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Abstract

After-pulses, which appear in output signals from the helium-filled proportional counter (HFPC) cooled at low
temperature (5-10 K), have been analyzed with a technique of non-linear least-squares fit; the drift time 7; of positive

helium ions from anode to cathode, the spread in the drift time A7, and the second Townsend ionization coefficient I'; of
the positive ions have been determined. It is known that the carrier of positive charge in pure helium gas is the dimer ion
He; at room temperature. We have found that T, and A7, are larger than the values estimated with the mobility of He; and
I'; is much smaller than the value for He .

These results indicate that the carrier at low temperatures near 4.2 K is not HeJ, but heavier molecular ions He ; the
size n is more than 10 in the present HFPC. It has been concluded that the cluster ion of large molecular helium plays an
essential role in the proportional operation of HFPC, especially to suppress the continuous electric discharge. This

self-suppression of discharge by the formation of cluster ions is discussed with some data of atomic and molecular heliums.

The same quenching mechanism by cluster ions in other rare gases is also suggested.

1. Introduction

The helium-filled proportional counter (HFPC) is a
useful tool to detect low-energy electrons at low tempera-
tures (> 1.75 K), which has often been applied to cryo-
genic resonance-electron Mdssbauer spectroscopy (REMS)
[1,2]. According to the previous works [3-6], the operation
of HFPC at low temperatures is summarized as follows:

i) Available gas gain is rather small; the maximum
gain is at most 200 in the range of 2-23 K.

ii) The operation is limited by the continuous dis-
charge, which takes place when the voltage applied to the
anode is higher than a critical value (1270 V for the
present HFPC). HFPC works stably as long as the anode
voltage is below the critical value.

iii) The proportional operation transfers to the continu-
ous discharge when the temperature of helium gas is
higher than 23 K.

A counter filled with pure helium does not work in the
proportional region at room temperature. To operate it with
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an available gas gain, some amount of admixture such as
molecular organic gases is usually mixed in helium; the
admixture is inevitable to achieve gas gains higher than
10° by quenching the continuous discharge, which is
caused by secondary electrons emitted through the colli-
sion of ultra-violet photons, positive ions or metastables
with cathode material. Our major concern is to understand
why HFPC without any admixture works well at low
temperatures. We have been trying to make clear the
mechanism of the HFPC operation from the standpoint of
atomic and molecular collision processes in pure helium.

In this paper, we report our recent study on the after-
pulse from HFPC, indicating that the self-quenching mech-
anism of HFPC is attributed to the formation of positive
helium cluster ions at low temperatures.

2. Observation

2.1. Apparatus

The present counter is the same one as used in the
previous work [4], i.e., a cylindrical shape with an anode
wire along its center line; the sensitive length is 60 mm,
the diameter of the cathode is 25 mm and that of the anode
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is 30 wm. The material of the cathode is stainless steel
pipe and that of the anode is gold-coated tungsten wire.
The filling gas is pure helium at normal condition, i.e., 760
Torr at room temperature (300 K); the gas density is
2.53 X 10" 1/cm?. To cool the filling gas near 4.2 K, the
HFPC was mounted at the bottom of a liquid helium tank
in a cryostat designed for REMS measurements. The tem-
perature of helium gas in the HFPC was not measured
precisely, but it was between 5—10 K. To pick up signals
from the counter, a commercially available charge-sensi-
tive preamplifier (Canberra 2003T) was used; the noise of
the preamplifier is nominally 2.0 keV (FWHM, Si) with no
capacitance. The whole noise contribution of the counter
assembly including a 65 cm long signal cable (80 pF) is
about 600 ion pairs.

5.3 MeV « rays from “ "Po were used to observe the
after-pulses. A #1°Po source was installed at an end plate
of the counter; the incident direction of the « particle is
parallel to the anode after passing through a 1 mm diame-
ter hole of collimator. The energy loss of the a rays in the
present counter is about 1.5 MeV.

210

2.2. After-pulse

Pulse shapes of output signals from the preamplifier are
shown by Fig. 1 (A), (B), (C) and (D), which were
obtained with the anode voltage of 600 V, 800 V, 1000 V
and 1200 V, respectively. The available maximum anode
voltage for the present counter system is 1200 V; a few V
over 1270 V always induces the continuous discharge. As
seen in Fig. 1, there appears one bump on the shape (C)
and three bumps on the shape (D). Those bumps are the
after-pulses.
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Each electron produced in the primary ionization of
incident radiation is multiplied through the electron
avalanche, which is caused by a steep electric field near
the anode wire. Positive helium ions produced in the
avalanche drift to the cathode, with which they collide
emitting secondary electrons with a certain probability.
Then, these secondary electrons drift to the anode wire
where they cause new avalanches. Avalanches by the
secondary electrons result in the first after-pulse in the
shapes (C) and (D) of Fig. 1, while avalanches by the
primary electrons result in the main pulse. Successive
after-pulses are produced with the same mechanism as for
the first after-pulse; the second and the third after-pulses
are seen in the shape (D).

3. Analysis
3.1. Non-linear least-squares fit of pulse shape

In the non-linear least-squares fit [7] for analyzing
output puises from HFPC, the y? function defined by
1 n

2
(M -V
g T )

XZ

(1)

is minimized to deduce the most probable values of free
parameters in theoretical model for the pulse shape, where
M;, (j=1,2,---,n) is the measured shape given by a set
of pulse height at each time 7, n is the total number of
data and w, is the weight for M,. The theoretical model for
the pulse shape is expressed by V, (ay, a,, " -, aq) (j=
1,2, --,n) in Eq. (1), where a, (k=1,2,--+,q) is the
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Fig. 1. Pulse shapes of output signals from the HFPC obtained with various anode voltages (600 V, 800 V, 1000 V and 1200 V). Bumps on
the shapes (C) and (D) are after-pulses resulting from avalanches caused by secondary electrons, which are produced by the collision of

positive helium ions with cathode material.
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Fig. 2. Theoretical shape of the main and after-pulse as a function of the parameter AT, (0-100 ps), which is defined as the spread in arrival
time of positive helium ions at the cathode. The curve with AT, = 0 indicates the shape of main pulse given by Eq. (10) while those with

AT, # 0 indicate the shape of the after-pulse given by Eq. (13) or (14).

free parameter in the model and g is the number of the
parameters.

The error matrix for the most probable values is esti-
mated from

(E)ffz(L-I)l]XZ’ ([7j=172v”'*q)7 (2)

where (L), is the normal matrix deduced from the theory
of statistics, i.e.,

noav, v,
L), = w,— ——
(L)y E’l kaai aa,

(i.,j=1.2.-,q9). (3)

3.2. Theoretical shape of output pulse

According to an approximate treatment of gas-filled
counter {8], the output current from a cylindrical-shape
proportional counter is given by

I(t) = for 0 <r<T, (4a)

(1+Ty)
=0 for T, < 1. (4b)

In the above expression, Q is

q
2In(b/a)’
where ¢ is the total charge created by electron avalanches,

a is the radius of anode wire and b is that of the cathode.
The parameter T, is related to the period during which

Q= (5)

positive ions path through the steep electric field near
anode wire:

2
T() = M s (6)

A

where u is mobility of positive ion and V, is voltage
applied to anode. The parameter 7, is a mean time for the
ions to drift from anode to cathode, which is equal to the
time interval between the main and the first after-pulse or

two successive after-pulses:

B (b*—a?) In(b/a)
T,= v .

a

(7)

The voltage pulse from a charge-sensitive preamplifier
is estimated as a convolution of the output current given
by Eq. (4) and the impulse response of the preamplifier
w(t) [8]:

Vo(r) = ['w(t = m)I(r) dr. (8)
0
In the above equation, w(#) is approximately given by
1 t 5
)= — -—1,
w0y = e - 7 ©)

where T, [=R;C;] is the decay constant of the preampli-
fier and R; and C; are feedback resistance and capaci-
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Table 1

The most probable values and crrors of parameters determined by the non-linear least-squares fit

Anode 600 V 800 V 1000 V 1200V

voltage

T, (ns) 0.20 +0.10 0.21 £ 0.10 0.17 +£0.09 032 +0.19
T; (us) 288 13 280 +3 285 +6 306 t6
A(mV)*? 1.17 £ 0.05 262 +0.11 7.13 +0.28 19.8 +0.9
T; (us) 380 (fixed) 380 (fixed) 382 t2 3238 +04
AT, (ps) - - 26 13 23 +2

R - - (0.088 + 0.004 0.307 + 0.008

* Amplitude of the pulse shape given by Eq. (15).

tance, respectively. Using Eq. (8), the shape of main pulse
V,(1) is deduced as

Volt: Tp, T, T)

Q r+ 7, t+ T, T,
=—exp| — E, —El| =
Ce I T; Ty

for 0<t<T, (10a)
0] 1+ 1, Ii+71, T,
= —exp| — E, —E| =
G I, [ I;
for T;<1¢, (10b)
where E(¢) is the exponential integral defined by
1
E(r)=[" —exp(x)dx. (11)
—x X

As seen in Fig. 1(D), the rise-time of the after-pulses is
considerably longer than that of the main pulse. This

comes from the fluctuation in the drift time 7; of positive
helium ions. For the simplicity of calculation, this is
neglected in the expression of the main pulse V,(2), i.e.,
Eq. (10). In the expression of after-pulses, the fluctuation
is assumed to be given by a Gaussian:

G(AT;, 1) (12)

1 1{ ¢\
=—=——cxp{ —=| =1 ;,
Vamar, P\ 2 ar
where (AT;)? is the covariance of the distribution and A7;
is a measure of the spread in the drift time T;.

The shape of the first after-pulse is given by

Vi(; 1y, Ty, T, AT))

+ x
= [ Vol Ty, T, T+ 7)G(AT, m) dr. (13)
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Fig. 3. Result of the non-linear least-squares fit for the composite pulse shape (D) obtained with V, = 1200 V. The pulse is separated into
four components: the main pulse, the first, the second and the third after-pulses.



Y. Isozumi et al. / Nucl. Instr. and Meth. in Phys. Res. A 355 (1995) 443—452

Then, the nth after-pulse is
Vi(t; Ty, T, T;, AT))

4+
=f Vo(t; Ty, T, nTi+T)G(v/;ATi, T)dT,
(14)

because the covariance of the nth after-pulse equals to
n(AT;)? according to the Gauss distribution. Then, the
composite shape of output pulse from the preamplifier is
given by

V(t; Ty, Ty, T,, AT,, R)

=Vo(t; Ty, Te, ) + 32 RYV (13 T, T, Ty, AT)),

k=1
(15)

where R is the intensity ratio of the (k — 1)th pulse to the
kth pulse.

In Fig. 2 is shown the shape of the first after-pulse V,
for various AT, values (AT, = 0-100 ws). The rise time of

V, is longer with increasing AT;, as expected.
3.3. Reduced parameters

The measured pulse shapes (A), (B), (C) and (D) in
Fig. 1 are resolved by the non-linear least-squares fit with
the theoretical curve of Eq. (15); numerical results for
most probable values of parameters and their probable
errors are listed in Table 1. No after-pulse is separated
from the shapes (A) and (B) while the first after-pulse is
separated from the main pulse for the shape (C). In Fig. 3
is shown the result for the most complicated shape (D),
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which is well resolved into four components, i.e., the main
pulse and the first, second, and third after-pulses.

The present data of pulse shapes are not sufficient to
determine the parameter T, which is very sensitive to the
rise-time part of pulse shape. This is a reason why the
errors of T, in Table 1 are large. The T; values deduced
from shapes (A), (B) and (C) agree well with each other
within probable errors. There is a distinct disagreement
between the 7; value from the shape (D) and those from
other shapes. The origin of this disagreement could not be
revealed in the present work.

The parameters related to the after-pulse, ie., T;, AT,
and R, have been determined for anode voltages 1000 V
and 1200 V with sufficient accuracy. These values are very
useful to get information on the behavior of positive
helium ions at low temperatures, as discussed below in
detail.

4. Result and discussion

4.1. Drift time, T,

i
Beaty and Patterson [9] measured the rate coefficient of
the three-body reaction,

He "+ He + He — He; + He.

(16)
Their result of the coefficient is 1.08 X 1073! cm®/s at
room temperature, from which the rate of the reaction in
the present HFPC is estimated to 6.8 X 107 1/s. The life
time of He™ created by the electron avalanche in the
present HFPC is at most 15 ns. This clearly indicates that,
at room temperature, all He™ ions in the avalanche are
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+
| s eeeeee Hep 7
10,0 —]
o 5.0 ]
w
~ — —
~N
= — . —_
= | Ar, ]
= R T o~
+
].O,__. Kr2 “a,
0.5 C bl 1o Ll ]
1.0 5.0 10.0 50.0 100 200
Y (Td)

Fig. 4. Mobilities of dimer ions of rare gases in the same rare gases (He; , Nej , Ar;
[=X/N,1(Td): X, field strength (V /cm); N,, the gas density (1 /cm®); Td, 107" em?

and Kr; ), which are shown as a function of Y
—1 -1
s VT
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transformed to the dimer He- in a very short time. In Fig.
4 are shown mobilities of dimer ions of rare gases in the
same rare gases as a function of Y [=X/N,], where X is
the field strength (V/cm), N, is the gas density (1/cm*):
w(Hey ) [9], u(Ne ) [10], w(Ar3) [11], and p(Kry) [12].
The quantity Y is usually given in the unit of Td[= 10 *’
V em?].

The field strength X in a cylindrical counter is a
function of the anode voltage V, and radial distance from
the symmetry axis r:

X = e a7
The drift velocity of positive ion is given by

dr

9 nX(r), (18)

where w is the mobility of positive ions (cm~ s 'V '),
The drift time 7, is obtained by integrating d¢ of Eq. (18)

1
from r=ato r=b:

o9
NG o w(r v

(19)

For the present HFPC with V, = 1000 V, Y is 390 Td at
the anode (r = a) and 0.47 Td at the cathode (r = b). If the
mobility u is independent of Y, Eq. (19) equals to Eq. (7).
As seen in Fig. 4, u(He; ) is almost constant in the region
of ¥ £28.4 Td and there is no data for higher Y. How-
ever, we can expect from p(Ney ), u(Ar; ) and u(Krs ) in
Fig. 4 that u(He; ) for higher Y gradually decreases with
increasing Y after passing a small bump near 30 Td. Eq.
(19) indicates that u(Y ) in higher Y less contributes to the
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value of T;, as long as u(Y) does not decreasc more
steeply than the term Y7 does. Then, approximating
u(Hes ) to 16,7 cm® s~ ' V!, the drift time of HeJ in the
HFPC is estimated as

T(HeJ ) =315 psfor V,=1000V, (20a)

— 263 psfor V,= 1200 V, (20b)

where 16.7 cm® s7' V™! is an asymptotic value in the
limit of Y=0. Estimated 7; values are considerably
smaller than the present results: 382 £ 2 ps for V, = 1000
V and 323.8 + 0.4 ps for V, = 1200 V.

According to Eq. (7), T; is inversely proportional to V,
when the mobility u(Y) is a constant value. The experi-
mental ratio of 7:(1200 V)/T{1000 V) = 0.848 + 0.005
agrees fairly well with 1000 V /1200 V = (.833. Thus, we
can except that the approximation mentioned above does

not make a large error in estimating T;.
4.2. Time spread, AT,

In a simple treatment of drift and diffusion in the
cylindrical counter, the distribution of positive ions in time
and space is given by

1 A{r=rOY
*P 4Dt ’

FO0 = o

(1)
where r is radial position in the counter, ¢ is the period
from the time when positive helium ions start to drift after
electron avalanche, and D is the diffusion constant of the
ions in helium gas. The function R(r) is a mean position
of the positive ions at the time ., which is deduced from

1000 = T T T
oo [ -
= =
= - -
- N Discharge __|

<t
o 10 - (1270 Vi __|
0 = =
<t — —
© [ ]
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ol | 1 i 1 L]
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Fig. 5. The gas gain G as a function of anode veltage V, measured with the present HFPC: temperature,
2.53 X 10" 1 /em®. The continuous discharge appeared at V, = 1270 V.

5-10 K; helium gas density,
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the integration of Eq. (18), e.g., b= R(T;). An approxi-
mate distribution in time at the cathode (r = b) is deduced

as
b(Ar)’
- 22
CXP{ wDTﬁ}’ (22)

1
F(b, At)= AoDT

1

where Ar=1t—T,. In the above derivation, we use the
relations of @ < b and Ar < T;. Comparing Eq. (22) with
Eq. (12) and using the Einstein relation of

D kT

— =, (23)

n e

we obtain

AT, = [In(b/a)]"* Al ILA 2
L= ol — —— N 4
i =[In(b/a)] o [\ ev (24)

where k is the Boltzmann constant, T is the temperature of
the gas and e is the electric charge.

Employing the same approximation as in the derivation
of Egs. (20a) and (20b), the parameter AT, of He7 in the
HFPC at 5-10 K is estimated from Eq. (24):

AT{(He7)=11~15ps for ¥V,=1000V, (25a)

=07~09 pus for V,=1200V. (25b)

These AT, values are much smaller than the present
results: 26 +3 ps for V,=1000 V and 23 +2 ps for
V,=1200 V.

4.3. Coefficient T

The total charge produced by avalanches of the primary
electrons is given by

q, = eGN,, (26)

where G is gas gain and N, is the number of electrons
produced in the primary ionization by incident radiations.
Since GN,, equals to the number of positive ions drifting to
cathode, the number of the secondary electrons is given by
GN,TI'.. where I, is the second Townsend ionization
coefficient of the positive ion, i.e., a probability of the
secondary electron emission through the collision of posi-
tive ions with the cathode. Then, the total charge produced

by avalanches of the secondary electrons is expressed by
q2=erN(,Fi4 (27)

The ratio of the height of the after-pulse to that of the main
pulse equals to gq,/q,:

R[5612/Q1]=ri0~ (28)

The gas gain G as a function of the anode voltage V,
has been measured with the same method as in the previ-
ous work [4]. Results are shown in Fig. 5. The ratio R
determined by the present work is 0.088 + 0.004 at V, =
1000 V and 0.307 £ 0.008 at V, = 1200 V while the gas

gain G from Fig. 5is 36 + 2 at V, = 1000 V and 123 +5
at V, = 1200 V. With these values, we obtain the coeffi-
cient I of positive helium ion at low temperature (5-10
K):

I[,=(2.44+0.18) x107* at V,=1000V, (29a)
=(2.50+0.12) X 107* at V,=1200 V. (29b)

Hagstrum [13] measured coefficients I for the colli-
sion of helium ions with molybdenum. His result for He;
is

I'(Het) =0.13. (30)

The cathode material of the present counter is stainless
steel, which can be expected to have a I} value of the
same order as that for molybdenum. The present value is
considerably smaller than the coefficient I of Hej,
which is the carrier at room temperature. Thus, the sec-
ondary electron emission by the collision of positive he-
lium ions with the cathode is greatly suppressed at low

temperature.

4.4. Helium cluster ion

As shown in the above sections, there is a distinct
difference between the present results for T;, AT; and I
and the corresponding values for the dimer ions He; . It is
concluded that the carrier of positive charge in the HFPC
cooled at the low temperature is not the dimer ion He; .
The rather large difference is attributed to the formation of
positive molecular ions of helium at low temperatures, as
discussed below.

When He™* ions are injected in pure helium gas cooled
at low temperatures, they are moderated in thermal ener-
gies by colliding repeatedly with helium atoms. Then,
through successive reactions of

He' +He+He »He), ,+He (rn=1,2,---,), (31)

the molecular ion with larger size n grows up. In the
equilibrium state, the number of the reaction (31) is bal-
anced to that of its inverse i.e., decomposition of He ;.
Therefore, the distribution of the number of He, as a
function of the size n, i.e., size distribution, does not
change in the equilibrium. Since the reaction (31) is
exothermic, the equilibrium moves to larger » with lower
gas temperature. The increase of gas density also moves
the equilibrium to larger n because of the difference
between the direct and inverse processes; the reaction (31)
is a three-body reaction while its inverse is a two-body
reaction. The size distribution depends on the field strength
when the molecular ions drift in the electric field. The
equilibrium moves to lower n in the higher electric field
because of increasing kinetic energies of molecular ions.
With a quadruple mass spectrometer designed for low-
temperature measurements, Kojima, Kobayashi and Kaneko



450 Y. Isozumi et al. / Nucl. Instr. and Meth. in Phys. Res. A 355 (1995) 443—452

observed the size distribution of helium molecular ions
ejected from the drift tube [14]. According to their data
(Fig. 4 in Ref, [14]), the average of size n is about 10 at
T=44K N,=136X 10" 1 /cm® and ¥ = 1.14 Td. The
gas density in the present counter is 2.53 x 10'% 1/cm’.
which is the order of two larger than the value in the
measurement by Kojima et al. Furthermore, Y at the
cathode surface is 0.47 Td at V, = 1000 V and 0.56 Td at
V,=1200 V, i.e., about half of the value in their measure-
ment. Thus, we can expect that the size of molecular ions
colliding with the cathode in the present counter is larger
than 10.

4.5. Mobility of cluster ion

The mobility of the positive ion mainly depends on the
interaction potential between the positive ion and the
neutral gas atom, which consists of the repulsive part of
the short range and the attractive part of the long range
[15].

The mobility in a limit neglecting the repulsive part is

39.5
aM,

T

w= (32)
where a is the polarizability of gas in a cubic of Bohr
radius and M, is the reduced mass measured in the unit of
proton mass. The polarizability & comes from the polariza-
tion potential assumed for the long-range force

e’
V(=73 (33)
where r is the separation distance between the ion and the
gas atom. Eq. (32) holds in the double limit of low
temperature and low Y [= X/N,]. Inserting 2.05 X 10~ =
em® for @ and 4 for M, into Eq. (31), the mobility is
estimated to 15.3 cm® s™' V', With this mobility, we
obtain 7; =343 ps for V, = 1000 V and T, = 286 ps for
V, =1200 V from Eq. (7), which are still smaller than the
present results in Table 1.

Table 2
Separation energy of an atom from molecular ion of rare gas atom

In a limit neglecting the attractive part, the mobility is
approximately given by

0.7 €A, 1
M -5( l‘) T
where A; and M, are the mean free path and mass of the
positive ion, respectively, v is average thermal velocity
and M, is reduced mass of ion and gas atom. According to
Eq. (34), the mobility is proportional to A;M; /2 in a
limit of large M;; note that v = (8kT/wM,)"/? and M, =
MM, /(M + Mg), where T is temperature of the ion and
M, is the mass of the gas atom. The mean free path A; is
defined by 1/({2N,), where (2 is the cross section of
elastic collision between ion and gas atom and N, is the
gas density. In the rigid sphere model, 2 is the geometri-
cal cross section of cluster ions, which is roughly propor-
tional to M;>/*. Thus, the mobility p decreases as M, 7/
and the drift time 7, increases as M;’/® when M, becomes
very large. It is clear that the T; values obtained by the
present work are enhanced by the formation of cluster
ions. It is interesting to estimate the mobility of helium ion
clusters from more refined theoretical treatments such as
Chapman—Enskog theory [15], in which the whole shape
of the interaction potential can be taken into account.

The influence of the growth of clusters on the mobility
of positive ions at higher temperatures was already exam-
ined by Hutton [16].

(34

4.6. Mechanism of electron ejection from cathode

Electron ejection by collision of slow atomic ions with
metal was investigated both experimentally and theoreti-
cally by many workers [17]. Two mechanisms were pro-
posed for ions of rare gas atoms: (i) Auger neutralization
of jonized atom and (ii) resonance neutralization of the
atom followed by Auger de-excitation. The first is the
one-step process in which an electron in the conduction
band of metal is directly transferred to the ground state of
the atom, another electron in the band emitting to the

n—=(n—1) Separation energy (meV)

He Ne Ar Kr Xe

2- 1 2360 [1] 1360 [1] 1270 [1] 1150 [1] 1030 [1]
32 162 + 7(2] 107 + 7[2] 212 + 7103 241+ 7[2] 261+ 7[2]
4 3 28+ 71[2] 34+ 7102 72+ 73] 94 +71[2] 114+ 7[3]
55 4 21+ 7[2] 33+ 7[2] 70 + 7[3] 89+ 7[2] -

6 5 334702 70 + 7[3] 88 + 72 -

7> 6 - 33+7(2] 69 + 73] - -

8§ 7 31+7[2] 69 1+ 7[3] - -

9 8 29+ 7[2] 68 +7[3] - -

10- 9 27+7102] 67 + 73] - -

11 -10 - - 67 + 713] - -
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continuum. The second is the two-step process, in which
an electron in the band is transferred resonantly to the
excited state of the atom by the tunnel effect and then the
atom de-excites to the ground state emitting another elec-
tron in the band to the continuum. The transition probabil-
ity of the first process is usually much larger than that of
the second process. No works were performed on the
collision of large molecular ions of rare gas atoms with
metal. However, it can be expected that, in the collision of
the cluster ions, the energy released in the process is
mostly consumed by decomposing the cluster rather than
emitting an electron into the continuum. Thus, the small
coefficient I, given by Eqs. (29a) and (29b) is caused by
a much larger channel of decomposing the cluster ions
rather than the Auger neutralization; the coefficient I'; is
probably smaller as the size of cluster # is larger.

4.7. Cluster ions of other rare gases

In Table 2 are listed separation energies of rare gas
cluster ions Rg} [Rg = He, Ne, Ar, Kr or Xe] {18-20],
which is defined as an energy to separate an atom from the
cluster ion as a function of the size n. The separation
energy decreases as n increases. Note that the changes in
energy between n=2— 1 and n =3 — 2 are very large
and then the energy becomes almost constant for n > 3, as
seen in the cases of Ne, Ar and Kr. This behavior indicates
that the chemical bond for an atom in the ions of Rg3 and
Rgy is covalent rather than electrostatic and then becomes
pure electrostatic for the cluster ions with n> 3. The
separation energy at n = 4 is 28 meV for He, 34 meV for
Ne, 72 meV for Ar, 94 meV for Kr and 114 meV for Xe.
increasing rather steeply for heavier rare gas elements.

In the previous works, it was found that the counter
filled with pure helium works in the temperature region of
2-23 K [3-6] and that with pure neon works in the region
of 20-45 K [21]. The temperature region depends on the
cluster size; as the separation energy is higher, larger
cluster ions can exist at higher temperatures. No study has
so far been reported on the temperature region for Ar, Kr
and Xe. However, the behavior of the separation energy
shown in Table 2 suggests that these gases with no admix-
ture may operate the counter even at room temperature. In
fact, some workers who extensively use gas-filled counters
know that a counter filled with pure Ar, Kr or Xe operates
well with low gas gains at room temperature. Experiments
to observe the after-pulses from the counter filled with
these rare gases will make clear if the self-quenching at
room temperature is caused by the formation of large
cluster ions or not.

5. Concluding remarks

To understand the operation of HFPC more in detail, it
is necessary to reveal the mechanism of the continuous

discharge caused by applying a high voltage to the anode.
According to the theory of electric discharge, the source of
the discharge is ion, photon or metastable; any avalanche
grows up to the electric discharge when the number of
secondary electrons from cathode per avalanche, ie., R
defined as Eq. (28), is more than unity. The role of
metastables may be neglected in a gas with a so high
density as in the present counter (2.53 X 10 1/cm?)
because most of them are de-excited by the collision with
normal helium atoms. The present work has clearly shown
that the helium ion is not the source of the discharge at
low temperatures (5-10 K); the present result for R
[=TIG]is 0.308 at V, = 1200 V, which is near the critical
voltage (1270 V) to induce the discharge. We have very
recently performed detailed analyses of the continuous
discharge, revealing that the discharge is caused by pho-
tons which mainly consist of non-resonant radiations from
highly-excited helium atoms produced in electron
avalanches. Results of the analyses will be given else-
where.

Thus, the operation of HFPC is limited by the number
of secondary electrons emitted by collisions of the positive
ion and the photon with the cathode. The temperature limit
of the HFPC operation, i.e., 23 K, means that R is larger
than unity at this temperature. In the present situation, it is
not clear which is the source of the discharge at 23 K,
positive ions or photons. The refined measurement of I
by the present method and the observation of the discharge
pulse in the temperature region from 4.2 K to 25 K are
now in plan.
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