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IONIZATION POTENTIALS OF ARGON, NITROGEN, CARBON
MONOXIDE, HELIUM, HYDROGEN AND MERCURY
AND IODINE VAPORS.

By CrirToN G. FOUND.

SYNOPSIS.

Measurement of the Ionization potential of Gases was accomplished by means of
a two electrode tube, by determining the point on the current-voltage curve at
which the current increases at a rate faster than that given by Langmuir’s equation

i =AV + Vo,

The effect of a voltage drvop along the cathode was eliminated by a commutator ar-
rangement which broke the filament heating circuit while the electron ciirrent
was being measured.

The initial velocity of the electrons, Vo, was determined directly from the current-
voltage curve.

Ionization potentials were obtained by measurement as follows: Argon 15.6, nitro-
gen 15.8, carbon monoxide 15.0, hydrogen 15.1, helium 20.5, mercury vapor I0.I,
iodine vapor 8.5. The ionization potential of argon was found to be constant for
pressures between 1 and 200 bars.

INTRODUCTION.
T has been shown by Langmuir! that for a pure electron discharge,
when the electrons start from the cathode with zero velocity, the
maximum current which will pass to the anode is given by

i = AVP, (1)

where V is the voltage on the anode and 4 is a constant, depending
only on the geometry of the tube.

The limitation of current is caused by space charge or the negative
electrostatic field due to the electrons in the space between the electrodes.
If in any way the effect of this negative space charge is neutralized, the
current to the anode will increase with the voltage faster than the rate
given by equation 1. One way of neutralizing space charge is by the
presence of positive ions. Hence, if an electron tube contains gas, as
soon as positive ions are produced, the current increases more rapidly
with increase of voltage, causing a point of discontinuity in the volt-
ampere characteristic curve.

The voltage at which this kink occurs is a measure of the ionization
potential of the contained gas.

1 PuysicaL ReviEw, Vol. 11, No. 6, Dec., 1913.
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In the above reasoning, it was assumed that the electrons started with
zero velocity, but in practice they are emitted with an initial velocity.
If the average initial velocity is equal to a voltage Vo, then equation
(1) becomes

L= AV + Vo ()
Thus a voltage must be added to the observed voltage at which the kink
occurs in order to obtain the true ionization potential. Tate and Foote,!
Foote and Mohler? and others have determined the ionization potentials
of a number of metallic vapors from the position of the kink in the volt-
ampere characteristic curve. The value of V7, they determined from
measurements of resonance potentials.

The present method differs from that of Tate and Foote in that the
ionization potential in‘this case is determined directly from equation (2)
which does not hold rigorously for their arrangement. The facts that
there was a difference of potential between the end of the cathode due
to the heating current and also that a third electrode at a voltage negative
to the anode was present, would prevent the current increasing, at low
voltages, at a rate as high as that given by equation (2).

In order to eliminate the effect of a voltage drop along the filament,
the present measurements were made with a rotating commutator. The
diagram of connections is shown in Fig. 1. The rotating commutator is

Rotatin,
Commut:;tor Zp I,

Loy
77
Milli-Ammeter: '
A

- +
Anode o Filament filament

Fig. 1.

Diagram of electric connections for measuring the volt-ampere characteristics of vacuum
tubes by use of rotating commutator.

so connected that no current can flow to the anode while the heating
current is passing through the filament and the anode current is measured
during the interval the heating circuit is broken. The speed of the com-

1 Phil. Mag., 36, 1918.
2 Phil. Mag., 37, Jan., 1919.
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mutator is so great that there is no appreciable cooling of the filament
during the intervals in which the heating current is off. The voltage of
the anode and the anode current were measured on direct current instru-
ments. Since these were on only a portion of the time, the readings
obtained were average values and in order to obtain effective values, it
is necessary to multiply the observed values by a constant—corresponding
to the reciprocal of the fraction of the time during which current flowed.
This constant was determined by taking the ratio of the voltage with
commutator stopped, to the voltage reading with commutator running.

In all cases, the values given in the tables are effective values, obtained
from the observed values by multiplying by the commutator constant.
This varied from 2.18 to 2.22. The variation was due to resetting of the
commutator brushes and in no case was a variation found during any
series of measurements.

The electron tube which was used for these measurements consisted
of two tungsten filaments, each wound in the form of a double helix, and
molybdenum cylinder about 12 mm. diameter and 12 mm. long. The
helices and cylinder were arranged coaxially. The inner helix, which was
5 turns of 0.125 mm. wire wound on a 2.25 mm. mandrel, was used as
cathode. The outer helix, which had 3 turns of 0.125 mm. wire wound
on 3.65 mm. mandrel, was connected to the molybdenum, cylinder
and the combination was made the anode. This arrangement has the
advantage that the electrons travel from the outer helix to the cylinder
with a uniform velocity equivalent to the anode voltage so that when
ionization takes place a larger number of positive ions is formed than if
the outer helix were not present.

Since most of the positive ions travel to the cathode, a larger number
is present in the region between the helices than would be present if the
electrons did not travel over a large portion of their path with the maxi-
mum velocity corresponding to the anode voltage.

CALCULATION OF IONIZATION POTENTIAL.

To determine the ionization potential of a gas, the volt-ampere char-
acteristic of the tube was first taken with a good vacuum (about .0o1
bars), while it was still connected to a Langmuir condensation pump.
The tube was then shut off from the pump by means of a mercury trap
separated from the former by a liquid air trap and a known pressure
of the gas let in. The characteristics were then taken again with the
gas present.

The value of V, was calculated from equation (2). If 4, and 4, are
the electron currents at two voltages V; and V., respectively, below the
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ionization potential, when gas was present, then

i { Vit Vo}m

2 Ve+ Vo
or
71203
(]
Vo = “‘FFT“‘— . (3)
- — I
(2]
If Vz =0
Vi
VO = {7/1) }2/3 . (4)
SN — I
’Lg)

The value of V, was calculated from (3) and (4) for a number of observa-
tions and the average value taken. The values of V, for any character-
istic curve did not differ by more than .2 volts.

It was found that the constant 4 decreased when a relatively large
pressure of gas was present. This car be accounted for by the increased
distance the electrons have to travel in reaching the anode, due to colli-
sions with the gas molecules. It is equivalent to an increase in the dis-
tance between electrodes. It was found, however, that the relation

1= A(V 4 Vy)i?

held up to the highest pressures at which measurements were taken.
This was about 1,000 bars for argon, helium, carbon monoxide and
nitrogen, while for hydrogen and mercury and iodine vapors, the highest
pressures were those given in the tables below. This is in agreement with
the results of Richardson and Bazzoni,! who found that the three halves
.power law held at low voltages in mercury vapor up to about I mm.
pressure. In order to bring the characteristics when gas was present to
correspond to those with a good vacuum, at voltages below ionization,
it was found necessary to multiply the electron currents with gas by a
constant K. The value of K was determined by comparing values of
7 at corresponding voltages below the ionization potential.

EXPERIMENTAL RESULTS.

Table I. gives the tabulated results for argon, at a number of pressures.
The values of P, Vand K calculated as described above are given in the
horizontal columns while vertically beneath them are given the values of
K4 which are the observed values of the current multiplied by the factor
K in order that the results with different pressures may be comparable.

1 Phil. Mag., 32, 1916, p. 426.
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No. 1. 45
TasLE 1.
Avrgon.

P (Bars)...... .001 I 6.1 35 8o 280
Vo (Volts) ... .95 1.0 1.0 1.0 .95 .95
Koooooiiooo.. 1.00 1.00 1.00 1.00 1.06 1.20
(V+ Vo)ire Ki Ki Ki Ki Ki Ki
5.7 41 41 43 .38 .38 .39
12.2 95 .89 92 .90 .90 .90
20.0 1.55 1.56 1.50 1.54 1.51 1.55
24.8 1.85 1.85 1.84 1.85 1.85 1.83
35.0 2.56 2.55 2.54 2.57 2.57 2.58
46 3.36 3.31 3.32 3.35 3.30 3.25
52 3.78 3.75 3.74 3.80 3.85 3.75
58 4.22 4.20 4.19 4.22 4.22 4.23
62 4.50 4.65 4.65 4.49 442 4.50
64 475 4.85 4.81 4.85 4.60 4.80
69 5.00 5.09 5.09 5.20 5.15 5.40
71.5 5.28 5.28 5.28 5.53 6.10 6.85

78 5.80 5.90 6.15 7.0 8.25 134
86 6.20 6.55 6.55 8.9 13.1 —_
92 6.90 7.00 7.70 11.6 20.6 —_—
100 7.20 7.65 8.80 +15.5 _— e

Ionization potential = (62)%/3 or 15.6 volts.
TasrLe II.
Argon.

P (Bars)....... 4 6.1 35 8o 280

(V+ V)82 AZ A7 A7 A7 A7
5.7 .00 .02 —.03 -.03 . —.02

12.2 —.06 —.03 —.05 —.05 —.05
20.0 .01 —.05 —.01 —.04 .00
24.8 .00 —.01 —.00 .00 —.02
35.0 —.01 —.02 +.01 - +.01 +.02
46.0 —.05 —.04 —.01 —.06 —.11
52.0 .03 —.04 .02 .07 —.03
58.0 —.02 —.03 .00 .00 +.01
62.0 15 .15 —.01 —.08 .00

64 .10 .06 .10 —.15 .05

69 .09 .09 .20 .15 40
71.5 .00 .00 .25 .82 1.57
78 .10 35 1.20 2.45 7.60
86 .35 .35 2.7 6.9 _—
92 1 .80 4.7 13.7 —_—
100 45 1.60 8.3 —_— —_—

Ionization potential = (62)2/3 or 15.6 volts.
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The first vertical column gives the effective values of anode voltage raised
to the three-halves power. Table II. gives the difference between the
electron current in a good vacuum and that when gas is present.

Figure 2 gives the plot between the electron current and the effective
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voltage raised to the three-halves power. It will be noted that the curve
for a good vacuum is linear throughout the entire range while the curves
when gas is present are linear only up to a certain point, above which
the current increases faster than the linear relation. The curves for
pressures from 1 to 280 bars apparently begin to depart from a straight
line at the same point and the rate of departure increases with the pres-
sure. At the lower pressures, it is difficult to tell the exact point at which
the departure commences, but at the higher pressures the curve when gas
is present meets that for a good vacuum at a sharp angle and there is no
doubt where the effect of ionization sets in. For this reason, a high
pressure of gas was used to determine the ionization potentials of the
other gases.

Table III. contains the results for nitrogen. The first column gives
the three-halves power of the effective voltage. The second and third
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give the corresponding values of the electron current with gas present
and in a good vacuum, while the last column gives the difference between
columns two and three. Figure 3 shows plot of results with nitrogen.

TasLE III.
Nitrogen.

PBars)............ 300 .001

Vo(Volts) ........... 1.6 1.1

£ 1.14 : 1.00

(V+ V)82 Ki i A
445 .35 —-.31 ’ .04
10.9 .76 74 .02
18.8 1.36 1.29 .07
28.0 1.96 1.92 .04
38.6 2.65 2.68 —.03
. 50.5 3.40 3.43 —.03
53 3.60 3.64 —.04
56 4.00 3.84 .16
59.5 4.20 4.08 12
63 4.45 4.32 .13
66 5.10 4.52 .58

69 6.50 4.74 1.76
73 8.40 5.00 3.40
76 : 11.6 5.20. 6.40

Ionization potential = (63)%/3 or 15.8 volts.
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Tables 1V., V., VL., VII., VIII. give the results for carbon monoxide,
hydrogen, helium, mercury vapor and iodine vapor respectively, while
Figs. 4, 5, 6, 7 and 8 give the corresponding curves.

TaABLE IV.

Carbon Monoxide.

200 .00I
tos £.00
(P4 Py Ki i AZ
6.0 51 57 —.06
12.9 1.14 1.19 —.05
21.5 1.90 1.96 —.06
31 2.80 2.80 .00
42 3.65 3.68 —.03
51 4.55 4.55 .00
54 4.85 4.85 .00
58 5.10 5.10 .00
61 6.00 5.40 .60
64 8.20 5.55 2.65
67 12.00 5.82 6.18
74 20.6 6.60 14.0
81 32.0 7.38 24.6

Ionization potential = (58)2/3 or 15. volts.
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TaBLE V.
Hydrogen.
P(Bars) ........... 135 .001
Vo (Volts).......... 2.5 1.1
Ko 1.2 1.00
(V4 Vpse Ki i A
6.8 .38 48 .10
13.7 1.00 .95 -.05
22.0 1.58 . 1.52 .06
31.5 2.23 2.18 .05
40 2.75 2.75 .00
48 3.35 : 3.32 .03
54 3.78 3.74 .04
57 4.01 3.96 .05
60 4.22 4.17 .05
63 4.45 4.38 .07
65 4.70 4.52 .18
68 5.10 4.72 .38
73 5.63 5.06 .57
86 8.00 5.92 2.08

Ionization potential = (59)2/% or 15.1 volts.
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SECOND

SERIES.
TaBLE VI.
Helium.
PBars)........... 650 Vacuum
Vo (Volts) ......... 2.2 2.2
Kovoiiiiiiiio. 1.60 1.00
(€260 2 L Ki : Al
6 123 176 —.53
13 .220 275 -.55
21.5 358 .385 —.27
31.1 520 .530 —.10
42 .700 .700 .00
54 91 900 .10
67 1.12 1.12 .00
74 1.28 ' 1.23 .05
81 1.47 1.36 A1
88 1.68 1.50 .18
96 1.95 1.60 35
103 2.47 1.74 .73
112 3.10 1.85 1.25
120 3.68 1.96 1.72

Ionization potential = (94)%/3 or 20.5.
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TaBLE VII.
Mercury Vapor.
P (Bars)........... 2.0 .001
Vo (Volts).......... 2.75 2.2
S 2.0 1.0
(V + Vy)si2 &7 i A7
4.6 .84 .84 .00
11.2 2.15 2.15 .00
15 2.75 2.85 —.10
19.4 3.63 3.74 —.11
24.0 4.45 4.55 —.10
26.5 5.20 5.20 .00
29 5.80 5.60 .20
32 6.20 6.10 .10
33 6.65 6.40 .25
34 7.20 6.50 .70
35 8.20 ] 6.70 . 1.50
36 ) 9.50 6.85 2.65
37 11.0 . 7.09 391

Tonization potential = (32)2/3 or 10.1 volts.
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TasLe VIII.
Iodine Vapor.

PBars) ......o.00nn 40 .001
Vo (Volts).......... .35 1.6
Koviviiiiiiiiannns 2.5 1.0
(@26 3 20 L N K7 . 7 Af
4.3 35 .32 .03
10.9 .78 N .01
194 1.44 1.45 —.01
24,2 1.80 1.80 .00
25.0 1.90 1.87 .03
26.1 2.00 1.95 .05
27.2 2.10 } 2.03 .07
28.2 2.30 2.10 .20
29.5 2.40 2.25 15
30.5 2.54 2.32 22
31.5 2.77 2.40 37
32.6 3.25 248 a7
33.5 3.75 2.57 1.18
37.0 5.25 2.80 2.45

Ionization potential = (25)2/3 or 8.5 volts.
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The curve for helium shows two kinks, the first one at 16.5 volts and
the second at about 20 volts. One explanation that might be given for
these results is that helium has two types of ionization, a weak one occur-
ring at 16.5 volts and a more intense one at 20 volts. Since no other
experimenter has found ionization in helium as low as 16.5 volts, it
seems more probable that this value is due to a slight impurity in the
helium, although the latter was purified by passing through charcoal
at the temperature of liquid air. The helium used was known to contain
a slight admixture of neon, which would not be removed, as it passed
through the charcoal at the temperature of liquid air. Since it would
require only about 6 bars or 1 per cent. of neon to account for the magni-
tude of the kink at 16.5 volts, it seems very probable that this kink is
due to ionization of the neon content, while the ionization potential of
helium is given by the second kink at 20.5 volts.

SUMMARY.
1. It has been shown that the relation
2= A(V + Vo)

holds for the electron tube used in these experiments when no gas is
present.

2. When gas is present, the above relation holds up to a certain voltage
corresponding to the ionization potential of the gas, beyond which the
current increases at a faster rate than given by the equation.

3. From the location of the point of departure from the above relation,
the ionization potentials given in Table IX. were determined.

TasLE IX.
Gas. Ionization Potential.
Argon vovvviinnnnneinnennnns e eeeeteeretetereteaanas 15.6
B U3 70T Y ¢ U 15.8
Carbon Monoxide. ..ovviiiiiininnieinnieenroennennnnns 15.0
Hydrogen. ..ottt it iiie it 15.1
Hellum....oootii i 20.5
MEICULY VADPOIL « v tin vt ennernneneeonssnnanssonsennsas 10.1
Jodine Vapor «ovv ittt it ittt i 8.5

In conclusion, the writer wishes to express his appreciation of the kindly
interest taken in these experiments by Dr. Langmuir, whose suggestions
proved most valuable.
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