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It has been found that the striking voltages for discharges in hydrogen, corresponding to
the left-hand branch of the Paschen curve, do not obey the similarity rules.
After an ignition on the left-hand branch of the Paschen curve, the resultant high-voltage
discharge is characterized by electrode voltage drops which are independent of the current.
In hydrogen discharges, this constancy of voltage drop is maintained over a very wide range
of currents, For discharges produced by 4-f1sec voltage pulses, the transition from the highvoltage form to the arc takes place only at currents exceeding 1000 amp.

I

N UNIFORM ELECTRIC FIELDS, the striking
voltage for a discharge satisfies the similarity
rule; i.e., it is a function of the product pd, where
p is the pressure and d the distance between electrodes. A number of investigations 1 • 2 have shown
noticeable deviations from the similarity rule when
the electric field at the cathode begins to exceed

106 v /em, and spontaneous emission of electrons begins. This situation may arise either at very high
gas pressures, on the order of tens of atmospheres,
where the electrode voltage reaches hundreds of
kilovolts, or at very small gap widths where even at
a few hundred volts the field strength at the cathode
reaches the ahove-mentioned figure. In the work re-

IGNITION OF THE HIGH VOLTAGE DISCHARGE IN HYDROGEN

ported herein, we first investigated the hydrogendischarge striking voltage to study those deviations
from similarity in the left-hand of the Paschen curve
which were not of the nature of spontaneous electron emission. In the second place, we studied
those particular forms of discharge which had a
high voltage drop at the electrodes.
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1. MEASUREMENT PROCEDURE

The tube intended for the study of discharges under the conditions of the left-hand branch of the
Paschen curve was constructed to prevent any discharge by way of the "long" path. To test the applicability of Paschen's law, a construction was
used in which the electrodes could be kept fixed,
or one electrode could be moved so as to vary the
separation d between 4 and 32 mm. The electrode
diameter was 80 mm to make the interelectric field
sufficiently uniform. Before use, the polished nickel electrodes were baked out with a high-frequency
current in vacuum, and conditioned by a glow discharge in hydrogen. Control of the hydrogen pressure was obtained by heating titanium hydride placed
in a side-arm of the discharge tube. The voltage
applied to the electrodes was supplied by a highvoltage rectifier circuit, provided with a filter to
smooth out the voltage pulsations. This voltage
could be regulated continuously from zero to 40 kv,
and its value was measured with an electrostatic
voltmeter. The ignition point was indicated by the
needle kick of a microammeter connected in series
with the low-voltage electrode. The striking of a
discharge could also be detected visual! y through
the fine mesh screen surrounding the discharge
space. In a darkened room it is possible to establish the occurrence of ignition at currents as low as
about 10· 7 ampere.

o.z
pd, mm Hg-cm

FIG. l. Deviations from the Paschen law in hydrogen.
Curves of Us = f(pd) at T = 20° C. l-d = 4 mm;
2-d = 8 mm; 3--d = 16 mm; 4-d = 28 mm.

creep in during the exchange of one cathode for another, due to changes in the coefficient y, which is
very sensitive to the condition of the surface. Repeated experiments have also shown the absence of
local effects at the electrodes, and that the results
are the same when the electrode polarities are interchanged. All this proves that the deviations from
the similarity law are not experimental errors or
peculiarities of the apparatus, but are inherent in
the nature of the hydrogen discharge. In fact, if hydrogen is replaced by air in the same tubes, the
curves of U5 = [(pd) taken at different distances d
and pressures p coincide very well (cf Fig. 2)
whereas the sanw curves in hydrogen (Fig. l) are
widely separated. If, following Slepian and ~lason 3
we plot log p vs. log d for constant Us, we obtain f.or
hydrogen a f ami! y of straight lines intersecting the
coordinate axes at a very nearly constant angle, differing from 45°. This implies that the striking potential is a function of the derived quantity pdk.
This function is assumed to be of the form

2. TEST OF THE APPLICABILITY OF
PASCHEN'S LAW TO THE IGNITION
OF HYDROGEN DISCHARGES

itepeated measurements of striking potentials U5
have shown the existence of very serious deviations
from the similarity rule. Curves of Us = [(pd) for
for different values of d are given in Fig. 1; these
curves are quite widely separated. Such effects
can be repeated reproducibly in tubes of different
constructions, and also in tubes where both the distance d and the hydrogen pressure p can be varied.
In these tubes the cathode is kept the same during
all changes; this avoids any errors which might

(l)

If U5 is in kilovolts, the experimental data for
hydrogen are well represented by the expression
(2)
Formula (2), whose validity has been verified up
to a potential of 30 kv, shows that U5 is more sensitive to variations in pressure than to variations in
the distance between electrodes.
The data obtained at different values of d agree
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FIG. 2. Curves of Us = f(pd) for air at T = 20° C.
+-d = 20 mm; D-d = 8 mm; pressure varied. X-p=0.04 mm
Hg; '17-p = 0.06; 0-p = 0.1; e-p = 0.14; interelectrode
distance varied.
well with the relation Us = f(pd 0 ' 58 ) as shown in
Fig. 3. Quinn's results for hydrogen 4 , sho\vn dotted in Fig 3, give a value of Us which is lower by
almost a full order of magnitude. Apparently the
electrodes in Quinn's experiments were not sufficiently outgassed, so that the coefficient y of his
cathode was much larger than in the present work.
This is also confirmed by the much lower values of
Us which Quinn obtained in comparison with the results of Dikidzhi and Kliarfel'd 5 • In the high sensitivity of its striking voltage to contamination of
the cathode surface, hydrogen is similar to the inert
gases or mercury vapor 5 • 6 and differs from the other
molecular gases.
The reasons why hydrogen discharges deviate
from the similarity rule can be stated only in relatively general terms as yet. Field emulsion cannot
be playing any part here, since the deviations are
observed even when the field strength at the cathode
is below 104 v/ em. Some reasons for the deviations
might be: a) ionization processes in the gas space,
which may arise in various ways in molecular gases;
b) cathode surface effects, explainable by the fact
that the coefficient y depends not only on the energy of the ions, but also on the field strength at the
cathode.
Experiments which have been carried out by the
probe method in the positive column of hydrogen
discharges 7 have shown that the mean mass of the
hydrogen ions definite! y exceeds the mass of a pro.
8-10
.
ton. A number o f stu·d 1es
o fhd
y rogen Ions

pd 0 ' 58 , mm Hg-cm

FIG. 3. Striking voltage of hydrogen discharge as function of pd 0 ' 58 • e-d = 2.8 mm; x-d = 16 'mm;
\l-d = 8 mm; o-d = 4 mm. Dashed curve is from data by
Quinn.
have indicated the presence of at least three different types of ions in the hydrogen discharge: n+,
112+, and
When hydrog~n is ion~z~d by an electric spark discharge the y1eld of H2 wns, at the
maximum in the curve of ionization efficiency, is
2SO times larger than the yield of protons 11 • The
H3+ ion is formed from the
ion by the reaction 12 • 13 H2+ + H2 _, Ht +H. The probability of this
process falls off as the energy of the 112+ ion increases. The H3+ ion thus formed can break up
again during various types of collisions with hydrogen molecules; hence the disintegration probability
of H +increases with its velocity. Conditions are
3
most favorable for the production and stability of H 3+
ions when the surrounding medium is made up of
other hydrogen ions. The value of y for different
types of hydrogen ions increases with the number of
atoms in the given type of ion 14 • Thus a change in
the composition of the hydrogen ion mixture striking
the cathode will case corresponding changes in Us.
It is entirely possible that some of the processes by
which hydrogen ions of different types are formed or
destroyed 15 on their way to the cathode may not satisfy
the similarity rule. In this case the striking voltage
of the discharge will also deviate from the rule.
A second reason for the failure of the similarity
rule could be a dependence of the coefficient y for
ll +,
and
ions on the potential gradient at the
cathode. Unfortunately only one study of this dependence has been reported-for H + and H2+ ions with
an energy of 250 kv 16 • It was found that the coefficient y increased somewhat faster for 11 2+ ions than
for protons as the field at the cathode increased. It
is very probable that for the slower 11 3+ ion, the coef-
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ficient y increases still more rapidly, and that the
increase is effective at still lower cathode field
strengths. In this case, the curves Us = f(pd) for
small values of d would be displaced to the left of
those for large d, bee a use of the increase of y.
This is what is observed experimentally (Fig. l).

charge occurring in the left-hand branch of the curve
therefore has the characteristics of a silent discharge, in that there is only a weak space charge
between the electrodes; it also has the characteristics of a hindered discharge, since increasing the
distance between the electrodes results in a decreased potential drop across the discharge. The
low space charge of this type is a result of the high
speed of the charged particles due to the high field
and particularly to the fact that when pd is reduced
the discharge changes from a slow diffusion of ions
and electrons in a gas, characterized by a mobility
coefficient in the electric field, to a free fall to the
cathode. Particular attention should he paid to the
current-voltage characteristics of the high-voltage
discharge in hydrogen, where the ionic space charge
is least effective. Such characteristic, curves, taken
at different pressures, are shown in Fig. 4. In these
curves the potential drop across the discharge is inpendent of the current over a very wide range of current densities. From the outside, the discharge appears as a diffuse glow, whose intensity falls off
continuously from the cathode to the anode, corresponding to the drop in the excitation efficiency of
electrons in the energy range 103 to lOS ev.

3. HIGH-VOLTAGE FORM OF THE
DISCHARGE AT VERY LOW PRESSURES

On the left-hand branch of the Paschen curve the
discharge occurring after ignition is characterized
by a running voltage almost exactly equal to the
striking voltage 6 , whereas on the right-hand branch
the transition to a glow discharge is always accompanied by a considerable reduction in the potential
drop across the discharge. Hence formula (2) gives
the running voltage as well as the striking voltage,
provided that the current density in the discharge
does not exceed about 0.1 a/em\ as will he shown
below. On the left-hand branch of the Paschen
curve the normal glow discharge cannot in general
occur, since the thickness of the normal region of
cathode potential drop is greater than the distance
between electrodes. The high-voltage form of disll_kV
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FIG. 4. Current-voltage characteristics for high-voltage form of hydrogen discharge at
constant field strength. d = 16 mm; cathode surface =50 cm2; pressure p in mm Hg.
1-thin nickel foil electrodes, 2-massive copper electrodes, 3-massive copper electrodes
with pulsed operation.

The heating of the electrodes, which increases
with the current, causes a lowering of the hydrogen
density in the interelectrode space. Because of the

very steep rise which occurs in the striking voltage
(and in the concomitant running voltage) of the highvoltage hydrogen discharge when the value of
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pd 0 ' 58 is reduced, even a slight reduction in gas
density is sufficient to raise the voltage necessary
to maintain the discharge. Curve 1 of Fig. 4, taken
at a pressure of 0.21 mm Hg in a tube with thin nickel-foil electrodes, shows a rise even at current densities of the order of 0.1 rna/ cm2 • Curve 2 was
measured in a tube with massive electrodes of electrolytic copper; the discharge was switched on for
short periods only. Because of the lower electrode
heating, the upward rise in the curve hegins only at
a current density of a few rna/ cm 2 • In order to eliminate the effect of electrode heating, curve 3 was
taken by applying voltage pulses of 4 microseconds
duration at a repetition rate of 200 per second. By
this means the average heat dissipation at the electrodes was reduced by three orders of magnitude.
The heating during each pulse could not have
caused any rarefaction of the gas, since in 4 microseconds the hydrogen molecules would travel only
about one centimeter, and would not he able to
leave the discharge space. The rise in curve 3 be-

the greatest effective cross-section for ionization
(Q; > 1 cm2 / cm3 ); and 2) an increase in the average
value of y for ions which reach the cathode owing to
the increased anode region in which U has a higher
value, and a corresponding increase in the proportion of higher-energy ions that strike the cathode.
Whether this redistribution of the field will lead to
an increase or a decrease of the discharge voltage
depends upon the nature of the dependence of y and
Q; on the energies of the corresponding ions and
electrons. An increased potential difference across
the discharge will result when the drop in the number of ionizations by electron impact is not compensated by the increase in y. In the opposite case,
there will be a decrease in the running voltage of
the discharge due to the more rapid growth of y with
increased ion energy U. In hydrogen, y rises slowly
in the energy interval 0 to 30 kv 14 • 17 . Therefore for
a high-voltage discharge, one would predict that the
positive space charge would cause the current-voltage characteristic to rise rather than drop.
It is possible to estimate the order of magnitude
of the current density j at which the positive space
charge is known to cause a change in the currentvoltage characteristic of a high-voltage discharge
(regardless of the sign of this change). All the approximations necessary for this estimate are made
in such a way that the value obtained for j is an upper limit.
For simplicity let us assume that there is a constant positive space-charge density between the
electrodes. If p = 0, the potential increases linearly from cathode to anode, while the field E is con-

gins at a current density on the order of 100 rna/ cm 2 •
The remaining current-voltage characteristics were
all measured at lower hydrogen pressures in the tube
with massive copper electrodes already referred to,
using discharges of short duration. The lower the
hydrogen pressure, the smaller is the current density
at which the voltage rise begins, since the left-hand
branch of the Paschen curve becomes steeper for
lower pressures and even a very small amount of
heating is sufficient to produce a noticeable voltage
rise. If the heating effect is reduced (as in Curve 3)
it is possible to obtain a constant voltage drop over
a range of at least seven orders of magnitude of current, from l0- 7 to 1 ampere. It appears likely that
this constancy would he maintained for several more
orders of magnitude below l0- 7 ampere.
The rise in voltage across the discharge when the
current density increases above 100 rna/ cm2 cannot
be due entirely to heating of the gas. The appearance of a positive-ion space charge at high current
densities (the electron space can be neglected, since
electrons are removed from the interelectrode space
with almost two orders of magnitude faster than the
ions) leads to a redistribution of the electric field
between the electrodes. This causes an increase in
the potential drop at the cathode and a decreased
drop at the anode. The results of this will be:
l) a reduction in the number of ionizations caused
FIG. 5. Assumed conditions of U, E and p correspondby electrons on their way from cathode to anode, be- ing to the. onset of a change in the running voltage of a
cause it diminishes the region in which the electrons high-voltage discharge, as the discharge current is inattain energies of 20 to 1000 ev, where they have
creased.
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stant and equal to E = U0 /d, where U0 is the potential difference between the electrodes. Let us find
the value of p for the case where the mean value of
E is still equal to U0 /d, but where E varies from
the value 2U/ d at the cathode to zero at the anode.
Since p is constant, E must decrease linearly from
cathode to anode. The potential U varies in this
case as shown in Fig. 5. When the potential deviates from linearity as much as this, it is quite reasonable to expect variations in the running voltage of
the discharge.
If x is the distance from the cathode, we obtain

£=2U 0 (l-~J,
d

.

(3)

dEjdx = - 4;.p = -2U 0 /d 2 , p = U 0 /2'-d 2 • (4)
On the other hand, the positive-ion space charge
produced by a current of j/ e electrons passing
through one square centimeter each second is equal
to

p = (jje) sp-re,

current density, Curve 3 of Fig. 4 already shows a
noticeable rise in the running voltage. Thus, the
rise in running voltage with increasing current density in a hydrogen discharge can be due either to a
rarefaction of the gas caused by heating of the electrodes, or to distortion of the field under the influence of the ionic space charge.
A de high-voltage discharge does not turn into an
arc until the discharge current reaches l ampere. In
pulsed discharges, transition to the arc occurs for
currents of 1000 ampere only at pressures above
0.2 mm Hg. At lower hydrogen pressures, transition
to the arc does not occur until the total discharge
current is above 1000 amperes (j ~ 20 a/ cm 2 ). This
result indicates that the high voltage form of discharge can be supported for short periods of time
without going over into an arc, at extremely high
current densities, probably considerably in excess
of 100 a/ cm2 •
For a comparison of the nature of discharge effects on the left- and right-hand branches of the

(5)
1/,kV

where sp is the product of the effective cross-section for ionization by electron impact and the gas
pressure, and r is the mean lifetime of the ions in
the discharge. Here we are assuming that spd is
considerably smaller than unity, i.e., that most of
the discharge current is carried by electrons.
We now determine an approximate lifetime r as the
time for the free fall of an ion from a distance of
d/2 to the cathode in a field E 1 , which is the mean
value of E between x = 0 and x = d/2. (In this derivation we ignore collisions of the ion with gas molecules, which will in fact lead to an increase of r.)
Then

8

5

1/

3

where M is the mass of the ion and e is its charge.
The value of current density j in the discharge,
for which the interelectrode field becomes distorted
in the manner shown in Fig. 5, is found from Eqs.
(4) to (6):
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For the case corresponding to curve 3 of Fig. 4
we have U0 = 2500 v, sp = 0.2 cm-1 at electron energies of the order of 1000 ev, d = 1.6 em, and
M = 2.33 x 10- 24 g (we assume that the ions are Hi}.
This gives a value for j of about 2a/cm2 • At this
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FIG. 6. Schematic form of the current-voltage characteristics of a discharge: 1-for pd < pdmin; 2- for
pd > pdmin (after Druyvesteyn and Penningl8),
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Paschen curve, Fig. 6 shows schematically the current-voltage characteristics of a high-voltage discharge (Curve 1) and a discharge on the right-hand
branch (Curve 2); the latter curve is borrowed from a
well-known survey article 18 • For convenience of
comparison, the ordinates of Curve 2 have been increased by ten times. The curves of Fig. 6 demonstrate the relative simplicity of the effects on the
left-hand branch of the Paschen curve. The constant potential difference across the discharge
agrees very well with Townsend's assumption that
the ignition of the discharge is a process in ~ich
the current goes to infinity when the voltage on the
electrodes exceeds a certain value-the striking
voltage.
The high-voltage form of discharge, characterized
by voltages in kilovolts or even tens of kilovolts,
and a current density up to tens of amperes per cm 2 ,
undoubtedly deserves detailed study, not only in the
steady but also in the dynamic state. This form of
discharge, at low current densities, was used a
great deal in former years, when such discharges
were the only source of electron and positive-ion
beams with energies of several tens of kilovolts.
Methods have recently been sought for obtaining
high temperatures with the aid of super-powerful
discharges 19 • 20 • The high-voltage form of discharge appears to he the first stage in the development of a super-powerful discharge of this type, in
which the cross-section area of the discharge is
still uniformly filled with current.
In conclusion, the authors wish to express their
thanks toN. G. Kashnikov and T. B. Fogel'son for
valuable critical comment.
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