and 6 show the efficiency of ionization, 

N, plotted against the accelerating potential of the var­

ious alkali ions in neon and argon. Fig. 5 shows the inn­

ization in neon beginning in the neighborhood of 150 volts 

and increasing linearly with the accelerating potential 

to 750 volts, the highest value used. The slopes of the 

curves in both figures suggest a non-asymptotic approach 

to the axis. No quantitative conclusions oan be drawn from 

these curves as far as the . insetting potential is concerned, 

since the positive ion source most certainly consisted of 

a mixture of two or more alkalis. Magnetic analysis in­

dicates that sodium is present in nearly all of the datal­

ysts. One can explain the fact that Fig. 5 shows all of 

the positive ion:s beginning to ionize at about the same 

potential by saying that sodium was present in all of the 

sources of ions. Since it is seen that sodium ionizes 

neon most efficiently, it follows that any sodium impurity 

would make the insetting potential for any other ion the 

same as it is for soa_tum. Naturally, the most efficient 
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ionizer pro duces ionization at the lowest potential. 

Two important facts are to be drawn from the 

curves in Fig. 5 and Fig. 6. These are: 

1. Sodium is the mmst efficient ionizer in neon, while 

potassium is most efficient in argon. 

2. The slopes of the curves near the axis indicate that 

there may be a sharp insetting potential of ionization. 

On this evidence alone one can not come to that conclu­

sion, since the method is not sensitive enough. It does, 

however, hint strongly at the result obtained later. 

In Figures 6 and 7 N is plotted against the atomic 

weight of the ionizing agent. By plotting N against the 

atomic number, which is the same as plotting it against 

the atomic weight, Beeck 5 ) reached the conclusion that 

the ionization of a noble gas is best effected by that 

alkali ion closest to it in atomic number. The experimental 

work done by Beeck and that presented here indicated that 

this was true. This conclusion was based on the data ob­

tained from helium, neon, and argon. In the next section 

it will be shown that this conclusion is not strictly valid. 

It is fitting to summarize other results of this present 

research as was done by Sutton and the writer in the 

Physical Review, vol. 37, Feb. 15, 1931. 
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Similar results have been published recently by Dr. Otto Beeck'l,.who se­
cured homogeneous beams of positive ions by means of a magnetic analyzer. 
His method is evidently better designed for the purpose than the one here re­
ported, and he is now in a position to complete the study of the two remaining 
noble gases at this Institute. The qualitative agreement between the two 
methods is excellent, and the quantitative agreement is as good as might be 
expected considering the difference in methods. The only marked departure 
from regularity of our results appears in the relative interchange of intensities 
of ionization by lithium and sodium in argon. This may be.accounted for by 
either or both of two causes: first, an impurity of higher atomic weight in 
the lithium source derived from powdered spodumene (all other sources were 
Kunsman catalysts); second, the unaccountably large reflection of sodium 
ions by argon. This inversion of position was carefully checked, and as far 
as the accuracy of this method is concerned, the effect is real. 

Not only is there maximum ionization produced by the alkali positively­
ing closest to the atomic weight of the gas bombarded, but the intensity of 
these maxima increases greatly in the heavier gases. The ionization of helium 
is very feeble, whereas in argon it is quite pronounced. It is rather to be 
expected that even greater ionization will be found in xenon and krypton. 
In all of the foregoing work, correction has been made for the secondary emis­
sion of electrons from the metal parts of the tube. Inasmuch as there was 
gas admitted into the tube, no particular precautions were taken to outgas 
the electrodes. Comparing the secondary emission of the metal surfaces under 
bombardment of the various alkali ions, the intensity of emission was found 
to vary in the same way as the intensity of ionization; i.e., greatest for potas­
sium when argon had been present, etc. It would appear that the secondary 
emission might be due largely to a layer of gas upon the electrodes, and hence 
this surface effect would bear a close relationship to the volume ionization 
produced in the gas by different positive ions. 
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In concluding the discussion of the work of 

SUtton and the writer it will be worthwhile to say a few 

words concerning the essential improvements necessary to 

make the apparatus of more use quantitatively. The purity 

of the positive ions was obviously one thing that had to 

be made more certain. The sensitivity of the measurements 

was seriously hampered, since the galvanometers used had 

t t th i b t • t • • t better than· 10-10 amp. no, a er es, a sensi 1v1 y 

per mm deflection on the scale. An ionization chamber with 

metal walls is far more to be desired than one with glass 

walls which are likely to be charged electrostatically. 

This, then, is another criticism that can be made of the 

apparatus. However, since the data could be reproduced 

from time to time, this point is not too serious. 

A further difficulty with the measurements, which 

has never been fully corrected in any of the apparatus 

built, was the scattering of the initial positive ion 

beam by the gas. A method for determining the quantity 

of scattering was used, and was discussed previously. 

(see page 12). Recent work with accelerating potentials 

up to 2000 volts indicates that this scattering is of a 

more serious nature at higher voltages. Mention was made 

on page 16 of an unaccountable reflection of sodium in 

argon. Later works seem to confirm this, though this re­

flection is not so pronounced if the gas pressure used 

is small, and causes no trouble at velocities below 500 

volts. 
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SECTION (2) 

This section of the paper describes the appar­

atus designed ana. used by Beeck in Danzig. One can see 

that it obviates the two essential objections to the more 

simple arrangement described in the previous section. The 

apparatus was brought to the California Institute by Dr. 

Beeck in 1930, and the work was continued jointly with 

the writer. 

Figure 8 shows a cross section of the ionization 

chamber and magnetic analyzer. IJ:'he ions are accelerated 

from the filament to slit I 1 by means of a small potential 

of the order of six volts, applied at the center of a high 

resistance across the filament. The ions enter the magnetic 

field, M, at the first slit, and are deflected through 

90 degrees. Their circular path is defined by the three 

slits indicated. A second variable accelerating potential 

is applied between slits 3 and 4, giving the ions any energy 

desired. Slits 2X6 mm proved sufficient to give good 

resolution of the alkalis. A constant potential was main­

tained between the filament and the first slit. The different 

alkali ions were brought onto the third slit by varying 

the magnetic field. 

The ionization chamber is seen to be essentially 

the same as that shown in Fig. 2; the only difference being 

in the collector, I, for the initial beam. Beeck con­

structed it in the form of a cage of four concentric cyl­

inders of brass. The walls were coated with soot from a 

flame of natural gas bubbled through benzene. This was 
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done to prevent the reflection of the initial positive 

ion stream. One might criticize this construction because 

of the possibility of ionization occurring above the grid, 

causing the electrons resulting therefrom to be collected 

on I, decreasing the positive current. (The plate, P, in 

Fig. 2 was made flat to assure that this did not happen). 

However, in the present case, it is pretty certain that 

the electric field from the grid does not penetrate far 

enough into the cylina.ers to cause any disturbanc ,e. Any 

ions formed inside the cage simply recombine or go to 

the walls, making the total addition in charg~ zero. 

The rest of the chamber is identical to that 

in Fig. 2. The channel is se:en projecting through the col­

lector. At its lower end is a thin ring to prevent any 

electrons from being ejected from the walls of the chan­

nel by the positives. The whole ionization chamber was 

enclosed in a soft iron cylinder 5 mm thick to shield 

it frmm amy stray magnetic field from M. It was maintained 

at ground potential with the grid connected to it. The 

iron cylinder served as the wall of the ionization chamber. 

Fig. 9 shows a diagram of the apparatus with 

the electrical connections. The positive ions and the 

electrons were recorded by means of the electrometers, 

E1 and E2 , respectively. These electrometers were of the 

single string type. It can be seen by comparing Fig. 9 

with Fig. 2 that the electrical connections are very much 

the same as far as the ionization chamber, itself, is con­

cerned. E1 and E2 are shown with their plates maintained 

at a constant difference of potential by means of auxil-
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iary batteries. The center tap of each of the batteries 

is connected to the case of the corresponding electrometer. 

This center tap also fixes the potential of the shield and 

the lead to the collector plate. The string is perman-

ently connected to the collector plate and i s connected 

to the center tap of the battery through the grounding 

switch, H. When a run is taken this grounding switch is 

opened, allowing the charge to be registered by the defl­

ection of the string. 

The initial accelerating potential of six volts 

that is applied between the filament and the first slit 

was chosen small in order that the magnetic field could 

be small. This eliminated strong stray fields in the 

neighborhood of the ion chamber. It so happens that this 

choice was a wise one from another standpoint. The Max­

wellian distribution of velocities of the ions emitted 

from a hot source can cause considerable uncertainty, but 

if the distribution is over only six volts out of a hundred 

or more, the error is very small. Thus applying nearly all 

of the acceleration between slits 3 and 4 after the ions 

have been emitted, one automatically gets ions of very 

uniform velocity. 

The fact that the electrometers allow from 10000 

to 100000 times the sensitivity of the galvanometers used 

in the previous work makes it possible to w~rk with smaller 

pressures. In the work here presented the gas pressure 

used was never in excess of 0.007 mm of Hg. The mean free 

path at this pressure is s omething like 2 cm, while the 



-21-

path length of the apparatus is 2.8 cm, so that multiple 

ionization by a single ion is excluded. 

It is seen that the two worst faults of the 

early apparatus have been eliminated. One is now sure of 

his ions being of but one alkali, and one has measuring 

devices sufficiently sensitive to warrent his obtaining 

~uantitative results. But, as a matter of interest and 

information, let us look at Fig. 10. Here is a comparison 

made by Beeck of the results he obtained for potassium 

ions in argon and neon with those first obtained by SU.tton 

with his original apparatus. The agreement of the curves 

in argon is much better than one would expect una.er the 

circumstances. The more steep ascent of the curve in neon 

obtained by Sutton can be accounted for, in the light of our 

present knowledge, by the presence of sodium ions in the 

potassium source. Sodium ionizes neon more efficiently 

than does potassium, and therefore a mixture of the two 

ions is more efficient than potassium, alone. 

The string electrometers used in this work were 

built by the instrument shop of the California Institute. 

A :particularly noteworthy feature in these instruments is 
e 

that the objectives in the mieroscopes hav~ a working dist-

ance of 19 mm. This allows a great deal of freedom in ad­

justment. The objectives were 12 power, while the oculars 

were 25 power. The strings were made of 0.003 mm. Platinum 

wires obtained from Wollaston wire. It was found very con­

venient to project the strings onto a transparent scale, 

This facilitated the reading of both instruments simul­

taneously by one observer. The scale was placed at a dist-
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ance of about six inches from the eyepieces. A very dis­

tinct image was obtainable. All readings were estimated to 

a tenth of a millimeter. 

The leaa.s of the electrometers were carefully 

insulated with amber. Those leading into the vacuum were 

sealed with picein ~ which was cautiously melted to avoid 

carbonizing it, since the insulating qualities are spoiled 

if it is the least bit burned. There were no electrical 

leaks large enough to interfere with the readings. The 

time of charging up the electrometers was never over twenty 

seconds, even when making the exact measurements of the 

insetting potentials. The leads were shielded by means of 

5/8 inch brass tubing. Special care was taken that all 

shields of the same electrometer system were at the same 

potential by soldering a continuous wire to all parts. 

Contact in the grounding switches, shown as H, 

was maa.e between phosphorus bronze and brass. It was 

necessary to clean these surfaces from time to time. 

Platinum contacts are more advisable. The switches were 

operated by means of small electromagnets. These proved 

much more satisfactory than the usual strings. 

The voltage sensitivity of the electrometers 

was measured by applying a known potential by means of 

two dial resistance boxes hooked up as a potentiometer. 

This was checked several times during runs, a calibration 

curve being plotted for the variation of deflection with 

applied potential. A small switch, not shown in Fig. 9, 

was used. to connect the two electrometer systems together 

to measure their relative capacities. 
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Since one wants only the ratio of the charges 

collected on the two plates and recorded by E1 and E2, 

it is not necessary to know the actual capacities of the 

electrometer systems. It is sufficient to know just their 

relative capacities. To do this a charge is placed on E2 
raising it to a potential, v2. By connecting the system of 

electrometer, E2, to that of E1 the potential falls to a 

value, v1 . The ratio of the capacity of E1 and its leads 

to tha t of E2 and its leads is given by the e~uation: 
c.- - V, -z:;- - Vz.-V, 

This ratio was found to be 1.73. It is necessary that this 

ratio be measured with the instruments adjusted to the sen­

sitivity used in the runs. Also it must be measured with 

the deflection of E2 about the same as that used in the 

runs. This precaution is necessary since the effective 

capacity of the system is a function of the sensitiviiy 

as well as the deflection. 

The apparatus was evacuated by means of a fast 

mercury diffusion pump backed by a double stage diffusion 

pump and an oil pump. The first pump evacuated the region 

between slits 3 and 4 and that between the pole pieces of 

the magnet. {see Fig. 8). The gas was admitted to the ion­

ization chamber above the fourth slit by means of a fine 

capillary tube. It was pumped continuo~sly through the 

chamber and out of slit 4. Fast pumping was necessary to 

prevent the pressure below the fourth slit from rising so 

high that the ions would suffer collision on their way 

from the filament to the ionization chamber. With the 

arrangement used it was possi ble to work with pressures 
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in the ionization chamber up to 0.008 mm. A McLeod gauge 

was connected to the ionization chamber to record the press­

ure. 

The gases used were better than 99.5% pure. No 

further attempt at purification was made. Liq_uid air was 

used to freeze out vapors. To get the gas to the ionization 

chamber it was first allowed to enter a rese,voir until the 

pressure there was about 6 cm as recorded. by a manometer. 

The stopcock between the gas container and the resevoir 

was then closed. The gas from the rese'froir was admitted 

by means of a stopcock through a capillary tube to the 

ionization chamber. With the pressure of 6 cm in the re­

selv-oir the pressure in the ionization chamber was main­

tained at about 0.005 mm. Naturally this pressure decreased 

slowly with time. The pressure was measured at frequent 

intervals while runs were being made, and was plotted as 

a function of the time. It was easy to determine the press­

ure very accurately at the time any particular reading of 

the electrometers was made by referring to this pressure­

time graph. The rate of decrease of pressure was usually 

about 0.00005 mm per minute. 

The following procedure is that used in a typ­

ical run. With no gas present the filament is turned on, 

the magnetic field of the mass spectrometer being such that 

the desired alkali ion reaches the ionization chamber. 

The two grounding switches of the electrometers are then 

opened simultaneously. As soon as a sufficient charge has 

collected on E1 the filament current is turned off, and 
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the deflections on E1 and E2 are observed. This first 

measurement is for secondary emission from the meta l 

parts. In none of the work presented here was there any 

recorded. The gas is now allowed to flo w through the app­

aratus and time is allowed until e~uilibrium is reached. 

A run is then made recor~ang the deflections of the elect­

rometers conresponding to given accelera t ing potentials. 

The time at which each reading is taken is noted so t hat 

the pressure of the gas can be determined from the :press­

ure-time graph. By fin ding the :potentials on the strings 

of the electrometers corresponding to the deflections 

from the voltage sensitivity curves one has all of the 

data necessary to make the calculations. 

To find the number of electrons liberated 

from the gas per initial positive ion per cm :path per mm 

pressure at zero degrees centigrade the follo wing formula 

is used: 

where Qe is the charge of the electrons libe r ated. 

Qi is the charge of the initial :positives. 

1 is the path length i n the apparatus and is 2.8 cm. 

P is the pressure at room temperature. 

To get N in terms of the data collected one writes G)e:: Ce Ve 
and(J),:: C,Vc;, where Ce is the capacity of E2 with its 

leads and Ci is the capacity of E1 with its leads. Ve and v1 

are the 

Then, 

potentials coreesponding to Q2 

Ce. Ve 
Cc: i-{· 

v~ 
and Q1, respectively. 
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Now Ci/Ce was measured and is 1.73, and Ve and Vi are 

taken from the voltage-deflection graph, and Pis found 

on the pressure-time graph. So we write the efficiency 

of ionization as: 

.. I Ve X z f3 Ve IV - t), 22 2. Vt;lCP 
Vi. X p X/.73 t2, r X 273 

In the investigation of the efficiency of ion­

ization of gases by the alkalis the sensitivity of 

electrometer, E1 , was about 60 divisions per volt. (The 

capacity of it and its leads was about 25 cm) The sen­

sitivity of E2 was something like 200 divisions per volt. 

In the study of the insetting potentials the sensitivity 

of E1 was kept about the same, while that of E2 was in­

creased as much as possible. (These electrometers become 

unstable at about 1000 divisions per volt). In the deter­

mination of the insetting potentials the ratio of the 

deflections alone wa s ~,plotted. All of the results were 

reduced to the same terms by reducing them to values 

corresponding to a deflection of 20 cm of E1 . This was 

simply the arbitrary standard chosen. 

RESULTS 

Figures 11 and 12 sho w the results of the in­

vestigations of the efficiency of ionization by the pos­

itive alkali ions in krypton and xenon. It will be rem­

embered that the results in neon, argon, and helium Fig. 

6) indicated that the alkali closest to the noble gas in 

the periodic table was most efficient as an ionizing agent 

of that ga s. This statement was fi r st made by Beeck 5). 
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The investigation of the efficiency of the alkalis in 

krypton and xenon was carried out principally to test 

this maximum effect. One sees from the curves that pot­

assium begins to ionize k~ypton at a lower potential than 

does rubidium and is more efficient up to about 400 volts. 

This point was checked ve r y carefully ana seems to be real. 

Therefore, the maximum effect of ionization by;:, the alkali 

ion nearest the noble gas in the periodic table is not 

strictly true. 

Figure 1~ shows that caesium positives are most 

efficient in ionizing xenon. It will, however, be noted 

that potassium positives are more efficient in xenon than 

those of rubidium. This again indicates that the simple 

relation of the position of the ionizing agent in the 

periodic system to that of the ionized gas is not valid. 

Otherwise, one would expect rubidium to ionize xenon better 

than does potassium. Thus the collision phenomena are not 

as simple as the experiment s at first might indicate. Un­

doubtedly, the electron configt1ration must play a subtle 

role in these processes. Fig. 13 shows the efficiency of 

ionization plotted against the atomic number of the pos­

itive ion. The curves in neon and argon are those obtain~ 

ed earlier by Beeck. The accelerating potential of the ions 

at which this da ta was taken was 500volts. It is a little 

misleading to look at Fig. 13 without looking at Fig. 11 

also, since it alone shows rubidium more efficient as an 

ionizing agent of krypton than is potassium. This, as is 

seen in Fig. 11 is true only above about 400 volts. 



another interesting conclusion, which was suggested on 

page 16, is that the maximum efficiency of ionization for 

a given accelerating potential increases with the atomic 

weight (or atomic number) of the gas. For example, the 

efficiency( the number of electrons liberated from a gas 

per initial positive ion per cm path per mm pressure ) 

of caesium in xenon at 500 volts is 7.2 while that of 

potassium in argon is 3.4. 

Since the experimental work previous to this 

had given the suggestion that there might be a definite 

potential at which ionization by positives sets in, special 

pains were taken to study this point. The data was taken 

with the electrometers so adjusted that it was possible to 

measure a charge on the electron collector plate of the 

order of one five thousandth of that on the positive ion 

collector plate. As the accelerating potential was increas­

ed from zero the innization remained zero up to a certain 

critical point. Above this point the ionization increased 

almost linearly, showing no indication that it started from 

zero asymptotically at the lower voltages. This evidence 

is really new, since the earlier work was not sensitive 

enough to make this point clear. This definite insetting 

potential is contrary to the early theories on the subject, 

such as that of Franck 7 ). In all cases except tha t of 

potassium in krypton it was definitely shown that the ion 

nearest the noble gas in the periodic system begins to ion­

ize at the lowest potential. Figures 14, 15, 16, and 17 

give the curves taken for the insetting potentials of the 
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alkali ions in neon, argon, krypton, and xenon, respective­

ly. The table in Figure 16 shows the values of these pot­

entials. The question marks indicate uncertainties of 

about 10 volts in the values given. One should observe the 

fact that the insetting potential of potassium is ntxt to 

that of sodium in neon, lowest in argon and krypton, and 

next to caesium in xenon. 

The efficiency of ionization by positive ions 

is of the same order of magnitude as that by electrons 

when the energy is above about 400 volts. Electrons have 

reached their maximum efficiency by that voltage and their 

efficiency is either constant or drops off slightly there­

after. The maximum efficiency of electrons is considerably 

greater than that by positives of the same energy. K. T. 

Compton and van Voorhis B) give the maximum efficiencies 

for electrons as 3.2 in neon, 10.33 in argon, and 9.96 

in nitrogen. The accelerating potentials of the electrons 

corres:ponding to these maximum efficiencies are: 340 volts 

in neon, 140 volts in argon, and 175 volts in nitrogen. 

The efficiencies of positives at these corresponding 

energies are: 0.6 for sodium in neon, and 0.6 for potass­

ium in argon. No value can be given for positives at 175 

volts in nitrogen. However, the efficiencies of positives 

at 500 volts are more than that of electrons at the same 

energy in neon and argon. That can also be said of nitrogen 

since it and air too were investigated by Sutton and the 

writer. As yet the maximum efficiencies have not been de­

termined for the case of the positive alkalis in the noble 



-30-

gases. 

A most interesting result is obtained if the 

probabilities of ionization are computed for the most 

efficient alkalis in their neighboring gases. The probab­

ility of ionization is simply the chance that an electron 

will be liberated when the posit i ve ion collides with a 

gas a tom. It is obtained by di vi.ding N, the number of 

electrons liberated per initial positive per cm path per 

mm pressure by the numb er of collisions the ion makes per 

centimeter. The probability, P, is then, P=NL , where L 

is the kinetic theory mean free path at 1 mm pressure. 

The kinetic theory mean free path is not quite the correct 

value to u se, but it is certainly of the right order and 

is as good as any other value we know, unless the collis­

ion cross~section values 9 ) are a trifle better. The table 

below gives the values of t he probability of ionization 

thus computed. 

p 

Na.,.. in neon------ 0.025 

K+ in argon----- 0.026 

Rb+- in krypton--- 0.038 

Cs+ in xenon----- 0.030 

These values are for an accelerating potenti al of 500 

volts. Because of the general shape of the curves of the 

efficiency of ionization plotted a gainst accelerating poten­

tial, these values will remain the same for potentials of 

more than about 200 volts. ~tis interesting that these 

probabilities come out almost equal. As a matter of fact, 
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bombarding a gas the electron ha~ to escape the field of 

the oncoming ion plus that of the positive charge left 

on the atom from which the electron is ejected. Likewise, 

doubly ionized calcium, for example, should ionize argon 

much less efficiently than does singly charged potassium, 

though the masses are about the same. The case of the bom­

bardment of argon by neutral argon atoms was recently 

studied successfully by Dr. Beeck ll) and the conclusion 

reached agreed with Zwicky's prediction. It would be of 

intetest to investigate the ionization of the noble gases 

by doubly charged alkali earths if a suitable source coul d 

be developed. The field of study of atom beams received e.n 

impetus by the work of Kallman and Rosen 12 ) in 1930. Much 

fruitful material should be derived from this kind of work. 

It is worthwhile to know if there is a maximum 

efficiency of ionization by positives, and at what poten­

tial this maximum occurs. The curves already presented 

indicate that such a maximum exists, as one would expect. 

An early attempt to use higher accelerating potentials was 

made by Sutton and the writer, but the apparatus was not 

suited for velocities over 900 volts. No maximum was ob­

served up tb that point. A new apparatus has been construct­

ed by the writer to study this and allied questions . .A good 

deal of difficulty has been encountered by the reflection 

of the high velocity ions. 

In conclusion the author wishes to express his 

gratitude to Dr. R. A. Millikan for his interest and for 
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his helpful discussion of the :problem; to Drs. R. M. Sutton 

and Otto Beeck for their advice and cooperation in the 

experimental work; and to Dr. Fritz Zwicky for his inter­

est in the theoretical ex:pla'i;nation of the :phenomena ob­

served. 



SUMMARY OF RESULTS 

The study of the ionization of the noble gases 

by slow positive ions presented herein leads to the fol­

lowing conclusions: 

1. The relative masses of the ion and gas .atom play an 

important role in the process of ionization. This is con­

cluded from the fact that the most efficient ionizing 

agents in helium, :neon, argon, and. xenon are: lithium, 

sodium, potassium, ana caesium, respectively. In these 

cases mentioned ionization is best effected in a noble 

gas by that alkali ion nearest the noble gas in the per­

iodic system. This is not true in the case of krypton, 

where potassium ionizes better than does rubidium up to 

an accelerating potential of 400 volts. Other evidence 

is presented which indicates that the phenomenon of ion­

ization by slow positives is not entirely due to a simple 

Hmass effect". 

2. The maximum efficiency of ionization ~or a given accel­

erating potential increases with the atomic number of the 

gas. 

3. A definite threshold potential exists at which ioniz­

ation begins. This is contrary to expectations based upon 

previous theory. 

4. The efficiency of ionization (the number of electrons 

liberated from the gas per initial positive per cm path 

per mm pressure) by positives is of the same order of 

magnitude as that by electrons when the energy is above 



about 400 volts. The maximum efficiency of ionization by 

electrons is considerably greater than that by positives 

of the same energy. The maximum efficiency of ionization 

by positives has not been determined, but may well be 

much greater than tha t by electrons. 

5. The probability of ionization ( the chance of an electron 

being liberated from a gas atom when a positive ion strikes 

it ) by a positive alkali ion in the gas closest to it in the 

periodic system is approximately the same, regardless of 

the alkali. Kinetic theory mean free path is used in this 

computation. 

6. Secondary emission of electrons from metal surfaces by 

positive ion bombardment is the same function of the ad­

sorbed noble gas as the ionization of the gas itself. 

7. The heating current of the source of positive ions 

necessary to produce emission, when a given accelerating 

potential is applied, increases as the atomic weight of 

the alkali ion emitted decreases. 
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ILLUSTRATIONS 
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• Fig. 1. Positive ion ionization 
tube. 

Fig. 2 Experimental tube and connections. 
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Fig. 3 Ionization in helium at various pressures. Ratio of electron current to collector to 
positive ion current to plate as function of accelerating potential of positive ions. 
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Fig.(8) Ion Chamber 
ana Magnetic Analyzer 

Fig.(9) Electrical 
Connections 
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