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Abstract

In order to understand the operation of helium-®lled proportional counter (HFPC) from the standpoint of fun-

damental atomic and molecular processes, we have surveyed previous works on collision processes in discharged helium

gas. By analyzing gas gain curve, after-pulses and discharge current experimentally observed at 4.2 K, the electron

avalanche and the secondary electron emission from cathode have been related to the collision processes in helium. A

simpli®ed model for the HFPC operation at low temperatures near 4.2 K has been constructed with the related pro-

cesses. Ó 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In spite of containing no quenching admixture
such as organic gases of CH4 and C4H10, a
counter ®lled with helium gas operates in the
proportional region at low temperatures near 4.2
K [1±3]. The helium-®lled proportional counter
(HFPC) is intensively used to detect electrons
backscattered from a sample in the cryogenic

resonance M�ossbauer spectroscopy (REMS) [4±6];
the sample is mounted as a cathode in the counter,
the whole of which is cooled at the low tempera-
tures.

Unfavorable behaviors in the HFPC operation
at the low temperatures were found by our previ-
ous studies [1±3,7±9]. Firstly, the operation is
practically limited by the self-sustained electric
discharge, which is induced at rather low gas gains
(at most 200) [1]. Secondly, the secondary electron
emission from cathode injures the HFPC opera-
tion even in the proportional region, as revealed by
the analysis for the after-pulse [8] and the dis-
charge current [9].

Helium is the simplest atom in noble gas atoms.
Many workers have so far investigated various
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collision processes in discharged helium both ex-
perimentally and theoretically. With such data, it
may be possible to understand the mechanism for
the low-temperature HFPC operation from the
standpoint of fundamental atomic and molecular
processes in helium gas. In this paper, our exper-
imental observations of gas gain, after-pulse and
discharge current of the HFPC have been attrib-
uted to some fundamental processes in discharged
helium. A model for the HFPC operation has been
constructed with some parameters determined by
reaction rates or transition probabilities of the
attributed processes. The model is useful to discuss
qualitatively electron avalanche, electron emission
from cathode and electric discharge, but it is still
di�cult to use the model for quantitative discus-
sions because of the lack of reliable data on the
rates and the probabilities.

The present HFPC and the experimental ap-
paratus to operate it are brie¯y described in Sec-
tion 2. The electron avalanche on anode wire and
the electron emission from cathode in the HFPC
are related to collision processes in helium gas in
Sections 3 and 4, respectively. Some experimental
observations to examine the avalanche and the
electron emission are also discussed. A model for
the HFPC operation is proposed in Section 5.
Some discussions on the model and future works
are given in Section 6.

2. Experiment apparatus

The present apparatus to examine the opera-
tion of HFPC is same as used in the previous
work [9]. Fig. 1 is a layout of the HFPC; the
anode (A) is a 30-lm diameter gold-plated tung-
sten wire and the cathode (CA) is a 25-mm di-
ameter ´ 76-mm long stainless steel pipe. The
cryostat to cool the HFPC down to 4.2 K is
shown in Fig. 2; the HFPC is mounted at the
bottom of the cryostat. The length of the signal
cable (CC) from the HFPC to the preampli®er
outside is about 1 m, of which capacitance is
about 50 pF. The preampli®er used is a com-
mercially available one, CANBERRA 2003T, of
which the nominal noise (FWHM, Si) is 2.0 keV
with no capacitance and the decay time constant

is 250 ls. The output from the preampli®er was
registered in the digital oscilloscope (Tektronix
TDS-220) to observe after-pulse and electric dis-
charge in the HFPC.

Impurities in helium gas, i.e., mainly water,
were carefully adsorbed by molecular sieves
cooled at liquid nitrogen temperature. Through a
3-mm diameter stainless steal pipe (GI in Figs. 1
and 2), the puri®ed helium was introduced in
HFPC at the normal condition, i.e., 760 Torr at
room temperature (300 K). After sealing a small
valve at the top of the pipe GI, the HFPC was
cooled down exactly to 4.2 K by ®lling the tank
(HT in Fig. 2) with liquid helium. The number
density of helium gas in the HFPC is 2.45 ´ 1019

cmÿ3 and the pressure at 4.2 K is 10.4 Torr in the
present work.

Fig. 1. Layout of the helium-®lled proportional counter and the

collimator for 210Po source: A: anode (30-lm diameter gold-

plated tungsten wire); CA: cathode (25-mm diameter ´ 76-mm

long stainless steel pipe); S: 210Po source; FT: ®eld tube; G: glass

feedthrough; I: Te¯on insulator; H: aluminum holder; V:

stainless steel vessel; GI: gas inlet (3-mm diameter stainless steel

pipe); FL: brass ¯ange; CC: coaxial cable.
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A 210Po source (S in Fig. 1) was installed at
the end plate of the counter; the incident direc-
tion of a particles from 210Po is parallel to the
anode after passing through a 1-mm diameter
hole of collimator. The energy of the a particle
from 210Po is 5.3 MeV and its range is 20.8 cm at
the normal condition of helium gas. The energy
loss of the a particles in the present HFPC with
60-mm sensitive length is estimated to be about
1.5 MeV.

3. Electron avalanche

3.1. Ionization processes in pure helium

In the HFPC, nuclear radiations ionize helium
gas to produce pairs of electron and positive ion,
of which the number is proportional to the radi-
ation energy deposited in the gas. Electrons pro-
duced are attracted to anode, where they
successively ionize helium atoms after being ac-
celerated by the steep electric ®eld near anode.
Each electron produced in the primary ionization
®nally grows up to an avalanche, of which the
average electron number is de®ned as gas gain.

Two kinds of ionization processes take place in
the electron avalanches in pure helium gas. One is
the direct ionization caused by the collision of
electrons with helium gas atoms, He(11S), which
also produces a lot of excited heliums, He�. The
other process is caused by the collision of the
highly-excited helium He� �n P 3� with He(11S),

He� �n P 3� �He! He�2 � e: �1�

In the above expression, n is the principal quantum
number; the energy conservation law inhibits the
process (1) for n � 1 and n � 2 states. This colli-
sional ionization is so called the Hornbeck±Mol-
nar process [10]. The cross-sections of this process
for n � 3 states are listed in Table 1 [11]. With the
cross-sections, the reaction rate of this process is
estimated to be nearly 107p sÿ1, where p is the
pressure of helium gas in Torr at room tempera-
ture.

The excited helium He� �n P 3� de-excites
through collisions with helium gas or radiative
transition. The cross-sections of collisional relax-
ations for n � 3 states are also listed in Table 1
[12]. As seen in this table, the reaction rate for the
de-excitations of 33P ® 33S, 31P ® 31S, 33D ® 33P
and 31D ® 31P is almost the same order as that of
the Hornbeck±Molnar process. The probability of
the radiative transition is smaller than 108 sÿ1, as
discussed in Section 4. This value is at least two
orders in magnitude smaller than the reaction rates
of the collisional ionization and de-excitations at
the normal condition of helium gas, i.e., with a
pressure of 760 Torr at room temperature.

Fig. 2. Layout of the cryostat to mount the helium-®lled

proportional counter: GI: gas inlet; C1: connector assembly to

pick up radiation signals; C2: connecter assembly for ther-

mocouple and others; V1: valve for helium pumping; V2:

vacuum valve; HT: liquid helium tank; NT: liquid nitrogen

tank; G: glass feedthrough; AP: helium-®lled proportional

counter.
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The relative population of excitations and ion-
ization of helium atom by electron impact are
listed in Table 2, which was estimated for the
electron energy of 1230 eV by Alkahzov and Vo-
robÕev [13]. According to their estimation, the
population of ionization is 40.5% while that of
excitation is 42.5% for n � 2, 9.1% for n � 3 and
8.4% for n P 4. The population to n P 3 states
becomes 17.5%. As explained above, roughly half
of n P 3 states arise the Hornbeck±Molnar process
and the other half arise the collisional de-excita-
tion. This means that very roughly 20% (� 17.5/2/

40.5) of ionization events in the avalanche are
caused by the Hornbeck±Molnar process at room
temperature.

3.2. Estimated and experimental gas gain

The gas gain of a proportional counter can be
estimated from the ®rst Townsend ionization co-
e�cient, a (cmÿ1), which is de®ned by the number
of ionizing events induced by an electron per unit
length in the direction of the electric ®eld. The
coe�cient a is usually measured as a function of
X=p [14], where X is the ®eld strength (V cmÿ1) and
p is the pressure of ®lling gas (Torr). For a cylin-
drical counter, X is given by

X � Va=�r ln�b=a��; �2�

where Va is the anode voltage (V), r the distance
(cm) from the centerline of the counter in the di-
rection of electric ®eld, a the radius of anode (cm)
and b is the radius of cathode (cm). By integrating
a over the region of a6 r6 b [7], G�Va� is expressed
as

G�Va� � exp

Z b

a
a �t

�
� X=p� dr

�
� exp Up

Z Up=a

Up=b
a�t�=t2 dt

" #
; �3�

where Up is given by

Table 2

Relative population of excitation and ionization

State Energy of state

(eV)

Relative populationa

(%)

23S 19.81 7.6

21S 20.61 4.3

23P 20.96 3.8

21P 21.22 26.8

33S 22.72 0.7

31S 22.92 0.8

33P 23.00 0.6

31P 23.08 6.3

33D 23.07 0.2

31D 23.07 0.5

n P 4 ± 8.4

He� 24.59 40.5

a Alkhazov and Vorob'ev [13].

Table 1

Cross-sections of Hornbeck±Molnar and collisional relaxation processes

Hornbeck±Molnar processa Collisional relaxationb

State of excited helium Cross-section (10ÿ16 cm2) Transition Cross-section (10ÿ16 cm2)

33P 1:6� 0:1 33P! 33S 2:9� 0:3
33P! 33D 0:067� 0:005

31P 3:1� 1:0 31P! 31S 4:5� 0:03

33P! 33D 32� 1

33D 4:5� 0:5 33D! 33S <0.01

33D! 33P 0:62� 0:05

31D 20� 4 31D! 31S <0.04

31D! 31P 10:6� 0:7

a Wellenstein and Robertson [11].
b Wellenstein and Robertson [12].
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Up � Va= p ln�b=a�� �: �4�

According to Eq. (3), the gas gain G�Va� has been
estimated with the coe�cient a �t � X=p� mea-
sured by Chanin and Rork [15], which was ob-
tained with carefully puri®ed helium at room
temperature; results are shown by the bold curve
in Fig. 3.

Using the apparatus described in Section 2,
G�Va� has been measured for the condition of
helium gas with a pressure of 10.4 Torr at 4.2 K;
results are shown by closed circles in Fig. 3. The
measured G�Va� is lower than the estimated one
in the whole Va region. Since the a values by
Chanin and Rork [15] were obtained at room
temperature, their data contain the contribution
from the direct ionization by electrons and that
from the Hornbeck±Molnar process. The direct
ionization does not depend on the temperature of
helium gas because of the relatively high energy
of electrons in avalanches. On the other hand,
the atom±atom and atom±molecule collisions,
such as the Hornbeck±Molnar process, generally
depend on the gas temperature, as discussed be-
low. Therefore, the di�erence between estimated
and experimental G�Va� curves indicates that the
ionization by Hornbeck±Molnar process is re-

markably suppressed at the low temperature, i.e.,
4.2 K. 1

3.3. Suppression of collision processes at low
temperatures

The reaction rate per unit volume of two-body
collisions such as the Hornbeck±Molnar process is
expressed by

m�T � � N�He�N�He��
Z 1

0

v�E�r�E�fg�E; T � dE

� 2N�He�N�He��rav�T ��kT=M �1=2; �5�
where N(He) and N�He�� are the number densities
of He and He�, respectively, r�E� the cross-section
of the two-body collision as a function of collision
energy E, v the relative velocity between He and
He�, fg�E; T � the Maxwell distribution at the gas
temperature T, k the Boltzmann constant and M is
the mass of the helium atom. The quantity rav�T �

Fig. 3. Gas gain curves G(Va) as a function of anode voltage, Va: closed circle, data obtained with the present HFPC; solid curve,

estimation from the ®rst Townsend ionization coe�cient a experimentally measured; other curves, estimations with various g values

(0±50%). The electric discharge takes place at a voltage a little higher than 1250 V and the gas gain at this voltage is about 200.

The measured G(Va) is lower than unity in the region of Va < 150 V because of the recombination between helium ions and

electrons.

1 In [7], we discussed the other possibility to explain the

di�erence between experimental and estimated G(Va), i.e., e�ect

of impurities in helium gas in the measurement by Chanin and

Rork. This possibility has been denied by the present analysis

for G(Va).
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in Eq. (5) is an average of r�E� on the energy E in
the Maxwell distribution. When rav�T � has a
structure with a steep change like bump or valley,
the collision process becomes very sensitive to the
gas temperature. The term T1=2 in Eq. (5) is also
responsible for the sensitivity, indicating that the
reaction rate of the two-body collision at 4.2 K is
suppressed to 0.12 (� [4.2/300]1=2) of the rate at
room temperature. In the present situation, it is
not possible to make clear which is a main origin
for the suppression at the low temperature, the
term T1=2 or rav�T � in Eq. (5); the Hornbeck±
Molnar process has not so far been investigated at
low temperatures near 4.2 K.

In Fig. 3, several G�Va� curves corrected for the
suppression at 4.2 K are shown; they are estimated
with the a values reduced by a factor g from the
values by Chanin and Rork [15], where g is from
0% to 50%. The measured G�Va� is in the region
between the estimated curve for g � 15% and that
for g � 35%. This is consistent with the contribu-
tion of the Hornbeck±Molnar process to the ion-
ization in helium, which is about 20% of that by
electron impact at room temperature, as discussed
in Section 3. The measured G�Va� for lower Va ®ts
to an estimated curve for a larger g value. The
contribution of the process is higher for lower Va

at room temperature, because the excitation of
helium by electron impact becomes more popular
with decreasing electron energy.

4. Electron emission from cathode

4.1. Active particles and electric discharge

Various atomic and molecular processes in the
electron avalanche create a lot of active particles
such as positive ion, ultra-violet photon and
metastable, which can cause additional ionizations
through the collision with cathode material in the
HFPC. An electron emitted from cathode travels
to anode and there induces a new avalanche.
Consequently, the electron avalanche initiated by
the primary ionization is spread both in space and
time by the additional ionizations, resulting in
unstable operation or inducing self-sustained
electric discharge.

The number of the electrons from cathode per
an avalanche, R, is given by a sum of the number
of electrons emitted by the collision of positive
ions at cathode, Ri, that by the collision of ultra-
violet photons, Rp and that by the collision of
metastables, Rm [14],

R � Ri � Rp � Rm: �6�
The parameter Ri is given by

Ri � GCi; �7�
where G is the gas gain and Ci is the second
Townsend ionization coe�cient of the positive ion,
i.e., a probability with which an ion emits an
electron through the collision with cathode.

Since ultra-violet photons may come from
several origins, as discussed below, Rp in Eq. (6) is
given as a sum of components Rp�k�,

Rp �
X

k

Rp�k�; �8�

where each component Rp�k� is expressed as

Rp�k� � GPp�k�ep�k�Cp�k�: �9�
In the above expression, Pp�k� is the relative pop-
ulation (per ionization events in an avalanche) of
helium excited atoms or molecules which emit ul-
tra-violet photons as the kth origin, ep�k� is a ratio
of the reaction rate of the photon production to
that of all decaying processes for the excited atom
and molecules and Cp�k� is the second Townsend
ionization coe�cient for the kth photon.

The parameter Rm for metastables is given by

Rm � GPmemCm; �10�
where Pm, em and Cm are similarly de®ned as those
for ultra-violet photons. Note that Pp�k�ep�k� and
Pmem are equal to the average number of ultra-
violet photons and metastables, respectively,
which are normalized by the number of electrons
in an avalanche, i.e., the gas gain G. The gas gain
strongly depends on the anode voltage Va, as de-
scribed in Section 3. Other parameters in Eqs. (7),
(9) and (10) are approximately independent of the
voltage.

The electric discharge takes place when R de-
®ned by Eq. (6) becomes more than unity,

S. Masaoka et al. / Nucl. Instr. and Meth. in Phys. Res. B 171 (2000) 360±372 365



R P 1: �11�

The HFPC operation in the proportional region is
practically limited by the electric discharge as
shown in Fig. 4; the pressure of the ®lled helium is
10.6 Torr at 4.2 K and the anode voltage is a little
higher than 1250 V. The voltage signal of the
electric discharge observed with a charge-sensitive
preampli®er is given by Fig. 4(a), while the output
current from HFPC, which was deduced from the
voltage signal using the transfer function of the
preampli®er, is given by Fig. 4(b). In the electric
discharge, the current exponentially increases and
suddenly falls down to the level of about half at
the peak current. Detailed discussion on the
structure of the discharge current was given in the
previous work [9].

4.2. After-pulse caused by positive ions

In Fig. 5, pulse shapes of the preampli®er out-
puts observed at Va � 1000, 1100 and 1250 V are
shown; the pressure of the ®lled helium is 10.6
Torr at 4.2 K. After-pulses clearly appear as
humps on the pulses at Va � 1100 and 1250 V.
These pulses are caused by new avalanches, which
are induced by electrons emitted by the collision of
positive helium ions with cathode. The new ava-

lanches result in the ®rst after-pulse, while ava-
lanches by the primary electrons result in the main
pulse. Successive after-pulses are produced with
the same mechanism as for the ®rst after-pulse; the
second after-pulse is seen in the pulse shapes at
Va � 1250 V. The time interval between the main
pulse and the after-pulse is a sum of the drift time
of positive helium ions from anode to cathode and
that of electrons from cathode to anode. Since the
drift time of helium ions (250±400 ls) is much

Fig. 4. Self-sustained electric discharge, which limits the counter operation of HFPC in proportional region: (a) preampli®er output; (b)

discharge current estimated with the transfer function of the preampli®er.

Fig. 5. After-pulses appearing in output signals from the HFPC:

these pulses result from the secondary electron emission caused

by the collision of positive helium ion clusters with cathode

materials.
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slower than that of electrons (1±2 ls), the time
delay of the after pulse mainly comes from the
drift of the helium ion. As Va is increased, the
hump is larger and the time interval is shorter, as
expected.

A ratio of the area of the ®rst hump to that of
the main pulse is equal to Ri given by Eq. (7). The
Ri value obtained with the pulse at Va � 1250 V is
0.38, with which Ci �� Ri=G� is estimated to
2:5� 10ÿ3. This value agrees with the previous
measurement at a little higher temperature, i.e., �5
K [8].

4.3. Formation of helium ion clusters at low
temperatures

The Ci value experimentally determined is two
orders in magnitude smaller than that at room
temperature, e.g., 0.13 for the collision of He�2
with molybdenum [16,17]. The formation of posi-
tive helium ion clusters with large sizes is respon-
sible for the favorable decrease of Ci in the HFPC
operation at low temperatures.

In pure helium gas, helium ions He� is changed
to molecular ions He�2 through the three-body
collision,

He� � 2He! He�2 �He: �12�

Its reaction rate is �85p2 sÿ1 at room temperature
[18]. The molecular ions He�2 are produced also
through the Hornbeck±Molnar process (1) at
room temperature, as discussed in Section 3.

These He�2 ions are moderated in thermal en-
ergies by colliding repeatedly with helium atoms in
the drift from anode to cathode. Then, through
successive reactions of

He�n � 2He! He�n�1 �He �n � 1; 2; . . .�; �13�

the molecular ion with larger size n grows up [19].
Molecular helium ions with a size up to 4 were
observed at low temperatures down to liquid-ni-
trogen temperature [20,21]. The size at lower
temperatures near 4.2 K may be more than 10;
further discussion on the helium ion cluster was
given in our previous work [8].

4.4. After-pulse caused by photons

In Fig. 6, rise parts of preampli®er outputs
observed at Va � 1000, 1100, 1200 and 1250 V are
shown; the pressure of the ®lled helium is 10.6
Torr at 4.2 K. As seen in Fig. 6, there is a faint
slope on the output at Va � 1250 V, which appears
about 2 ls later after their start time. This is the
after-pulse caused by the electrons, which are
emitted by the photo-e�ect of ultra-violet photons
at cathode. The photons produced in electron av-
alanches travel to cathode in a very short time and
then emit electrons from cathode through the
photo-e�ect. Therefore, new avalanches with a
time delay of 1±2 ls, which correspond to the drift
time of the electrons from cathode to anode, are
superimposed on the avalanches initiated by the
primary ionization. As similar to Ri, the parameter
Rp is given by a ratio of the area of the faint bump
to that of the main pulse. The Rp value obtained
with the pulse at Va � 1250 V in Fig. 6 is about
4� 10ÿ2.

4.5. Radiative transition of excited helium atoms

Ultra-violet photons produced in electron ava-
lanches partially come from radiative transitions
of excited helium atoms He�. Resonance photons
are emitted by the transition of He� �n1P; n P 2� to

Fig. 6. Rise parts of output signals from HFPC, in which after-

pulses are included as faint bumps: these pulses result from the

secondary electron emission caused by the photo-e�ect of

photons from the radiative transitions of highly-excited helium

atoms.
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the ground, He(11S); their energies are higher than
20 eV. These photons are resonantly absorbed by
helium gas atoms, which re-emit photons with the
same energy or de-excited to He� in lower states
through the collision with helium gas atoms
[22,23]. Thus, the resonance radiations are im-
prisoned and disappear through the collisional de-
excitations before arriving at cathode in the HFPC
with an ordinary size.

Non-resonance photons are emitted through
the radiative transitions of the excited atoms to
He�(2P) or Hem(2S), i.e., n1S �n P 3�® 21P0, n1D
�n P 3�® 21P0, n1P0 �n P 2�® 21S, n3S �n P 3�®
23P0, n3D �n P 3�® 23P0 and n3P0 �n P 2�® 23S.
Their energies are 5 eV at the highest and their
transition probabilities are the order of 106±107

sÿ1, as listed in Table 3. Since pure helium gas is
transparent to these non-resonance photons, the
photons collide with cathode materials.

Since the work function of most of metals is in
the range of 3±5 eV, photons with energies higher
than about 3 eV can contribute the electron
emission from cathode. Excited helium with n P 4
states emit photons with such energies, of which
the population Pp�1� in Eq. (9) is at most 0.2
(� 8.4/40.5) per an ionization event in the electron
avalanche, as seen in Table 2, where the subscript
p(1) corresponds to the photons with low energies
of 3±5 eV. The coe�cient Cp�1� is the order of 0.01
[26].

The parameter ep�1� in Eq. (9) is approximately
given by

ep�1� � k=�k� Dhm � Dcd � Dot�: �14�

In the above equation, the probability of the ra-
diative transitions, k, is the order of 107 sÿ1 as seen
in Table 3, while the rate of the Hornbeck±Molnar
process Dhm and that of the collisional de-excita-
tion Dcd are the order of 1010 sÿ1 at the normal
condition. The rate of other competing processes
Dot is assumed to be much smaller than Dhm and
Dcd. Thus, ep�1� is the order of 10ÿ3 at room tem-
perature. According to Eq. (9), Rp�1� is very
roughly estimated to 4� 10ÿ4 for G � 200, which
is two orders in magnitude smaller than the pre-
sent experimental value obtained at 4.2 K, i.e.,
4� 10ÿ2.

The enhancement of radiative transition comes
from the suppression of the collisional de-excita-
tions of excited helium atom at low temperatures
near 4.2 K. This is quite similar to the case
of Hornbeck±Molnar process, as discussed in
Section 3.

4.6. Role of metastable helium atoms

At Va � 1250 V for the present HFPC, which is
a little lower than the voltage to induce the electric
discharge, we have obtained Ri � 0:38 and
Rp�1� � 0:04, as explained before. The sum of Ri

and RP�1�, i.e., 0.42, is much smaller than unity.
According to the relation (11), this fact indicates
that, except the positive helium ion cluster, He�n ,
and the non-resonance photons emitted from
highly-excited helium atoms, He� �n P 4�, there
exist other active particles which emit secondary
electrons through the collision with cathode.

A lot of metastable atoms Hem(2S) are pro-
duced through the direct excitation of helium gas
by electrons and the de-excitation of excited heli-
um atoms in electron avalanches. The intrinsic life
time is 20 ms for the singlet, Hem(21S), and 6� 105

s for the triplet, Hem(23S) [25]. In spite of the long
life times, they cannot arrive at cathode in the
HFPC because most of them are de-excited
through collisions with helium gas atoms in the
di�usion. In the operation of HFPC, these meta-
stables Hem(21S) and Hem(23S) play a role to
produce other active particles, as discussed below.

Table 3

Radiative transitions of excited states

Transition Photon energy

(eV)

Probability

(108 sÿ1)

23P! 23S 1.145 0.1022

21P! 21S 0.602 0.0190

21P! 11S 21.230 17.9900

33S! 23P 1.755 0.2786

31S! 21P 1.703 0.1829

33P! 23S 3.189 0.0948

31P! 21S 2.472 0.1338

31P! 11S 23.090 5.6600

33D! 23P 2.110 0.7053

31D! 21P 1.856 0.6339
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Another origin of the active particles may be
the product by the collision of He�(21P) with he-
lium gas atoms. One of the decaying paths of
He�(21P) is the formation of the radiating mole-
cules, He�2�D1R�g ), which is produced through
three-body collisions of He�(21P) with helium gas
atoms and then emits photons with an energy of
13.1±19.4 eV as a result of the successive decom-
position [26]. However, this process is unlikely at
room or lower temperatures because the D1R�g
state has a 0.63-eV potential hump, which is much
higher than the thermal energy (0.026 eV at room
temperature) [27,28].

4.7. Creation of excited molecules, He�2�A1R�u � and
Hem

2 �a3R�u �

The de-excitation process of the singlet
Hem(21S) is di�erent from that of triplet Hem(23S).
The radiative molecule, He�2�A1R�u �, is produced
through two-body or three-body collisions of
Hem(21S) with helium atoms,

Hem�21S� �He! He�2�A1R�u �; �15�

Hem�21S� � 2He! He�2�A1R�u � �He; �16�

where the reaction rate is �220p sÿ1 for the process
(15) and �1.4p2 sÿ1 for the process (16) [29]. At the
normal condition, the rate equals to 1:7� 105 sÿ1

for the process (15) and 8:1� 105 sÿ1 for the pro-
cess (16). In the process (15), He�2�A1R�u � succes-
sively decomposes to two helium atoms, radiating
photons with an energy of 20.5±20.6 eV. The
molecule He�2�A1R�u � produced in the process (16)
de-excites to He2�X1R�g �, radiating photons with
an energy of 11.2±20.6 eV. These photons from the
de-excitation of He�2�A1R�u � are not absorbed in
helium gas atoms. Most of them travel to cathode,
where secondary electrons are emitted by the
photo-ionization with cathode materials. The sec-
ond component of the non-resonance radiations,
i.e., Rp�2� in Eq. (8), comes from He�2�A1R�u �. The
radiative transition of Hem(21S) can be neglect-
ed because of its small transition probability, i.e.,
�50 sÿ1.

The metastable molecule, Hem
2 �a3R�u �, is pro-

duced through the three-body collision of
Hem(23S) with helium gas atoms [30],

Hem �23S� � 2He! Hem
2 �a3R�u � �He: �17�

Its rate is 0.2p2 sÿ1 which corresponds to 1:5� 105

sÿ1 at the normal condition. The intrinsic lifetime
of Hem

2 �a3R�u � is longer than 50 ms [31]. A part of
Hem

2 �a3R�u � can arrive at cathode by di�usion
where secondary electrons are emitted. Therefore,
the parameter Rm given by Eq. (10) is attributed to
the metastable molecule Hem

2 �a3R�u �.
As similar to the cases of Hornbeck±Molnar

process and collisional de-excitation of excited
helium, the atom±atom collision processes (15)±
(17) may be suppressed at the low temperatures
near 4.2 K. Then, the reaction rates of those pro-
cesses are expected to be the order of 104±105 sÿ1 at
the low temperatures; the rates are at most the
order of 106 sÿ1 at the normal condition. There-
fore, the photons from He�2�A1R�u � are spread in
the time interval of the order of 10±100 ls, which
is too long to observe the photons as after-pulse.
This is a reason why we could not observe the
after-pulses caused by the non-resonance photons
from the molecule, He�2�A1R�u �. Because there is a
time delay of the order of several ms between the
creation of Hem

2 �a3R�u � and its arrival at cathode
by di�usion, it is also very di�cult to observe di-
rectly the secondary electron emission caused by
Hem

2 �a3R�u �.

5. A simple model for the HFPC operation

A simpli®ed model for the operation of HFPC
is given by Fig. 7, which illustratively shows the
roles of excited helium atoms and molecules,
positive ions and ultra-violet photons, on the
electron avalanche and the secondary electron
emission from cathode. Each process to produce
those active particles is listed in Table 4; the no-
tations R1, R2 and others in Fig. 7 correspond to
the same notations to indicate each reaction in the
table.

In the present model, two collision processes
contribute to the electron avalanches, i.e.,
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1. R1 in Fig. 7 and Table 1: ionization of helium
atoms by electron impact and

2. R4: collisional ionization of He� �n P 3�, i.e.,
Hornbeck±Molnar process.

There are four kinds of active particles, which
originate the secondary electron emission from
cathode, i.e.,
1. R12: positive helium ion clusters,
2. R6: photons from the radiative transition of

He� �n P 4�,
3. R9: photons from the radiative decay of

He�2�A1Ru� and
4. R14: metastable Hem

2 �a3Ru�.
The operation of HFPC is determined by eleven
parameters, which are related to the production of

the active particles, i.e., G and Ci in Eq. (7), Cp�1�,
Cp�2�, Pp�1�, Pp�2�, ep�1� and ep�2� in Eqs. (8) and (9)
and Cm, Pm and em in Eq. (10).

As shown in the present work, it is possible to
determine experimentally G from the gas gain
curve, and Ci and Cp�1� from the after-pulses at 4.2
K. The parameters Pp�1� and ep�1� have been esti-
mated according to the discussion in Section 4. A
very rough estimation has been performed for
other parameters, i.e., Cp�2�, Pp�2� and ep�2� for the
photons from He�2�A1R�u � and Cm, Pm and em for
the metastables Hem

2 �a3R�u �. The probable values
for the 11 parameters of the present HFPC at 4.2
K are listed in Table 5; only the upper limits for
ep�2� and em have been obtained because of no data

Fig. 7. A simpli®ed picture of the operation of the helium-®lled proportional counter at low temperatures near 4.2 K: the numbers, i.e.,

R1, R2,. . ., R12, correspond to atomic processes listed in Table 4.
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on the other collisional de-excitation processes for
He�2�A1R�u � and Hem

2 �a3R�u �.
As seen in Table 5, the large changes in Ci and

ep�1� take place when the HFPC is cooled down
from room temperature to 4.2 K. The parameter
Ci is decreased by the order of two because of the
formation of helium ion clusters. The parameter
ep�1� is enhanced by the order of two because of the
suppression of the atom±atom collision of
He� �n P 4�. The drastic decrease in Ci results in
the relatively high gas gain, i.e., G � 200, at the
low temperatures. The available gas gain at room
temperature is at most 10 because of the large
value of Ci, i.e., 0.13.

6. Concluding remarks

In the present work, we have not been able to
separate the contributions of He�2�A1R�u � and
Hem

2 �a3R�u � to the secondary electron emission
from cathode. It is expected that the photons from
the decay of He�2�A1R�u � considerably distort the
pulse shape of output signals from the preampli-
®er. As shown in our previous work [9], there are
two exponential components in the shape of

Table 4

Atomic and molecular processes related to the HFPC operation

Numbera Reactions nb or Ep
c Reference

R1 Ionization by electron ± ±

R2 Excitation by electron ± ±

R3 He� � 2He! He�2 �He n � 85p2; 4:9� 107 [18]

R4 He� �He! He�2 � e n � 107p �n P 3� [10,11]

R5 Collisional relaxations ± [12]

R6 Radiative transition ± ±

R7 Imprisonment of resonance photons ± [22,23]

R8 Hem �21S� �He! He�2�A1R�u � n � 220p; 1:7� 105 [29]

Hem �21S� � 2He! He�2�A1R�u � �He n � 1:4p2; 8:1� 105 [29]

R9 He�2�A1R�u � ! 2He� hm Ep � 20:5±20:6 eV [29]

He�2�A1R�u � ! He�X1R�g � � hm Ep � 11:2±20:6 eV [30]

R10 Hem �23S� � 2He! Hem
2 �a3R�u � �He n � 0:2p2; 1:5� 105 [30]

R11 He�nÿ1 � 2He! He�n �He ± [19]

R12 He�n �M! nHe�M� � e ± ±

R13 hm�M!M� � e ± [24]

R14 He2
m�a3R�u � �M!M� � e ± ±

a The number in this column corresponds to that of reaction number in text and Fig. 7.
b Reaction rate (1 sÿ1) as the function of pressure (Torr) and that at the normal condition.
c Energy of ultra-violet photon.

Table 5

Probable values of parameters in the present model for the

HFPC operationa

Parameters Probable values

4.2 K Room

temperature

Gmax 200b 7.7c

Ri�� GCi� 0.38b 1.0

Ci 2:5� 10ÿ3b 0.13

Rp�1��� GPp�1�ep�1�Cp�1�� 0.04b 1:5� 10ÿ5

Pp�1� 0.2 0.2

ep�1� 0.1 1� 10ÿ3

Cp�1� 0.01 0.01

Rp�2��� GPp�2�ep�2�Cp�2�� <0.58d <0.022

Pp�2� >0.1 >0.1

ep�2� <0.29 <0.29

Cp�2� 0.1 0.1

Rm�� GPmemCm� <0.58e <0.022

Pm >0.2 >0.2

em <1.0 <1.0

Cm 0.01 0.01

a Helium gas is ®lled at the normal condition.
b Experimentally determined at the anode voltage of 1250 V;

other values are estimated from related data.
c The anode voltage to obtain this gain is 600 V.
d Assumed to be Rp�2� � 0.
e Assumed to be Rm � 0.
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observed current signal of electric discharge. This
probably indicates that the electrons emitted by
the collision of Hem

2 �a3R�u � with cathode, which
have a time delay of the order of several ms,
contribute to the second component with a larger
exponential coe�cient. Thus, it may be possible to
determine the parameters Rp�2� and Rm with care-
ful analyses for the pulse shape of output signals
and the shape of discharge current, respectively.
New measurement to determine Rp�2� and Rm is
now in progress.

According to the present model, Ci further de-
creases when number density of helium gas is
higher or temperature is lower. Then, since the
electron emission caused by the ion clusters at
cathode is more suppressed, the emission caused
by the photons from He�2�A1R�u � and the meta-
stables Hem

2 �a3R�u � becomes dominant in the elec-
tric discharge. On the contrary, the electron
emission by the ion clusters becomes dominant in
the electric discharge when the density is lower or
the temperature is higher. It has been found by our
preliminary measurement [32], that the maximum
available gas gain Gmax becomes higher as the
density is increased up to three times of the density
at the normal condition. We already found that
Gmax becomes lower when the gas temperature is
cooled down from 4.2 to 1.75 K [3].

Further studies in di�erent conditions of the
number density and the temperature are clearly
necessary to elaborate the present model. In prin-
ciple, the number density can be increased to
about 70 times of that at the normal condition. It
is very interesting to observe the HFPC operation
at such high densities, which show more clearly the
role of He�2�A1R�u � and Hem

2 �a3R�u � in the electric
discharge.
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