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287Method for Studying Ionising Potentials.

drawing of fig. 1 is not strictly to scale the most important dimensions are 
given below:—

Diameter of ionisation tube ...........
„ aperture in traps T andU
„ tube containing traps ...

Length of „ „ » • • •
Diameter of condenser K ...............
Length of „ ...............
Distance from F to Gi.......................

„ „ * Gi to G2 ...................
„ „ G2 to Si ...................
„ „ Si to S2 ...................
,, )) S2 to S3 ...........

Area of poles of magnet ...................
Distance apart of poles of magnet ...

2-2 cm.
0 -  7  „

1- 7 „
20 „ (Reduced in drawing.)

2- 7 „
15 „
0#4 „ (Exaggerated in drawing.)
3- 5 „
5-8 „
4'6 „ (Reduced in drawing.) 
8-5 „ J  
3-3 x 2 5 cm.
24 cm.

The procedure adopted was to set the voltages, filament current, heating 
current, etc., and then measure the rate of charging of the electrometer as the 
current through the electromagnet was varied. Readings were always taken 
with increasing magnet current, and before each run the current was reversed 
several times. The magnetic field, corresponding to a given current, was read 
from a calibration curve obtained with a fluxmeter and coil. The electro­
meter readings were plotted against the magnetic fields so obtained.

After the apparatus was taken down the magnetic field was redetermined 
with a triangular coil, as described by Sir J. J. Thomson.* Within the limits 
of error these measurements gave the correct value of for doubly-charged 
mercury ions, but a somewhat low value for the singly charged. This was 
presumably due to the fact that the coil used was not long enough to measure 
entirely the effect of the stray field, which was more marked at the higher 
values of the magnetic field required to bend the singly-charged ions. 
Incidentally, the stray field did valuable service by preventing any photo­
electrons liberated at the end of the cylinder, D, around Si, from getting 
back toward G2 and causing spurious ionisation effects.

Results.

The wide slits used to get maximum intensity, together with the compara­
tively small magnetic field, made it impossible to get great resolution, but it 
was hoped that it would at least be possible to distinguish between singly- and 

* J. J. Thomson, ‘ Rays of Positive Electricity,’ p. 18, 2nd edition (1921).
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doubly-charged mercury ions. I t  was found, however, that the effect of the 
single ions was so great, compared to that of the double at low voltages, that 
often the curves were of the type of A, fig. 2, showing both types of ion, but

Magnetic Field, H. ( Gauss)

>00 2000 2200 2400 2600 2800 3000
Magn e t i c  Field,  H, (Gauss).

F ig. 2.

Curve A. V x =  — V 2 =  40 volts. V 3 =  620 volts.
„ B. ( a )  Yj =  — V 2 =  80 volts. V 3 — 520 volts.

(b) Same run on 1/10 scale.

not completely separated. In curve B, on the other hand, where the value of 
Vi was 80 instead of 40 and the cooling was better, the two effects are 
separated. In this curve there also appear two, and possibly three, other 
maxima of values of m/e approximately 15, 35, and 50, on the scale of m/e = 1 
for hydrogen. These will be discussed in connection with a later curve.

In fig. 3 a group of curves taken at higher values of Vx is presented. In 
order to make readings possible these runs had to be made with very much 
reduced filament currents. The striking feature of these curves is the 
complete separation between the Hg+ and Hg++ peaks, and the greatly 
increased relative intensity of the latter. In curves C and D again appear two 
peaks at low values of the magnetic field, H, and in D, where the maxima are
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unusually sharp, there is a small but definite maximum at =  65 approxi­
mately. The effects at m/e =  15 and 30 are evidently due to the presence of 
a trace of air, and possibly other gaseous impurities. There was known to be 
a very small leak, and it was noticed that these peaks were always particularly
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2000 2200 2400 2
Magnetic Field, H, (Gauss).

F ig. 3.

Curve C. V 1 =  -  V 2 =  300 volts. V 3 =  300 volts.
„ D. V t =  -  V 2 =  175 „ V 3 =  610 „

strong when the pumps had just been turned on in the morning. Moreover, 
the addition of the Gaede pump in the fore vacuum greatly reduced their 
intensity, and it was found that on reducing Vi they disappeared between 15 
and 20 volts. The peak at m/e =  65 is naturally attributed to triply-charged 
mercury, and it is possible that mercury ions of higher charges are present 
but masked by the air peaks, just as it is difficult to identify with certainty
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an m/e =  65 peak in the other curves. In any case, the number of more 
highly-charged ions is extremely small compared to that of the single and 

' double, even when the voltage is run up to 500, and may be due to impacts 
among the ions themselves rather than to electron bombardment. I t is, 
therefore, impossible to draw any conclusions as to the conditions for their 
formation from the present experiments, though it is hoped that a more 
powerful apparatus may he able to throw light on the question. Similarly, 
the search for a polyatomic mercury molecule must wait for a larger magnet.

The curves shown and discussed, so far, are typical of some sixty or seventy 
runs made with values of Vi varying from 10 to 500, and V3 from 120 to 
1290. These served to give valuable evidence as to the production of singly- 
and doubly-charged ions, and to indicate roughly the beginning of double 
ionisation at between 20 and 25 volts. I t remained to locate this point as 
definitely as possible.

I t  is clear that by the time the electrons get to the point of maximum 
mercury density between Gi and G2 they will have been slowed down by the 
field Ys, so that their speed will be considerably less than Vi, but cannot be 
properly estimated. The procedure adopted, therefore, was to make a run in 
the usual way, then set the magnet current at the value for the Hg+ peak, 
and reduce the value of Vi till the effect had completely disappeared. Since 
the ionisation potential of mercury is known to be KM, the difference between 
this and the observed voltage, where all effect disappeared, was taken as a 
correction to determine the effective voltage for the original run. Of course, 
this automatically includes corrections for initial velocity, potential drop 
across the filament, space charge, etc. When this procedure was first adopted 
curves were obtained of the type of K, fig. 4, giving corrections of 4 or 5 volts, 
which was the expected order of magnitude.

In the course of a week’s running the magnitude of this correction 
gradually increased until it was as large as 15 volts in two or three of the 
last experiments. This may be connected with the gradual filling up of the 
trap U, and the consequent improvement in the cooling of the inner walls of 
the trap. In this way the number of stray molecules was reduced, so that 
the impacting electrons had to pass through a greater proportion of the 
field V2 before colliding with mercury molecules. Notwithstanding this 
variation, the corrected results were very consistent.

In fig. 4 are presented the results of four runs taken at accelerating 
voltages of 13, 16, 20 and 25 (corrected), with corrections of from 3 to 
5 volts. In curves E and F there is no trace of the Hg++ peak, while in G 
it is small but distinct, and in J  unmistakable, though the Hg+ peak is now 
spreading out. Of twenty-four curves taken at effective voltages below 25,

Dr. H. D. Smyth. A New
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the'eleven taken at 20 or above, with a single exception, definitely show the 
H g + +  peak. LThe exception was taken at 20, and also shows a trace of Hg++ 
but not very definitely. A group of five runs at about 17 volts are con-

Method fo r Studying Ionising Potentials.

13 14 15 16 17 18 19 Volts

2000 2200 2400
Magnetic Field,  H, (Gauss)

Fio. 4.

Curve E. V x =  — V 2 =  13 (17) volts. V 3 =  450 volts.
55 F. V x =  - V 2 =  16(20) „ V 3 =  490 „
55 G. V x =  -  V 2 =  20 (25) 55 ^ 3  : =  „

55 J. V x =  - V 2 =  25 (30) 55 ^ 3  =  480 „

55 K. H  =  2820 V3 =  460. Correction curve for E.

Values of V x given are corrected. Uncorrected values in parentheses.

flieting, as two show Hg++, two do not, and one is doubtful, but these were 
taken without liquid air on the condenser or ice in the cooling jacket, and 
therefore are not of great value. On the other hand, with proper cooling 
two runs at 16 volts, two at 15, and one at 13, show no Hg++, while in one

u 2
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at 19*5 it is weak but definite, another at 195 does not show it, and a third 
curve at nineteen reveals just a trace of it. Three attempts to follow an 
Hg++ maximum to its vanishing point, with decreasing voltage, gave the 
results 22, 20 and 17 volts respectively. A consideration of these assembled 
results leads to the conclusion that doubly charged mercury ions are first 
produced when the electrons in the bombarding stream have attained an 
energy of 19 + 2 volts.

Discussion of Results.
To appreciate the theoretical significance of the above results, it is 

necessary to review briefly some spectroscopic data. The enhanced 
spectrum of an element is supposed to be due to electron transitions in a 
singly ionised atom. Consequently, just as the principal series limit of the 
arc spectrum gives a basis for the calculation of the energy required to 
remove an electron from a neutral atom, so the corresponding series limit in 
the enhanced spectrum should give the energy necessary to remove an 
electron from a singly charged atom. This limit is not known for mercury, 
but has been determined approximately for zinc and cadmium, which are 
very similar to mercury spectroscopically. The limit of the principal 
doublet series of the enhanced spectrum of zinc is 147,544, and of
cadmium is v — l<r =  140,226, where v is the wave number.* Applying the 
quantum relation, eY — live, we obtain 18’2 volts and 17’3 volts for zinc and 
cadmium respectively. Now the single ion formation energies are 9*0, 9-4 
and 10‘4 volts for cadmium, zinc and mercury, and, by analogy, we should 
expect the double ion formation energy to be highest for mercury. 
Therefore the inference is that the energy required to remove a second 
electron from a singly charged mercury atom is of the order of 20 volts, 
and the energy necessary to eject two electrons at once from a neutral atom 
is 20 +104, or approximately 30 volts.

If, now, we consider the experimental value of 19 +  2 volts given above, 
we are forced to the conclusion that the double ions were formed first as the 
result of two impacts, but that there remains the possibility that higher 
speed electrons produced double ions at one impact. In the experimental 
curves the separation of the two maxima was not good enough to allow the 
detection of a sharp increase in the number of double ions in the neighbour­
hood of 30 volts. On the other hand, the curves at high voltages and low 
electron currents, e.g., C, fig. 3, show almost as many double ions as single, 
indicating that, under such conditions, the majority of the double ions were 
produced by single impacts. This conclusion is supported by the fact that

* A. Fowler, ‘ Series in Line Spectra,’ pp. 142, 146 (1922).
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the ratio of the double ion effect to the single ion effect showed no consistent 
variation with the electron current.

It is interesting to note that, in an attempt to detect double ionisation of 
mercury by a sharp increase in the total ionisation current, Einsporn* got 
kinks in his curves at about 17 volts and 42 volts. He attributes that at 
17 to the presence of gaseous impurities, and is doubtful about the inter­
pretation of the one at 42. In the light of the present experiments, it 
seems possible that the effect in the neighbourhood of 17 volts may have 
really been due to doubly charged mercury ions. The meaning of the 
42-volt break remains doubtful.

It seems best to postpone any further discussion or speculation suggested 
by these results until further data are available. At present an attempt is 
being made to apply the method to gases, and a systematic investigation of 
the metallic vapours is reserved for the future.

Summary.
1. A new mode of attack on ionising potential problems is suggested. 

The principle involved is the study, by positive ray analysis, of the ions 
produced in a gas by the impact of slow-speed electrons of known energy.

2. The details of the application of the method to the study of mercury 
vapour are given.

3. Preliminary results indicate the formation of doubly charged mercury 
ions at 19 + 2 volts. The series relations of the enhanced spectrum of 
mercury are not known, but analogy with zinc and cadmium suggests an 
estimate in agreement with the above value. The conclusion is that the 
double ions formed at this voltage are the result of two impacts. Experi­
ments at higher voltages indicate formation by single impact.

4. More highly charged ions were present in such small quantities that 
their identification was uncertain, even at voltages as high as 500.

In conclusion, the author wishes to express his sincere thanks to 
Sir Ernest Rutherford for his continued and helpful interest and for the 
privileges of the laboratory, and also to Dr. Aston for some valuable sug­
gestions. Ihe work has been done while the author was a National 
Research Fellow in Physics.
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* E. Einsporn, ‘ Zs. f. Phys.,’ vol. 5, p. 218 (1921).
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