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INTRODUCTION

VZ7EIGER and Haxel1 proposed the use of halogens as
a quenching additive in counters as early as 1937. How-
ever, many others regarded the presence in counters
of electronegative gases capturing electrons to be in-
admissible. Apparently this explains why the first
attempt to fill counters with a mixture containing an
admixture of halogens2 was not made until ten years
later. It was soon discovered3""6 that self-quenching
counters obtained at a low halogen concentration pos-
sess a number of undisputed advantages compared to
ordinary counters which contain an admixture of or-
ganic vapors: a low breakdown potential (200 — 300 ν),
ability to operate at low temperatures (down to - 80° C),
a practically unlimited working lifetime and the pres-
ervation of counting characteristics after an accidental
discharge. Therefore, in spite of the complexity of
their preparation halogen counters have attained wide-
spread use.

Phenomena in halogen counters differ essentially
from phenomena occurring in ordinary self-quenching
counters containing organic vapors. The present con-
cepts of the discharge in halogen counters explain a
number of characteristic features of such counters.

Thus, the low working voltage of halogen counters
is explained by the ionization which occurs in Penning
type7 mixtures as a result of collisions of the second
kind. Low voltage halogen counters contain in addition
to the principal gas neon small admixtures of argon
(~0.1%) and of a halogen (-0.1%). In neon at a com-
paratively low electric field the electrons begin effec-
tively to produce metastable atoms with an excitation
potential of 16.57 ev. This is associated with the fact
that the level in question is the lowest excited level
and the electrons which experience only elastic colli-
sions accumulate energy in the field until they become
capable of producing metastable neon atoms. In pure
neon, or in neon with an admixture of organic vapors,
the metastable atoms are destroyed without producing
charged particles in the gas. When a small admixture
of argon is present in the neon, the argon atoms be-
come ionized since the ionization potential of argon
(15.7 ev) is less than the excitation potential of the
metastable neon state. From available experimental
data7 it is known that ionization of argon takes place
in almost every gas-kinetic collision of an argon atom

with a metastable neon atom. Ionization of halogen
atoms in collisions with metastable neon atoms occurs
with a lower efficiency, since the excitation energy has
a greater probability to be expended in dissociating the
halogen molecules.

Production of metastable neon atoms begins at a
comparatively low electric field, since an electron
undergoing only elastic collisions accumulates over a
path length of hundreds of mean free paths the energy
required for the excitation of the metastable neon
level which is the lowest excited level. When an ad-
mixture of argon is present in the neon ionization oc-
curs, naturally, at low voltages sufficient for the pro-
duction of metastable neon atoms. In this case the
admixture of argon must be sufficiently small so that
collisions of electrons with the argon atoms would
have a low probability. Otherwise the electrons will
expend their energy in exciting metastable levels of
argon atoms, and this will lead to an increase in the
voltage required for producing a discharge. For the
development of such a discharge it is necessary that
over a considerable part of the counter volume there
should exist an electric field sufficient for the pro-
duction of metastable atoms. In this connection it be-
comes clear as to why there should be no dependence
of the counting threshold in low voltage halogen count-
ers on the diameter of the wire, as had been observed
in one of the earliest papers.3 In halogen counters
usually a comparatively thick wire is used (diameter
~ 1 mm), which leads to a more uniform distribution
of the field in the counter. The use of a thin wire
leads only to a deterioration in the counting charac-
teristics.

The ability of halogen counters to operate at low
temperatures is explained by the fact that the pres-
sure of saturated halogen vapors becomes comparable
with the low partial pressure of the halogens in the
counters only at a low temperature.

The indefinite working lifetime and the recovery of
the counter properties after a continuous discharge
are explained by the conservation of the quenching ad-
mixture, since the halogen atoms formed in the course
of the discharge recombine again into diatomic mole-
cules.

In the investigation of phenomena occurring in halo-
gen counters considerable attention has been devoted
to ascertaining the role played by the small admixture
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of halogens in quenching the discharge. The main role
of the quenching admixture consists of eliminating the
possibility of the production of secondary electrons
after the electric field has been reestablished in the
counter. In a non-self-quenching counter these sec-
ondary electrons, as is well known, originate in the
course of the neutralization of ions at the cathode, and
from the metastable atoms remaining in the counter at
the expiration of the dead time.

The presence of a halogen in the counter leads as
a result of absorption and of chemical action to a con-
siderable increase in the work function of the cathode.8

As has been noted in references 9, 5, and 10, the ioni-
zation potentials of the halogens are lower than that of
the argon contained in the counter, and this guarantees
the transfer of electrons from the halogen atoms to the
argon ions. But neutralization of halogen ions at the
cathode occurs without knocking out electrons, since
their ionization potential turns out to be less than
twice the work function of the cathode subjected to the
action of halogens.

As has been already noted, the halogen molecules
together with the argon atoms guarantee the destruc-
tion of the metastable neon atoms.

In contrast to organic vapors the halogens perform
the indicated functions of a quenching admixture even
when they are present in the counter in very small
quantities (~ 0.1%). The low halogen pressure in the
counter results in a low counting threshold, and leads
to the fact that the photoeffect at the cathode plays as
prominent a role in the development of the discharge
as in non self-quenching counters. But the discharge
in halogen counters differs from the discharge in or-
dinary self-quenching counters not only by the exist-
ence of a photoeffect at the cathode. The discharge
in low voltage halogen counters has a number of spe-
cific peculiarities the lack of a single unified explana-
tion of which indicated a deficiency in the existing con-
cepts of the discharge mechanism in these counters.

Thus, the delays of pulses in halogen counters
have a completely different character compared to
ordinary counters. They can be explained neither by
electron drift nor by the drift of negative ions.

An explanation is also needed for the very specific
phenomenon of the so-called near-threshold oscilla-
tions which had been observed already in the earliest
investigations of halogen counters.3'5'6 This peculiar
phenomenon consists of the repetition of discharges
which occurs only at voltages close to threshold.

In reference 11 it was shown that a low-voltage
halogen counter fed with controlled voltage pulses has
characteristics that are completely different from
those of ordinary self-quenching counters. It should
also be possible to explain this peculiarity of the halo-
gen counter on the basis of a single unified concept of
the discharge mechanism in such counters.

FEATURES OF PULSE-FED HALOGEN COUNTERS
AND THE DETERMINATION OF THE ROLE
PLAYED BY NEGATIVE IONS

In reference 11 results were given of measure-
ments of the efficiency of gas discharge counters in
the controlled pulsed supply voltage mode. A high
voltage pulse of duration T p = 0.8 χ 10"6 sec was
applied to the counter under investigation with a cer-
tain delay T^ after an ionizing particle had passed
through it. The constant voltage applied to the counter
was lower than the threshold voltage, and therefore a
discharge occurred in the counter only in the case if
at least one electron would remain within the counter
volume at the time when the breakdown voltage was
applied to the counter.

In the case of ordinary self-quenching counters,
there was obtained a completely understandable de-
pendence of the efficiency in the controlled pulsed
supply voltage mode on the magnitude of the constant
voltage across the counter corresponding to different
delays T^ in the supply voltage. Thus, maximum ef-
ficiency was observed when the constant field sweep-
ing away the electrons was absent from the counter.
As the constant voltage was increased the efficiency
diminished, and at a certain value of the voltage
(which depended on the value of the delay T^) the ef-
ficiency became equal to zero. At this voltage a com-
plete sweeping away of the electrons occurred during
the time Τφ As the constant voltage was increased
further the efficiency, naturally, remained equal to
zero. The efficiency became different from zero, and
then rapidly increased to unity, only for voltages close
to the threshold voltage, when the discharge in the
counter began prior to the application of the high volt-
age pulse.

A completely different dependence of the efficiency
on the magnitude of the constant voltage was obtained
in the case of the low voltage halogen counter of type
STS-8.* As can be seen from Fig. 1 (curve 1), for

'300 -200 -ΗΧΟ fOO № (volts)

FIG. 1. Dependence of efficiency on the constant voltage ap-
plied to the counter:

1 - T d = 0.6 ysec 1 _ « 3 - T d = 0.6 psec
2 - T d = l.l/zsec j 4 - T d = 1.1/zsec

t = -196°C

^Counters of type STS-8 have a cathode diameter of 1.8 cm, and

a wire diameter of 0.06 cm. The total pressure of the mixture is 140

mm Hg (99.2% neon, -0.4% argon and -0.4% bromine). Before filling

the counter the cathode is conditioned in a chlorine atmosphere.
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T(j = 6 x 10 7 sec the minimum value of the efficiency
is observed when there is no electric field in the
counter. The presence in the counter of a small elec-
tric field of either sign leads to a sharp increase in
efficiency. As the constant voltage is increased fur-
ther, a decrease in efficiency begins to be observed.

Another characteristic feature of halogen counters
in the controlled pulsed supply voltage mode is that
when the constant negative voltage on the counter cath-
ode is increased the efficiency begins, without attain-
ing a zero value, to increase once again at values of
the voltage considerably smaller than the threshold
value.

No explanation for these peculiarities of the halo-
gen counters has been found in reference 11. In order
to determine the reasons for the observed anomalies,
in reference 12, on the basis of the fact that the pulsed
supply voltage mode is equally well applicable to self-
quenching as to non-self-quenching counters, the effi-
ciency of the same counter was measured after the
halogen had been removed from it by cooling it to
liquid-nitrogen temperature. The observed depend-
ence of the efficiency on the value of the constant
voltage is shown in Fig. 1 (curves 3 and 4).

From a comparison of the characteristics shown in
Fig. 1 it follows that a sharp decrease of efficiency at
low voltages is due to the presence in the counter of
the electronegative gases bromine and chlorine, while
the second peculiarity of the characteristics of a halo-
gen counter is exhibited to an even greater degree by
a counter filled only with neon with an admixture of
argon.

In principle there are two possibilities of explain-
ing the decreased efficiency in the presence of a halo-
gen in the counter. The first of these possibilities
noted in reference 11 is that electrons produced by the
ionizing particle passing through the counter are
rapidly captured by the halogen atoms, and when there
is no electric field in the counter the negative ions so
formed effectively recombine with the positive ions.
Since there exists no theory of this type of recombi-
nation, * when neutralization occurs of charges formed
from the same atom it is impossible to verify this
hypothesis by calculation. From the literature it is
known only that such a form of recombination has been
observed in gases contaminated by electronegative
gases at a pressure13 of 5 — 10 atm.

The other possibility of explaining the observed
decrease in efficiency is to assume that in the absence
of an electric field in the halogen counter electronega-
tive ions are effectively formed which do not disinte-
grate, and do not give a discharge even when a voltage
of 1300 ν is applied to the counter in the pulsed supply
voltage mode.

The choice between these two possibilities was
made on the basis of the following measurements. A
sensitive meter was used to measure the current
passing through a group of halogen counters irradi-
ated by γ rays from Co60. If preferred recombination
of ions was occurring in the counters, then at voltages
£ 20 ν a sharp decrease in the current should have
been observed. Measurements did not confirm the
hypothesis of the occurrence of considerable ion re-
combination in this range of voltages.

Consequently the sharp decrease in the efficiency
of halogen counters in the range of low constant volt-
ages is due to the formation of negative ions which do
not break up at the high voltage used for the pulsed
supply voltage. The efficiency of the counter was
measured for different values of the pulsed high volt-
age supply. When no constant electric field was pres-
ent in the counter the efficiency of the counter re-
mained low and did not depend on the amplitude of the
supply pulse. Only starting with a voltage equal to
2 kv was an increase in counter efficiency observed
associated with the breakup of the electronegative
halogen ions.

It should be noted that type STS-8 halogen counters
differ considerably from one another by the extent of
the drop in efficiency in the range of low constant
voltages. In some individual counters there is no de-
crease at all of the efficiency in this range of voltages
(cf. Fig. 2, curve 1). However, a decrease in effi-
ciency appears after such counters have been heated
for an hour to a temperature of 120° C (cf. Fig. 2,
curve 2). It is clear that these effects are associated
with the large differences in the quantity of halogen
in the counters. Owing to the strong chemical activity
of halogens, the measurement of pressure when the
counters are being filled does not characterize the
true halogen concentration in the counter. According
to the data of reference 14, the true halogen pressure
may vary from zero up to twice the value measured
at the time of filling.

FIG. 2. Effect of
heating on the efficiency
of a halogen counter.
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w-

30-
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*The theory of the so-called preferred recombination reduces to
the unsolved mathematical problem of the diffusion in a gas of two
particles mutually attracted in accordance with Coulomb's law.

Thus, we can regard it as established that the elec-
trons produced by the ionizing particle effectively stick
to halogen atoms only when there is no electric field
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present in the counter. This sticking effect is unim-
portant in low voltage halogen counters at their work-
ing voltage. In reference 5 a decrease in counter ef-
ficiency was observed down to 70% as the partial pres-
sure of bromine was increased up to 2 mm of Hg. This
result shows that at such halogen pressures the forma-
tion of electronegative ions becomes appreciable when
a fairly high electric field is present in the counter,
and simultaneously confirms our conclusion that nega-
tive ions do not break up under the action of electric
fields existing in the counter.

The breakup of negative ions in collisions with
molecules and with atoms was specially studied in
reference 15. In accordance with the data of that ar-
ticle the threshold for the removal of the electron
from the Br" ion in neon lies at approximately 100 ev.

NON-SELF-MAINTAINING DISCHARGE AND ITS
DEVELOPMENT IN TIME

As has been noted previously, the second peculiar-
ity of the counting characteristic of a halogen counter
in the pulsed supply voltage mode is due to the pres-
ence in it of neon with an admixture of easily ionized
argon. The existence of an efficiency different from
zero at constant voltages considerably lower than the
threshold voltage indicates that even at these voltages
there occur in the counter secondary processes whose
duration exceeds the value of the minimum delay in the
pulsed supply voltage Td = 6 x 10~7 sec. These sec-
ondary processes, which determine the non-self-
maintaining discharge in the neon-argon mixture,
cannot be associated with the direct ionization of atoms
by electron impact, since such ionization occurs at high
fields in which an electron acquires over one mean free
path an energy greater than the difference between the
ionization potential of the neon atom (21.51 ev) and the
lowest excited level (16.57 ev). The only possible sec-
ondary processes leading at such low voltages to the
initiation of a non-self-maintaining discharge in the
counter can be processes associated with the formation
of metastable neon atoms.

The probability of spontaneous radiation from a
metastable level is exceedingly small, and in pure neon
the decay of metastable atoms occurs primarily as a
result of rare thermal collisions in which the meta-
stable atom acquires an energy sufficient for a transi-
tion to the lowest excited level. The metastable neon
atoms can also decay as a result of collisions with the
counter cathode. In the case of such a decay of meta-
stable atoms ejection from the cathode of secondary
electrons occurs16 with a probability of 1 — 2%.

In inert gases containing organic vapors, a rapid
decay of metastable atoms occurs as a result of colli-
sions with polyatomic molecules. In this case the de-
cay of metastable atoms occurs without ionization of
atoms. Ejection of electrons from the cathode also
does not occur, since the metastable atoms decay with-
out having time to reach the electrodes.

In neon containing an admixture of easily ionized
gases, however, the decay of metastable atoms is ac-
companied by the ionization of the atoms of the admix-
ture, and this leads to the initiation of a non-self-main-
taining discharge at low voltages.

Glotov has shown17 that small additions of argon to
neon not only considerably diminish the starting poten-
tial for a self-maintaining discharge, but also lead to
the initiation of a non-self-maintaing discharge at ex-
ceedingly low voltages. According to his data the co-
efficient of gas amplification begins to differ from
unity starting with a voltage of 17 — 20 ν across the
electrodes.

It now remains to investigate the time characteris-
tics of the non-self-maintaining discharge which oc-
curs as a result of the formation of metastable atoms
and of the subsequent ionization by these atoms of the
atoms of the admixture. The mean lifetime of the
metastable atoms in a halogen counter is inversely
proportional to the number of collisions experienced
by an atom per second, and to the concentrations of
the argon and of the halogen. On expressing the mean
number of collisions per second in terms of the abso-
lute temperature Τ and of the gas pressure in the
counter, we obtain

ι
τ

where k is the Boltzmann constant, No is the Lo-
schmidt number, m is the reduced mass of the collid-
ing atoms, d is the effective impact parameter for the
collision of a neon atom with the atoms of the admix-
ture, and P a + P n is the partial pressure of the argon
and the halogen.

For a type STS-8 halogen counter we obtain from
relation (1) τ « 2 χ 10"7 sec. As a r.esult of their
cascade nature, the duration of secondary processes
leading to the appearance of electrons in the counter
may be considerably greater than the mean lifetime
of the metastable atoms.

Indeed, let the ionizing particle create in the
counter n e(0) electrons near the cathode at the ini-
tial time t = 0. In traveling to the wire, each elec-

r r c

tron creates on the average n m > 1 = J a ( r )dr meta-

stable atoms of the first generation, where a (r) is
the probability of formation of metastable atoms per
unit length, r c and r a are respectively the radii of
the cathode and of the anode of the counter. On col-
liding with the argon atoms and the bromine mole-
cules, these metastable atoms gradually decay and
form new electrons. In an argon-neon mixture the
decay of metastable atoms occurs only at the expense
of ionization of argon atoms. In colliding with the
halogen molecules the decay of metastable atoms will
occur partially without leading to ionization, but ac-
companied by the breakup of a halogen molecule. Let
the quantity δ determine the fraction of metastable
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atoms which decay by ionizing the atoms of the admix-
ture. Then the number of first generation electrons
appearing at the instant t during the time interval dt,
will be given by

In their motion towards the counter wire, the first-
generation electrons produce metastable atoms of the
second generation. If we neglect the time during which
the electrons move prior to the formation of metastable
atoms, and take into account only the time during which
the metastable neon atoms diffuse prior to colliding
with argon or halogen atoms, then electrons from the
metastable atoms of the second generation will appear
in the counter in accordance with the following distri-
bution

6/V ι)2 t -4
«β. 2(0 = «β ( ° t ^

For electrons of the i-th generation, the following
distribution in time will hold:

(2)

This relation takes into account the fact that as the or-
dinal number of the generation increases the electrons
appear ever closer to the wire and each electron pro-
duces an ever smaller number of metastable atoms.
In deriving this we have neglected the displacement of
the metastable atoms due to diffusion. It is clear that
under these conditions the avalanche must be limited
each time. The total number of electrons of different
generations which appear in the counter at the instant
t will be given by the sum

(3)

On integrating this expression with respect to time
from 0 to «ο we obtain, as in the case of an ordinary
avalanche, a series which reduces to an exponential.
Thus, the total number of electrons in the avalanche
is equal to

and, consequently, the coefficient of gas amplification
for an individual avalanche is equal to

a(r)dr

MO)
= e°'im> l = e (4)

where the coefficient a ( r) , analogous to the first
Townsend coefficient, refers, however, not to ioniza-
tion, but to the excitation by the electrons of the meta-
stable neon level.

Thus, a characteristic feature of the non-self-main-
taining discharge in neon containing an easily ionizable
admixture is its slow development in time, since each

ionizing event is preceded by the time of diffusion of a
metastable atom prior to its encounter with an atom of
the admixture. The experimental investigations of a
discharge in Penning mixtures generally did not deal
with the time properties of the discharge. But in
studying the properties of low-voltage halogen count-
ers we are dealing with just this uninvestigated prop-
erty of the discharge. We shall see later that the dif-
ficulties in the explanation of a number of strange
properties of halogen counters were associated with
the fact that no account was taken of the slow develop-
ment of the discharge brought about by collisions of
the second kind.

The average number of electrons appearing during
the time interval dt is proportional to the number of
metastable atoms present at a given instant:

dt
x

Figure 3 gives curves showing the change with time of
the average number of electrons corresponding to sev-
eral values of the product 6nm ι = In Ka and n e(0) = 1.

FIG. 3. Distribution in time of the average number of electrons.
The numbers labelling the curves in the diagram show the values of
the quantity In Ka for the corresponding curves.

As may be seen from Fig. 3 the duration of the ava-
lanche increases as the quantity o n m j l is increased.
The average time for the development of an individual
avalanche is equal to t = 5nm ^ τ. The number of meta-
stable atoms in the counter for onm > 1 > 2 increases
with time, attains a maximum value and then falls off
to zero relatively rapidly.

The efficiency of the counter in the pulsed supply
voltage mode in the domain of constant voltages
smaller than the Geiger threshold is determined by
the probability of the appearance of at least one elec-
tron during the time interval from T(j to T^ + Tp

T.+T.
/=l-exp [- (5)

As the constant voltage is increased the coefficient
of gas amplification Ka also increases. Since in this
case the duration of an avalanche increases propor-
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tionally to In Ka the efficiency of the counter in-

creases correspondingly. When the halogen is frozen

out in a type STS-8 counter the mean lifetime of the

metastable atoms τ increases by a factor of two and,

moreover, the coefficient δ increases to unity. There-

fore, the efficiency of the counter increases sharply

as the halogen is frozen out.

THE DEVELOPMENT OF THE SELF-MAINTAINING

DISCHARGE AND THE DELAY OF PULSES IN A

HALOGEN COUNTER

The first measurements of the delay of pulses in

halogen counters were carried out in reference 18.

The distribution of the delay times obtained in these

measurements turned out to be very strange. The

maximum of the distribution occurred at 5.3 μββο,

and no delays smaller than 3.5 μββο were observed.

The maximum delay time amounted to 9.3 μββο. The

existence of a minimum delay time of appreciable

magnitude represents the main peculiarity of pulsed

delays in low voltage halogen counters.

The observed pulse delay times are greater by

factors of several times ten than the possible electron

drift times in the counter, and are considerably

smaller than the negative ion drift time. Moreover,

in the case of delays due to negative ion drift time it

is impossible to explain the statistical distribution of

delays characterized by a maximum at 5 μββο. In ref-

erences 19 and 20 Eig attempted to explain the pulse

delays in halogen counters by the combined effects of

electron and negative ion drift. He develops the con-

cept that the electrons produced by the ionizing par-

ticle are captured by the halogen atoms as they move

towards the counter wire, while the negative ions

break up in the stronger electric field into electrons

and neutral atoms after having covered only a part of

their path towards the wire. In accordance with this

scheme, a calculation is given in his paper of the mean

delay time of the discharge and measurements are

made of the delay times of the pulses corresponding

to different voltages applied to the counter.

The assumption of the disintegration of negative

ions by electric fields existing in low-voltage halogen

counters contradicts the data given above. But, more-

over, the concept of the delay of the discharge devel-

oped in references 19 and 20 contradicts the experi-

mental data obtained in the same references. Calcu-

lations of the mean delay time in accordance with the

adopted scheme resulted in a smooth dependence on

the absolute value of the counter voltage which, as

should have been expected, did not in any way involve

the value of the threshold voltage. However, meas-

urements have shown that the mean delay time of the

pulses increases sharply as the voltage approaches

the threshold voltage, i.e., it depends not on the abso-

lute value of the voltage, but on the overvoltage ap-

plied to the counter.

It should be noted that in reference 19 extensive

and valuable material has been accumulated on the

development of the technique of preparation and on

the investigation of properties of low-voltage halogen

counters. In presenting the material on the discharge

mechanism in such counters, the author has restricted

himself primarily to the discussion of the role played

by the halogen admixture in quenching the discharge,

without emphasizing the fact that it is just those prop-

erties, which distinguish halogen counters from ordi-

nary ones, that have remained unexplained. Thus, no

explanation was given for the occurrence of oscilla-

tions of the discharge near the threshold voltage, and

an incorrect explanation was given for the unusual de-

lay of the pulses which contradicts the experimental

data obtained in the same paper.

Van Zoonen's paper21 is also devoted to a discussion

of the causes of the occurrence of pulse delays in halo-

gen counters. In rejecting one by one the various pos-

sible assumptions regarding the cause for pulse de-

lays, the author arrives at the conclusion that the de-

lay is associated with the participation in the discharge

of metastable states. However, this correct conclusion

has remained unnoticed by other investigators of halo-

gen counters, and attempts were made, as before, to

explain the pulse delays in terms of negative ions.

We have seen in the preceding section that the cas-

cade process of the increase in the number of meta-

stable atoms in the counter leads to the fact that each

individual avalanche of a non-self-maintaining dis-

charge has been spread out over a time of the order

of 1 μββο. It is clear that in the regime of the self-

maintaining discharge when a repetition of avalanches

occurs the time for the development of the discharge

may be considerably increased. A self-maintaining

discharge occurs in the counter due to the photoeffect

at the cathode. The photoelectrons ejected from the

cathode give rise to new avalanches occurring later in

time. Under certain conditions this repetition of ava-

lanches leads to an unrestricted growth of the dis-

charge. In this case the discharge ceases only after

a sufficiently large number of ions has accumulated

within the counter volume, and the electric field has

been significantly decreased by their space charge.

A characteristic feature of low-voltage halogen

counters is that due to the insignificant absorption of

photons the role played by the photoeffect in the devel-

opment of the self-maintaining discharge turns out to

be just as great as in non-self-quenching counters.

This peculiarity manifests itself, in particular, in the

fact that the conditions for the initiation of a self-

maintaining discharge in low-voltage halogen counters

begin to be satisfied at a comparatively low value of

the coefficient of gas amplification in an individual

avalanche. It has been noted in many papers that in

low-voltage halogen counters there is no domain of

proportional or of limited proportional amplification,

and the pulses are observed to have the same magni-
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tude from the outset. The domain of proportional am-

plification appears only when the quantity of halogen is

increased, when the counters cease to be low-voltage

counters. In actual fact the halogen counter possesses

a wide range of proportional amplification, but the co-

efficient of amplication in this whole domain remains

exceedingly low. Figure 4 shows the dependence of

the coefficient of gas amplification on the voltage in

the case of a type STS-8 counter. This dependence

was obtained on the basis of measuring the current

through the counter irradiated by γ quanta from Co60.

inH

S-

4-

3-

I -

FIG. 4. Dependence of
the coefficient of gas am-
plification on the voltage
applied to the counter.

250 3% V (volts)

As may be seen from the figure, even at voltages close

to the Geiger threshold the gas amplification remains

of the order of 100. It is clear that such insignificant

amplification cannot be observed directly using an or-

dinary oscillograph. The initial stage of the develop-

ment of a self-maintaining discharge has also re-

mained unobserved. Therefore, the time of develop-

ment of the discharge in this concealed stage has been

interpreted as a delay of the discharge in the counter.

Since in actual fact the discharge develops slowly, it

would be more correct to speak of the delay of the

pulse, rather than of the delay of the discharge in the

counter.

It can be seen from Fig. 4, that in the range of volt-

ages up to 280 ν a linear dependence of In Κ on the

voltage V is observed. A more rapid increase in the

coefficient of gas amplification at high voltages ap-

plied to the counter can be, naturally, explained by the

appearance of repeated avalanches due to the photo-

effect at the cathode. The total coefficient of gas am-

plification K, can be expressed, as is well known, in

terms of the amplification coefficient Ka for an indi-

vidual avalanche by the relation

* = ̂ V , (6)

where γ is the probability of the production of a photo-

electron at the cathode expressed per electron of the

avalanche.

As the voltage across the counter is increased not

only does the coefficient of gas amplification in the

individual avalanche show an increase, but the proba-

bility of production of a photoelectron γ also increases.

This is associated with the fact that as the voltage in-

creases the electrons in moving towards the counter

wire acquire a relatively greater probability of excit-

ing the lowest level of the neon atom, and this leads to

an increase in the number of photons per electron of

the avalanche.

The smooth curve of Fig. 4 corresponds to relation

(6) in which we have taken

In #3=2.70·1(Τ2 V=-4.05 j
and }

y = 2.5-l(T3 InKa. ) (7)

The self-maintaining discharge in the counter oc-

curs for yKa s: 1, where the equality sign corresponds

to the Geiger threshold. Using the adopted values for

Ka and γ we obtain the Geiger threshold Vg = 317 v.

The directly obtained counting threshold for this

counter is equal to 320 v.

Let us now consider the time development of a dis-

charge in a counter taking into account the repetition

of avalanches due to the photoeffect. For the solution

of this problem it is useful instead of the complicated

expression (3) to utilize a simplified description of an

individual avalanche, expressing it by means of an ex-

ponential function. In doing this the average time for

the development of an avalanche must be preserved

equal to t = 5nm l τ, the initial number of metastable

atoms must be equated to a certain effective value

Nm(0) = [n e(0)/6 2nm ^] exp (6nm ^), chosen to sat-

isfy the condition that the total number of electrons in

the avalanche should remain equal to n e(0) exp ( o n m j l ) .

By foregoing the exact description of the development

of an individual avalanche, we significantly simplify the

solution of the problem of the self-maintaining dis-

charge, for the time development of which the charac-

teristic phenomenon is the superposition of repeatedly

originating avalanches.

We now set up the differential equation which de-

scribes the variation with time of the number of meta-

stable atoms in the counter. We suppose that at a cer-

tain instant t there are N m ( t) metastable atoms

within the volume of the counter. This number of

metastable atoms must vary with time for a number

of reasons. First of all, the number of metastable

atoms will diminish due to their decay by an amount

ANm(decay) = N m ( t) dt/τ. But the decay of metastable

atoms leads to the appearance within the counter of

6ANm((iecay) electrons, the motion of each towards

the wire will directly give rise on the average to q

new metastable atoms. In making this calculation we

neglect the time taken by the electrons in their motion

towards the wire. Moreover, the electrons moving

towards the wire of the counter given rise to photons,

and this leads to the appearance at the cathode on the

average of yoANm((jecay) photoelectrons. But the
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ejection of a photoelectron from the counter cathode is
equivalent to the appearance of ( l/6 2 n m j l ) exp (onm > 1)
new metastable atoms corresponding to the initial num-
ber of metastable atoms in the new avalanche brought
about by one electron n e(0) = 1.

Thus, the total change in the number of metastable
atoms will be given by

dNm (0 = - Nm (t) f + qWm (f) -£τ τ χ

(8)

The value q = (1 - l/<5nm)1)/o corresponds to the
exponential function chosen to describe an individual
avalanche. In this case the solution of equation (8) has
the following form:

(9)

By multiplying the obtained number of metastable
atoms by δ/τ we obtain the average number of elec-
trons N e(t) appearing at the instant t in the counter
in the presence of repeated avalanches due to the
photoeffect at the cathode.

For yKa < 1 we have a non-self-maintaining dis-
charge in the counter which decays with an average
decay time F= r In K a /(1 -yK a ) . As expected, an
account of the repetition of the avalanches has led to
an increase in the duration of the non-self-maintaining
discharge, which, in particular, manifests itself in the
sharp increase in the counter efficiency in the pulsed
supply mode as the threshold voltage is approached
(cf. Fig. 1, curves 1 and 2).

The value yKa = 1 corresponds to the beginning of
the region of the self-maintaining discharge (Geiger
threshold). For yKa > 1 the number of electrons and
of metastable atoms in the counter increases exponen-
tially; an increase by a factor of e occurs during the
time T = r In K a / ( y K a - l ) .

Consequently, for voltages close to the Geiger
threshold when the product yKa exceeds unity by only
a small amount, the self-maintaining discharge in the
counter is characterized by very slow development in
time. The discharge in the counter is recorded after
the number of electrons has built up to some definite
value R. The average time of delay of recording the
discharge will in this case be equal to

xlnKi
- I n ne (0) K*

lnKa

(10)

From this relation we see that the time of delay of
recording the pulse increases sharply as the over-
voltage applied to the counter is diminished.

The delay time is proportional to the mean time
of decay of metastable atoms r and, consequently, in-
creases as the halogen concentration is decreased.
The average time of pulse delay, moreover, depends
on the initial ionization.

The calculation which we have carried out has

shown that at a voltage equal to the threshold voltage
(γΚα = 1) the discharge should last indefinitely with-
out damping and without growing. However, we should
keep in mind that owing to fluctuations which have not
been taken into account in the calculation this repeti-
tion of avalanches must cease. The fluctuations must
manifest themselves also at voltages higher than the
threshold voltage. For yKa > 1 the number of re-
peated avalanches must gradually increase and the dis-
charge, which until then is concealed due to the low
value of the multiplication coefficient, now becomes
capable of being recorded. Owing to fluctuations, the
repetition of the avalanches in the initial stage of the
discharge may cease in a number of cases, and the
discharge will then remain unrecorded. Calculations
show that the probability of the termination of the dis-
charge due to fluctuations in the process of repetition
of avalanches is expressed by the relation

Φ η (0) (Λ -1 \

where ρ is the solution of the transcendental equation

From this relation it follows that the efficiency of re-
cording the discharge in the counter F = 1 — Φ must
diminish as the overvoltage on the counter is decreased.
This decrease in efficiency, which had not been noted
earlier by investigators of low-voltage halogen count-
ers, is still another peculiarity of such counters. On
an oscillograph screen the pulses from low-voltage
halogen counters are always observed to be of the
same size, but it turns out that the probability of their
appearance must diminish sharply as the threshold
voltage is approached.

Our measurements confirm the considerable de-
crease in efficiency at low overvoltages. In Fig. 5
curves 1 and 2 show the dependence of the mean delay
time and of the efficiency F on the overvoltage across
the counter calculated on the basis of relations (7), (10),

t(j in microsec

20

FIG. 5. Dependence of
the mean delay time and of
the efficiency on the over-
voltage applied to the counter.

100 V-Vg (volts)

and (11). In this case for the delay time td we have
taken the time for the growth of the pulse up to a value
equal to 5% of its amplitude, n e(0) was taken equal to
5 and r = 2 χ 10"7 sec.

Figure 5 also shows the results of measurements
for a type STS-8 counter of the mean delay time of the
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pulses and of the efficiency for four different values
of the overvoltage. Figure 6 shows the statistical dis-
tributions of the delay times of the pulses obtained in
the course of these measurements. The scatter in the
delay times of the pulses observed for the same value
of the voltage may be due to differences in the initial
ionization, and also to the fluctuations in the develop-
ment of the discharge in time which were not taken
into account.

20-

30 40 ten in microsec

FIG. 6. Distribution of pulse delay times: a) V - Vg = 103 v,
b) V - Vg = 33 v, c) V - Vg = 13 v.

The existence of a dependence of the delay time on
the initial ionization n e(0) [cf. (10)] opens up a com-
pletely unexpected possibility of utilizing halogen
counters for measuring the ionizing power of par-
ticles. In this connection it becomes necessary to in-
vestigate the possible accuracy of such measurements,
and to compare it with the accuracy of measurements
made with the aid of ordinary proportional counters.

NEAR-THRESHOLD OSCILLATIONS OF THE DIS-

CHARGE

In the earliest investigations of halogen counters3"6

the strange phenomenon of the repeated occurrence of
the discharge was observed; it occurred only at volt-
ages close to the threshold voltage. Usually several
repeated discharges following one another are ob-
served. The frequency of these oscillations depends
on the concentration of the halogen and amounts to ap-
proximately 10 kc/sec. As the voltage across the
counter is increased, the amplitudes of the repeated
pulses increase and their number decreases; begin-
ning at a certain voltage, the repeated discharges in
the counter disappear completely. It has been estab-
lished that the near-threshold oscillations are observed
only for low halogen concentrations ( & 0.1%), with the
range of voltages in which such oscillations occur be-
coming greater as the halogen admixture is diminished.
In particular, this circumstance hinders the construc-
tion of counters with a counting threshold lower than
250 ν in which the admixture of halogen must be less
than 0.1%.

The phenomenon of near-threshold oscillations must
also be taken into account in selecting counter con-
struction. Thus, it has been found22 that as the length

of the counter is increased the range of voltages within
which near-threshold oscillations occur is also in-
creased.

In spite of the fact that the near-threshold oscilla-
tions have been investigated in a number of papers,3"6'
19>23 this phenomenon, which is characteristic of low-
voltage halogen counters, has remained unexplained
until very recently. In actual fact no attempts of ex-
plaining this phenomenon were made even in papers
devoted to the investigation of the mechanism of dis-
charge in such counters. Only in LeCroissette's
paper23 was an attempt made to find an explanation for
these near-threshold oscillations. In this paper the oc-
currence of repeated discharges is associated with the
ejection of electrons from the cathode by argon ions
and with the formation of metastable atoms which
have a certain probability of not decaying during the
dead time and of producing an electron within the vol-
ume of the counter after the electric field has been
reestablished in it. However, it can be easily seen
that, taken by itself, the fact of the formation of meta-
stable atoms, without account of the description in
time of the repeated occurrence of individual ava-
lanches of metastable atoms and electrons, cannot ex-
plain the cessation of the oscillations as the voltage
across the counter is increased. Indeed, as the volt-
age is increased the number of metastable atoms
formed in the counter is also increased and, conse-
quently, the probability of producing an electron after
the end of the dead time is also increased. Taking
into account the ejection of electrons from the cathode
also leads to the same dependence of the probability
of the occurrence of a repeated discharge. But the
specific characteristic feature of near-threshold os-
cillations consists of their cessation as the voltage
across the counter is increased. The effects consid-
ered in reference 23 are indeed the cause of the oc-
currence of repeated discharges, but not near the
threshold, but for large values of the overvoltage at
the end of the counter plateau.

As we have seen, the self-maintaining discharge in
the halogen counter at voltages close to threshold volt-
ages is characterized by an extremely slow develop-
ment. Therefore, the attempt12 was quite natural to
associate the near-threshold phenomena with this
special feature of a discharge developing as a result
of collisions of the second kind. As the number of
ions in the counter increases, the discharge which in-
increases slowly and exponentially must then go over
into a slowly damped discharge, owing to the decrease
in the electric field. From the fact that at a low value
of the overvoltage the delay time of the pulses in a
halogen counter attains a value of several tens of
microseconds, it follows that the time for the devel-
opment and the decay of the discharge in the counter
can exceed the time of reestablishment of the electric
field in the counter associated with the motion of the
ions towards the cathode. Obviously, in this case the
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damping of the discharge must be replaced by a re-
peated development of the discharge.

As the overvoltage applied to the counter is in-
creased, a more rapid growth of the discharge occurs,
which is then also replaced by damping. The explana-
tion of the near-threshold oscillations presented here
can be accepted only if it is shown that the rapid growth
of the discharge is necessarily accompanied by a rapid
damping of the discharge.

In order to investigate this question it will be nec-
essary to consider the development of the discharge
taking into account the screening action of the space
charge of the ions produced.

In the general case the discharge in the counter is
described by the equation

dt
(12)

where

In the preceding section we solved this equation by
treating the parameter e as a constant quantity deter-
mined by the overvoltage on the counter. For e < 0
a gradually damped discharge takes place in the
counter, corresponding to voltages smaller than the
threshold voltage. For e > 0 the solution of the equa-
tion leads to an unlimited exponential growth of the
discharge. It is clear that this solution describes the
discharge only during the initial period of time, when
we can neglect the decrease in the electric field due
to the space charge produced in the counter. For a
complete description of the discharge in the Geiger
domain it is, evidently, necessary to take into account
the decrease in the value of e as the number of ions
in the counter increases. For initial values of e0 « 1
corresponding to the domain of voltages close to the
threshold voltage this diminution of e can be described
in the first approximation by a linear function of the
number of ions formed in the counter

*± , i.e., ε = e0 - f>N, (f);ΛΊ (f) = 6 $ N
ο

here β is a coefficient of proportionality, whose value
can be determined by measuring the total quantity of
charge deposited on the counter wire. By taking the
total number of ions formed by the time t we neglect
the fact that each ion moving towards the cathode par-
ticipates in the quenching of the discharge only during
a certain effective time associated with the value of
the counter dead time.

Let us examine the process of the damping of the
discharge with quenching taken into account to this de-
gree of approximation. The integral equation

reduces after the change of variables y = / N m ( t ' )dt'
ο

to the following differential equation:

(14)

On solving this equation we find, after neglecting the
initial number of metastable atoms, that

Thus, the quenching of the discharge by the space
charge leads to a decrease of the parameter e, but
not down to zero value at which any further growth of
the discharge ceases, but to a negative value equal in
absolute value to the initial value of e0. This occurs
because of a peculiar inertia in the quenching of the
discharge. At the moment when the number of ions
accumulated in the counter is sufficient to stop any
further growth of the discharge and the parameter e
has become equal to zero, the counter contains a large
number of metastable atoms which on decaying lead to
a further increase in the number of ions in the counter.
Consequently, the electric field in the counter continues
to decrease, and the parameter e in assuming a nega-
tive value now characterizes the rate of decay of the
discharge in the counter.

After leaving out the negligibly small contribution
to quenching made by the initial number of metastable
atoms N m (0) the solution of (14) assumes the fairly
simple form:

(16)

where N m (0) = (K a/5 In Ka) n e(0), D = 2ejj//JKane(0)
and Τ = τ In K a/e 0. The current pulse passing through
the counter is given by the relation

-Nm(t), (17)

where e is the electron charge.
The total number of electrons formed in the counter

by the time t is given by

•i) (18)

On setting in expression (18) t = °o, we obtain the total
charge deposited on the counter wire

ε 0

*

2ε 0 (19)

Nm(t)
xlaKa

(13)

From this relation on the basis of measurements of
the magnitude of the voltage pulse on the counter wire
for a given value of the overvoltage it is possible to
determine the value of the ratio €0/β = (yKa - 1 )/β.
By assuming for yKa the dependence on the voltage
obtained from measurements of the current within the
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domain of the non-self-maintaining discharge, it be-
comes possible to make an estimate of the value of
the coefficient β. Thus, for a type STS-8 counter the
coefficient β determined in this manner has turned
out to be equal to 5 x 10~9. It is quite obvious that
the coefficient β must be inversely proportional to
the length of the counter.

The number of metastable atoms in the counter
increases with time, attains a maximum value at
exp ( t m / T ) = D, and falls to the initial value N m (0)
within the time tp = 2t m . Consequently, the time

• In-
a«e (0)

can be regarded as the duration of the discharge oc-
curring in the counter. As can be seen from this re-
lation, the duration of the discharge increases sharply
as the parameter e0 approaches zero, i.e., near the
Geiger threshold. In Fig. 7 curves 1 and 2 show on a
logarithmic scale the time dependence of the number
of metastable atoms in the counter for two initial val-
ues of the parameter e0 (0.1 and 0.3). It can be seen
from the diagram that the rapid growth of the discharge
(curve 2) is replaced by a similarly rapid damping.

10-

200 400 BOO 800 WOO

FIG. 7. Dependence of the mean number of metastable atoms
and of the parameter ε on the time.

As has been noted earlier, a proof of this peculiarity
of the quenching of the discharge gives us an explana-
tion of the disappearance of repeated discharges as
the overvoltage applied to the counter is increased.

The relations given above describe the self-main-
taining discharge in the counter taking into account
the screening effect of the space charge in those cases
when the duration of the discharge is considerably
smaller than the dead time of the counter Ύ$χ. But the
near-threshold oscillations occur in the counter for
tp £ Tdt and in order to describe them it is necessary
to take into account the ion motion. This leads to a
considerable complication of the whole problem. The
relations which we have obtained can be utilized only

to estimate the probability of occurrence of a repeated
discharge when tp « Tdt.

If the duration of the discharge is considerably
shorter than the dead time of the counter, then by the
time tp the discharge in the counter practically
ceases, and the parameter e characterizing the in-
tensity of avalanche multiplication attains a value e ( t p )
« — €Q· Then, the motion of the ions towards the cath-
ode causes reestablishment of the electric field in the
counter, and this leads to a gradual increase in the
parameter e. Starting at a certain instant, the param-
eter e goes over into the domain of positive values and
a self-maintaining discharge becomes possible in the
counter. This time is the dead time of the counter,
T(jt· If there is no initial ionization in the counter,
then further reestablishment of the electric field will
lead to an increase in the parameter e up to the ini-
tial value €0- This instant of the complete recovery
of the counter corresponds to the time which is usually
referred to as the recovery time for the counter. The
time dependence of the parameter e (t) for the case
when tp « T^ is shown by curve 3 in Fig. 7.

The value of the dead time T^t shown in this figure
is close to the value of the duration of the discharge
occurring for e0 = 0.1. In this case the picture of
counter recovery is qualitatively given by curve 4
(Fig. 7). The parameter e begins to increase without
attaining the value - e0, and becomes equal to zero at
a certain instant T^· However, the discharge has not
completely ceased by this time and, consequently, there
is a certain probability of electrons appearing in the
counter even after the time T^t· In this case a further
increase in the parameter e can be accompanied by a
repeated growth of the discharge in the counter. From
the relation (18) we can find the average number of
electrons from the initial discharge which appear in
the counter after the time T^t

ΛΓ«/»β(Ο) ( £ > + ! ) *

ε0

(21)

This number of electrons is smaller than the actual
average number of electrons, since in determining it
we have not taken into account the increase in the
parameter e. Consequently, the probability of the
appearance in the counter of at least one electron after
the time T^t must be greater than the quantity

The probability of occurrence of a repeated discharge
may be taken proportional to the quantity W. In de-
termining this probability we must also take into ac-
count the probability of the cessation of the discharge
due to the fluctuations in the development of the ava-
lanches. Relations (21) and (22) can be utilized only
for a qualitative investigation of the effect of the dif-
ferent factors on the near-threshold oscillations.

As the quantity W approaches unity we should ob-
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serve a decrease in the number of single pulses and
an increase in the number of repeated discharges
following one another.

Figure 8 shows oscillograms of pulses in a type
STS-8 counter for the same value of the voltage close
to the threshold voltage. As may be seen from the
diagram, both single pulses and pulses with a differ-
ent number of repeated cycles are observed. Usually
the subsequent pulses have a magnitude somewhat
lower than that of the first one. This is due to the
fact that the repeated discharge develops in an elec-
tric field which has been somewhat weakened by the
ions from the preceding discharge.

FIG. 8. Oscillograms of pulses at a voltage close to the thresh-
old voltage. The frequency of the calibration sinusoidal curve is
lOkc/sec.

It follows from relations (21) and (22) that the
range of voltages for which near-threshold oscilla-
tions occur increases as the lifetime τ of metastable
atoms is increased and as the coefficient β is de-
creased. Consequently, the near-threshold phenomena
must be intensified as the concentration of the easily
ionized admixture is diminished and as the counter
length is increased, and this is in agreement with ex-
perimental data. It also follows from relations (21)
and (22) that the probability of occurrence of a re-
peated discharge decreases as the initial ionization
is increased.

CONCLUSION

Thus, a whole series of specific properties of low-
voltage halogen counters receives a unified explanation
on the basis of taking into account the peculiarities of
the time development of the discharge governed by ion-
ization produced as a result of collisions of the second
kind. The characteristic feature of such a discharge
consists of each ionization event being preceded by a
certain time of diffusion of a metastable neon atom
prior to its encounter with an atom of the ionizable ad-
mixture. Therefore, such specific properties of halo-
gen counters as the appearance of near-threshold os-

cillations and the sharp increase in the average delay
time of pulses as the voltage approaches the threshold
voltage, manifest themselves clearly only at a low
concentration of the halogen and of argon (;£ 0.1%),
when the average time of decay of the metastable neon
atoms is large. The changes in the properties of the
counters occurring as the halogen concentration is in-
creased also become comprehensible in the light of
the foregoing concepts of the discharge mechanism in
halogen counters.

An increase in the amount of the halogen admixture
leads to an increase in the value of the threshold volt-
age. This effect was studied in detail in reference 14.
The observed increase in the threshold voltage is due
first of all to an increase in the absorption of photons
by the halogen molecules which leads to a diminution
of the probability of the ejection of photoelectrons from
the cathode. Moreover, due to the increase in the num-
ber of inelastic collisions the average energy of the
electrons decreases, and this leads to a diminution in
the number of metastable neon atoms produced at a
given voltage. Another reason for the increase in the
threshold voltage is the decrease in the coefficient δ
which characterizes the fraction of metastable atoms
whose breakup is accompanied by ionization of the
atoms of the admixture.

The increased photon absorption leads in turn to
an increase in the values of the coefficients of gas
amplification attained within the regime of the non-
self-sustaining discharge. The latter manifests itself
in the appearance of the domain of proportional ampli-
fication which can now be detected by means of visual
observation of pulses on an oscillograph screen.5

In reference 5 it was found, moreover, that the dead
time of the counter increases as the quantity of bro-
mine is increased. This effect should be related to a
decrease in the mobility of the ions.

In references 5 and 14 it was observed that as the
halogen pressure is increased the counter efficiency
diminishes. As has been noted earlier, this decrease
in efficiency is associated with the formation of nega-
tive ions.

An increase in the amount of halogen admixture
must, naturally, lead to a decrease in the average
time of delay of pulses measured at the same value
of the overvoltage, corresponding to a decrease in
the average time of decay of the metastable atoms.

The near-threshold oscillations are particularly
sensitive to the amount of halogen. As the admixture
of halogen is increased the domain of near-threshold
oscillations is narrowed and then disappears entirely.
The sharp dependence of the near-threshold oscilla-
tions on the amount of halogen is explained by the
simultaneous operation of two causes: a decrease in
the duration of the discharge and an increase in the
dead time.

Thus, as the amount of halogen is increased the
specific properties of low-voltage halogen counters,
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pertaining to a discharge occurring as a result of the
formation of metastable atoms of the principal gas
and of the subsequent ionization of the atoms of the
admixture by collisions of the second kind, become
less and less pronounced. At the same time, as the
threshold voltage of the counter increases, ionization
of the gas resulting directly from electron impact
begins to occur, and its role begins to be more and
more prominent as the voltage is increased. For this
reason the mathematical description of the discharge
in low-voltage counters given above becomes inapplic-
able at a halogen pressure equal to several milli-
meters of Hg. At a sufficiently high halogen pressure
the counter becomes a high-voltage counter, the dis-
charge in which no longer differs from the discharge
in ordinary self-quenching counters.

iA. Geiger and O. Haxel, German Patent 682657,
1937.

2 S . H. Liebson, Phys. Rev. 72, 181 (1947).
3 S . H. Liebson and H. Friedman, Rev. Sci. Instr.

19, 303 (1948).
4 S . H. Liebson, Rev. Sci. Instr. 20, 483 (1949).
5 E . Franklin and W. R. Loosemore, Proc. Inst.

Elec. Engrs., pt. II, No. 62, 237 (1951).
6 D . H. LeCroissette and J. Yarwood, J. Sci. Instr.

28, 225 (1951).
7 F . M. Penning, Z. Physik 46, 335 (1927); Physica

1, 1028 (1934).
8Friedmann, Chubb, and Patterson, Bull. Am. Phys.

Soc. 26, No. 6, 9 (1951).
9 R. D. Present, Phys. Rev. 72, 243 (1947).

1 0 C. Gimenez and J. Labeyrie, Nuovo cimento 2,
169 (1952).

11V. V. Vishnyakov and A. A. Tyapkin, ΑΤΟΜΗΒΗ
3HeprHH (Atomic Energy) No. 10, 298 (1957).

1 2 Vishnyakov, T'ang and Tyapkin, On the
Mechanism of Discharge in Low-Voltage Halogen
Counters, Tpyaw IVHayqHo-TexHimecKofl κοΗφβρβΗΐ*ΗΜ no
SAepHofl paAMO3JieKTpoHMKe (Proc. Fourth Scientific-
Technical Conference on Nuclear Radioelectronics),
Moscow, Atomizdat, 1960.

1 3 L. B. Loeb, Fundamental Processes of Electrical
Discharges in Gases, (Russ. Transl.), Gostekhizdat,
1950, p. 118. [Wiley, 1939].

14 A. Ward and A. Krumbein, Rev. Sci. Instr. 26,
341 (1955).

1 5 Yu. Bydin and V. Dukel'skii, JETP 31, 569 (1956),
Soviet Phys. JETP 4, 474 (1957).

1 6 V. L. Granovskii, 3jieKTpMqecKMfi τοκ Β raeax (Elec-
trical Current in Gases), p. 232, Gostekhizdat, 1952.

1 7 1 . I. Glotov, JETP 7, 1005 (1937).
1 8 W. R. Loosemore and I. Sharpe, Nature 167, 600

(1951).
1 9 L. S. Eig, Thesis, 1953.
2 0 L . S. E i g , ΠρΜδορΗ Μ ΤΘΧΗΜΚΕ 3KcnepMMeHTa ( I n s t r u -

ments andExptl. Techniques) 6, 54 (1957).
2 1 D . Van Zoonen, Appl. Sci. Research B3, 377 (1953).
22

I. A. Prager, Private communication.
2 3 D. H. LeCroissette, Rev. Sci. Instr. 25, 1023

(1954).

Translated by G. Volkoff
50


