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Abstract

We have formulated output currents from helium-filled proportional counter (HFPC) cooled at low temperatures
near 4.2 K, taking account of primary electrons produced by incident radiation and secondary electrons emitted from
cathode; according to a simple model for the HFPC operation, the secondary electrons are originated by collision of
four active particles with cathode, i.e. low-energy (0-5 eV) photons from excited helium atoms He*, helium ion clusters
He!, high-energy (10-20 eV) photons from excited helium molecules He;(A'Z) and metastable helium molecules
He}'(a’Z!). In order to determine secondary electron emission probability for each active particle, output pulses and
electric discharges from the HFPC have been analyzed with the theoretical formulation. The present analysis has made
clear the roles of low- and high-energy photons and the ion clusters quantitatively. However, the role of triplet
metastables, He' (a*Z}) or He™(23S), is still not clear. The formulation and some results of the analysis are described in
detail. A possible application of the HFPC to a new neutron position detector is also proposed. © 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction chemical compounds including iron, tin and eu-

ropium [l1-4]. The helium-filled proportional

Resonance-electron Mossbauer spectroscopy
(REMS) or conversion-electron Mossbauer spec-
troscopy (CEMS) is intensively applied to inves-
tigations of surface layer of metals, alloys and
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counter (HFPC) makes possible to perform cryo-
genic REMS measurements; HFPC can be em-
ployed to detect electrons resonantly scattered
from samples cooled at low temperatures near 4.2
K [3-7].

The HFPC operates in the proportional region
at the low temperatures in spite of containing no
quenching admixture such as organic gases.
However, the self-sustained electric discharge is
induced at rather low gas gains of 200 at most [8].
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The operation is practically limited by the dis-

charge. In our previous work [9], a model for the

operation of HFPC at the low temperatures was
constructed by comparing experimental observa-
tions of after-pulses and electric discharge with
fundamental collision processes in helium gas.

There are two main conclusions deduced from
the model:

1. Atom—atom and atom-molecule collisions in
helium gas are remarkably suppressed at low
temperatures near 4.2 K. A dominant process
in electron avalanches is the ionization by elec-
tron impact and the contribution of the colli-
sional ionization of highly excited helium
He*(n = 3), i.e., the so-called Hornbeck-Mol-
nar process [10] becomes negligibly small at
the low temperatures.

2. Four active particles are generated in the oper-
ation of HFPC which emit secondary electrons
through the collision with cathode material,
i.e. low-energy (0-5 eV) photons from excited
helium atoms He*, helium ion clusters Hej{,
high-energy (10-20 eV) photons from excited
helium molecules Hej(A'=}) and metastable
helium molecules He}'(a’%E]). The secondary
electrons from cathode cause the after-pulse
[11] and the electric discharge [12].

Using the theoretical treatment for the propor-

tional counter operation [13] and the electric dis-

charge in gas [14], output signals from HFPC

(including electric discharge) can be deduced from

the model explained above. We have first derived

the theoretical expression for the output signals in
the present work. Second, we have experimentally
observed output signals for various values of an-
ode voltage and helium gas density at 4.2 K. Fi-
nally, the probability of the secondary electron
emission caused by each active particle has been
determined from the careful simulation of the ex-
perimental data with the theoretical expression. As

a result of the present analysis, it is proved that

He;(A'S)) and Hel(a’Y]) give much larger in-

fluence on the unfavorable operation of HFPC

than the other two active particles. The helium gas
density of HFPC examined by the present work is
rather low, i.e. up to 32 Torr at 4.2 K. The analysis
indicates that the HFPC may operate in the region
of higher gas densities. In this paper a possibility

of high-resolution neutron position detector as an
application of the HFPC is also discussed.

In Section 2 the theoretical formulation for
output signals from HFPC, which is inevitable in
the present analysis, is explained in detail. The
experimental procedure and the output signals
observed are given in Section 3. Details of the data
analysis are given in Section 4. Some new aspects
on atomic and molecular processes in the HFPC
operation are discussed in Section 5. A future
work on the neutron position detector and con-
cluding remarks are given in Section 6.

2. Theoretical formulation of electric current from
HFPC

2.1. Current caused by incident radiation

In proportional counters, incident radiation
ionizes filling gas to produce pairs of electrons and
positive ions. The number of pairs are propor-
tional to the radiation energy deposited in the gas.
Primary electrons produced in the ionization suc-
cessively ionize gas atoms or molecules after they
are attracted to the anode and accelerated by the
steep electric field near the anode. Each electron
finally grows up to an avalanche whose average
electron number is defined as gas gain G. Thus, the
number of primary electrons is multiplied by a
factor G in the electron avalanche.

The electric charge from the proportional
counter is mainly induced by the positive ions;
they are created at the position with the strongest
electric field, i.e. near anode wire, and immediately
move from there to cathode. The output current
for cylindrical counters [15] is given by

IO(t) - thTo

=0 for T} < ¢, (1b)

for t < T, (1a)

where 7) is a parameter related to the velocity of
positive ions and 7; is their drift time from anode
to cathode. The parameter 7j is the order of 0.5 ns
and T7; is 200-600 ps, depending on counter ge-
ometry, filling gas and anode voltage. The charge
0y is defined by GNye, where N, is the number of
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electrons produced by the primary ionization and
e is the charge of an electron.

2.2. Current caused by active particles

There are three kinds of active particles created
in electron avalanches, which can arrive at the
cathode and emit secondary electrons through the
collision with cathode material, i.e. ultraviolet
photons, positive ions and metastables. According
to our previous work [9], active particles appearing
in the operation of HFPC are photons from ex-
cited helium atoms He", helium ion clusters He,,
photons from excited helium molecule He;(A'X;)
and metastable helium molecule He}'(a’X[). The
secondary electrons emitted by those active parti-
cles travel to the anode and generate new ava-
lanches there.

There is a distinct delay in time between ava-
lanches by primary electrons and those by sec-
ondary electrons. The delay of charged particles,
i.e. electrons and positive ions, results from their
drift between the anode and cathode while that of
neutral particles, i.e. metastables, results from
their diffusion. The time delay is given by a sum of
T, + T.(= ~T,) for photons, T;+ I.(= ~T;) for
positive ions and Ty + T.(= ~Ty) for metastables,
where T, is the time interval for the photons to
travel from the anode to the cathode, T, and T; are
the drift time for electrons and positive ions, re-
spectively, and Ty is the diffusion time for meta-
stables. A typical value for each time interval is
T, =05 ns, I, =2-3 ps, T, =200-600 ps and
Tyv = 1-10 ms. Therefore, the output current in-
duced by primary electrons is successively super-
imposed by additional currents, which are induced
by secondary electrons from cathode. These ad-
ditional currents are usually suppressed by adding
some quencher, e.g. organic gas such as CHy and
C4Hyy, in helium. All quenchers are frozen at low
temperatures near 4.2 K. Because of the complete
lack of quenchers in HFPC at the low tempera-
tures, its proportional-counter operation is
harmed by the additional currents, as seen below.

2.2.1. Helium ion clusters
Positive helium ions He™ produced in avalanches
are immediately turned into molecular helium ions

He; through the three-body collision with helium
atoms He. Especially at the low temperatures they
are changed into helium ion clusters He,” by repe-
tition of the three-body collisions in their drift to
cathode [16]. The ion clusters emit secondary elec-
trons by colliding with the cathode, which cause new
electron avalanches with a time delay of T;.

2.2.2. Photons from excited helium atom

Excited helium atoms, He", produced in elec-
tron avalanches decay to lower states both through
radiative transitions and collisions with helium gas
atoms, He. As shown in the previous work [9], the
rate of the collisional de-excitation is decreased at
low temperatures near 4.2 K. Therefore, the rate of
the radiative transition is comparatively enhanced
at the temperatures. Photons emitted by the tran-
sition to the ground are resonantly re-absorbed by
He [17]. A part of He" produced by the resonance
absorption again decays to the ground emitting the
resonance photons (~20 eV), while the other part
decays to lower states emitting low-energy photons
(~5 eV). The resonance photons disappear
through repetition of the absorption by He before
reaching the cathode. The low-energy photons,
called non-resonance photons, arrive at the cath-
ode without being absorbed by He. Thus, the non-
resonance photons give rise to photo-ionizations
at the cathode. Secondary electrons produced by
the photo-ionizations induce new electron ava-
lanches at the anode with a time delay of T..

2.2.3. Photons from excited molecule Hey(A'E])

Singlet metastable helium atoms He™(2!S) are
changed to excited helium molecules He;(A'Y))
through two-body or three-body collisions with
helium gas atoms He [18]. The He;(A'Z) mole-
cules emit non-resonance photons through radia-
tive decays, with energies higher than those from
excited helium atoms He”,

He™(2'S) + He — Hej(A'T)), (2a)
Hej(A'SH) — 2He + hv (20.5-20.6 eV). (2b)
He™(2'S) + 2He — Hej(A'Y]) + He, (3a)
Hej(A'S!) — Hey(X'Z)) + hv (11.2-20.6 eV).
(3b)
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The reaction rates of the collisions (2a) and (3a)
are 1.7 x 10° and 8.1 x 10° s7!, respectively, at
normal condition (760 Torr at room temperature)
[19]. Accordingly, the lifetime of He™(2!S) be-
comes the order of ps at the normal condition,
while its intrinsic lifetime is 20 ms [20]. This sug-
gests that a large part of He™(2!'S) produced in
electron avalanches is changed to Hej(A'ZY).

2.2.4. Metastable molecules Hej' (a*%))

Triplet metastable helium atoms He™(2°S) are

changed to metastable molecules Hel'(a’X))
through three-body collisions with helium gas at-
oms He [21],
He™(2°S) + 2He — Hel'(a’Z!) + He. (4)
The reaction rate is 1.5 x 10° s~! at normal con-
dition while the intrinsic lifetime of He™(23S) is
very long, i.e. 6 x 10° s [20]. Therefore, a large part
of He™(2’S) produced in electron avalanches
is changed to He)(a’X!). The metastables
Hel'(a’%)) diffuse from anode to cathode with a
diffusion time, Ty, which is the order of 1-10 ms.
They are decomposed into pairs of two He by
emitting secondary electrons from the cathode,
which cause new electron avalanches with a time
delay of Ty.

2.2.5. Theoretical expression for the current by
active particles

The electric current from the new avalanches,
caused by one of the active particles, is given by

. _ 0.7 ;
l”(T’t)it—T—&—To for T<t<T+T, (5a)
=0 fort< T, T+T <t (5b)

In the above expression, the subscript a is 1, pl, p2
or m indicating the active particle He,, photons
from He®, photons from He}(A'E)) or
Hel'(a’Z!), respectively. The notation T
(>T;, Ty, Ty or Ty)is a time when the secondary
electrons, emitted by the collision of active parti-
cles with cathode, induce new avalanches and
0,(T) is the total charge induced in the avalanches
at the time 7.

2.3. Electric charges induced in electron avalanches

The total electric charges induced on the anode
is a sum of charges in electron avalanches caused
by primary electrons, which are created by an in-
cident radiation, and those by secondary electrons,
which are emitted by collisions of the active par-
ticles with the cathode,

O(T) = Qod(T) + Qi(T) + O (T) + Opa(T)
+ Ou(T), (6)

where Oy is defined in Eq. (1) and Oi(T), O (T),
O (T) and Oy (T) are defined in Eq. (5). Using the
step function 0(¢), the charges Oi(T) and O (T)
are, respectively, expressed by

O(T) = RO(T — T,)0(T — T), (7)
Qpl(T) = RplQ(T - Te)H(T - Te)» (8)

where R; is defined as the probability of the sec-
ondary electron emission caused by helium ion
cluster He and R, is defined as that caused by
photons from excited helium He" [14]. The prob-
abilities R; and Ry, are, respectively, given by

R = GT, 9)
Rp1 = GPpl'gplel- (10)

In the above expressions, G is the gas gain and I’; is
the second Townsend ionization coefficient of the
positive ion. The parameter P, is the relative
population of He" per ionization event in an ava-
lanche, ¢, is a ratio of the reaction rate of the
photon production to that of all decaying pro-
cesses for He" and I’y is the second Townsend
ionization coefficient for the photons [9].

As discussed before, the lifetime of He™(2!S) is
of the order of us in helium gas at the normal
condition. However, the frequency of the collision
processes (2a) and (3a) becomes smaller at 4.2 K
and the lifetime becomes much longer than that at
room temperature. As a consequence, Hej(A'X))
produced from He™(2!S) has a time spread of the
order of 100 us and new electron avalanches in-
duced also have a spread of the same order. The
rate of Hej(A'X)) produced at a time ¢, later after
the production of He™(2!S) is expressed by
(1/Tp) exp(—t,/Tp), where Tp is an average of the
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time spread. Since the photons from Hej(A'X))
induce electron avalanches at a time 7, later, the
total time delay is the sum of T; and 7,,. The electric
charge induced in avalanches at a time T + T + ¢,
is approximately given by

an(T + T + 1) = RpnO(T)py (1), (11)
where

1 t
zMﬂ=ifw<—ﬁ)- (12)
Eq. (11) is transformed as
(T 1p) = RpQ(T — Te — 1p)pp (1), (13)

where R, is defined as the average number of
electron avalanches caused by Hej;(A'X)),

Rp2 = GszngFpZa (14)

where Py, ¢, and I', are similarly defined as those
in Eq. (9). The total charge O,,(7) at a time T is
given by an integral of Eq. (11) with regard to ¢,

%AmzRﬂlfegr—n—m%mww
—T. —t,)dt,. (15)

For simplicity in calculation, this integral is
transformed into a summation as

(T—Te)/Ar]
On(T) =R Y O(T — T — kA1)f, (k)
k=0

% O(T — T, — kA1), (16)

1 (k+1)At x
So(k) :Fp/k exp <—F)dx. (17)

At P

Similar to He;(A'Z), HeY'(a’Z ) is also produced
through the collisional reaction (4) with a time
spread of the order of 100 ps. As discussed in
Section 2.2.4, HeY' (a’X}) travels to the cathode by
diffusion. Since the diffusion time is the order of 1-
10 ms, which is much larger than the time spread, a
time delay of the after-pulse is approximately gi-
ven by the diffusion time Ty. The total charge
caused by He'(a’X)) is expressed as

%mz&AQUJW“MWT
— Tv)dTy, (18)

b 1 nb?
Pn(1) :ﬁmexp <—@) (19)

The function p,,(¢) is the probability density of the
diffusion current of Hel'(a*2}) near cathode at a
time ¢. The parameter b is the radius of the cathode
and D is the diffusion coefficient of He}'(a*2}) in
helium gas. By transforming the integral in Eq.
(18) into summation, we obtain

\.(T_Tm)/AtJ

> O(T — Ty — kAt (k)

k=0

X O(T — Ty — kAt),  (20)

b T+ (k+1)At 1 h?
S (k) ~RD /Tm+kAt t37€XP (—@)dh
(21)

Ry = Gngmrma (22)

where Ty is replaced by Ty, + kAt. The parameter
T 1s defined as the shortest time in which
Hel'(a’Z]) created near the anode arrive at the
cathode. Parameters in Eq. (22) are similarly de-
fined as those in Eq. (10).

2.4. Total current from HFPC

Corresponding to the total electric charges gi-
ven by Eq. (6), the electric current from HFPC is
expressed as

|2/ At]
Ity = Io(t) + > {is(kAt, 1) + iy (KA, 1)
k=0
+ ipa (kAL 1) + i (kAL T) }, (23a)
2/Ad]
=lo() + > {i(kAt,1) + iy (kAL 1) }
k=0
[(=Te) /A [(t=Tm)/ At

+ Y Jmlkn+
k=0 k=0

Jm(k, 1), (23b)
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where /y(¢) is given by Eq. (1) and (T, ¢), i,1(7, 1),
ipo(T,t) and iy (T,t) are given by Eq. (5). The
currents iy (k,¢) and iy(k,t) in Eq. (23a) are re-
formed to j(k,t) and ju(k,¢) in Eq. (23b) ac-
cording to Egs. (16) and (20), respectively. An
explicit expression of j(k,t) is given by

Jp2(k,t) =0 for t < kAt, (24a)

_ “’*“f’“ RpQKBOS(S) s
‘= t—n—(k-i-S)At"— TO
for T. + kAt < t < T, + kAt + T;,
[(=Tc)/At]—k szQ(kAt) p(S)
t—n—(k+S)At+To

s=[(-=Te=Ty) /At —k+1
for T. + kAt + T < t. (24c)

The current jy, (k, ¢) is obtained by replacing T, R,
and f,(s) in Eq. (24) with T, Ry and fi(s), re-
spectively.

2.5. Output voltage from a charge-sensitive pream-
plifier

When the delta function is fed to a charge-sen-
sitive preamplifier, its transfer function is given by

1 1
W(p; impulsive) = — ————, 25
(ps impulsive) = = 29)
where 77 is the time constant of the preamplifier
and C; is the capacitance of feed-back loop [12].
Then, the impulsive response of the preamplifier is
expressed by

W(t) = —Cifexp< ! ) (26)

e

For the total current from HFPC, i.e. (¢) given by
Eq. (23), the output voltage of the preamplifier,
V(t), is expressed by

Vo) =[] e ()

. Cif exp (_ %) /Ot exp (%>I(x)dx, (27)

where the symbol ® indicates the convolution be-
tween W(¢) and I(¢f). The explicit expression of
V(t) is

L(~T5) /A
Vi) =1+ Y RQ(kAt)v(kAL 1)

k=0
[(t-Te)/At]
+ Y QUA){Ryrve(kA, 1)

k=0
+ Rpvy (kAL 1) }

[(t=Tm)/At]
+ ROk Af) v (KA, 1), (28)

k=0

where V;(¢) is given by
() = 2 exp (—t+ TO)

G Ti
t+Ty
x/ O a5 o<ren  (209)
Ty
B QO t+ TO
e eXp T;
Ti+To
></ wds i<t (290)
T

0

The functions v,(T,¢), v,(T,¢) and vy, (7,¢) in Eq.
(27) are

w(T,6)=0 0<¢<T, (30a)

—leX l‘*T‘i’TQ
G P Ty

t—T+Ty
X / exp(s/ ) (30b)
T

Y N

T <t<T+T,

L (1= T+T
G P T;

Ti+Ty
X / exp(s/ 1) 4 (30c)
T

o N

T+T <t

wo(T,0) =0 0<¢<T, (31a)

7iex t=T+T
G p T;

[(t—=T—T)/At] -1
kAt
X Z Jo(k)exp <T>
k=0 f
(—Ty—T—kAI+T,
. exp(s/Ti)
T

o N
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T<t<T+T, (31b)

_1eX t—T+T,
e P T;

[~ Te~T=T}) /|1
. kAt
x{ ) MMW(—)

k=0 T;
Ti+Ty
" / exp(s/Tr) ds
Ty §
[(t—T.—T)/At]-1 kAt
+ Z fo(k) exp (T)
k=(-Te—T—T)/At) f
(—To—T—kAL+T)
</ exls/T )
To s
T+7T <t (31c)

The expression of v, (T,¢) is similar to that of
vp(T, 1), which is obtained by replacing f,(k) and
T. in Eq. (31) with f,,(k) and T;,, respectively.

3. Apparatus and experiment

The counter assembly employed in this work is
the same as that in the previous work [9] except
that nickel is used as a cathode material instead of
stainless steel. The preamplifier is commercially
available, i.e. CANBERRA 2003T; its decay time
constant is 290 ps. We have observed voltage sig-
nals from the preamplifier as a function of the
helium gas density, dy., and the anode voltage, V.
These outputs have been registered in the digital
oscilloscope (Tektronix TDS-220). Incident radi-
ation is 5.3-MeV o-rays from a 2'°Po source
mounted inside a small collimator, as seen in Fig. 1
of [9]; the direction of a-ray beam is parallel to
anode wire. The pulse rate of a-rays is about 1 s7!.

The signals observed are given in Figs. 1 and 2:
dye, 10.6 Torr at 4.2 K; V,, 1100, 1200, 1250 and
1300 V. Fig. 1 shows the whole pulse shapes of the
signals while Fig. 2 shows their rise parts. It is seen
in both figures that there appear after-pulses as
bumps, of which the time delay is about 200-250
ps in Fig. 1 and about 2 ps in Fig. 2.

The electric discharges observed as a function of
gas density are given in Fig. 3: dy., 10.6, 21 and 32
Torr at 4.2 K. The discharge curve cannot be ex-

045 ———

0.3

0.25

0.2

D
/

) )
14
/(/

7
\

[/

Pulse Height [V]

0.15

1100V k
e,

.

[ —

100 200 300 400 500 600 700
Time [usec]

o
=3
o

Fig. 1. Output signals observed with dy, = 10.6 Torr at 4.2 K;
after-pulses appearing at about 200-250 ps later are caused by
the collision of positive helium ion clusters He, with cathode
materials.

pressed as a single exponential; the curve is decon-
voluted by some exponentials, as described in the

previous work [12]. Note that the increasing rate of
the curve becomes larger when dy is increased.

4. Data analysis
4.1. Output pulse

According to Section 2.2.4, the new electron
avalanches by HeY' (a’%]) are induced several ms

1300V

03 — - —
) ‘ 1250V
Y o02s . — 1
=
3
; 0.2 _ ) ‘7,
: ' .
0.15 1200V

0.1 ‘
1100V
|

-2.0 [ 2.0 4.0 6.0 8.0 100 120 140 16.0 180
Time [usec]

Fig. 2. Rising edges of output signals observed with dy. = 10.6
Torr at 4.2 K; after-pulses appearing at about 2 ps are caused
by non-resonance photons from the radiative transitions of
highly excited helium atoms He".
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Pulse Height [V]

10.6 Torr
21 Torr

2 — - 32 Torr

-4.00 -3.00 -2.00 -1.00 0.00 1.00
Time [msec]

Fig. 3. Self-sustained electric discharge observed with
dye = 10.6, 21 and 32 Torr at 4.2 K.

later after the start time of radiation signals.
Therefore, the last term in Eq. (27), which corre-
sponds to the output voltage caused by
Hel'(a’Z[), can be neglected in the theoretical
simulation for a pulse of radiation signal. The
values of R,i, Ry, and R; have been determined by
reproducing experimental pulses with Eq. (27). In
Figs. 4 and 5 typical results of the present simu-
lation are shown. The experimental data are given
by closed circles while the simulation result is
shown by solid curves: the anode voltage ¥, 1300

T T T
* Experimental Data

— Simulation

Pulse Height [V]
o
o

o~
—
) \f;‘w

0 200 400 600 800

Time [ sec]

Fig. 4. Simulation for the signal pulse observed with ¥, = 1300
V and dy. = 10.6 Torr at 4.2 K. The simulation curve is divided
into main pulse and after-pulses: (a) main pulse; (b) after-pulse
by helium ion clusters He!; (c) after-pulse by photons from
excited helium atom He"; (d) after-pulse by photons from He]
(A'E)).

V; the helium gas density djye, 10.6 Torrat 4.2 K. A
whole pulse is given in Fig. 4 while a rising edge is
given in Fig. 5. It is seen that the output pulses
observed agree well with the simulation result.
Small differences appearing at the bumps in Fig. 4
and also at the rising edge (0-1 ps) in Fig. 5 are
caused by the time fluctuation in the drift of cluster
ions and electrons, respectively.

The output pulses can be divided into main
pulse and after-pulses. Curve (a) in Figs. 4 and 5 is
the main pulse by primary electrons, curve (b) is
the after-pulse by helium ion clusters He,", curve
(c) is that by photons from excited helium He" and
curve (d) is that by photons from excited helium
HeZ(AIZI ). The values of R, Ry, and R;, deter-
mined by the simulation, are given by Table 1.
These values increase with increasing anode volt-
age, as expected. The value of Ry, is larger than
those of R, and R;, indicating that the photons
from He;(A'S]) give a larger influence to the
creation of secondary electrons than other active
particles, i.e. the photons from He"(n > 3) and the
cluster ions He; .

The time spread for the creation of
He;(A'X)), Tp, discussed in Section 2.3, has been
estimated to be 180 ps from the present simulation.
The relative error of Tp is 20-30%, which corre-
sponds to the uncertainty of +0.01 for R,i, Ry

* Experimental Data

0.2He
— Simulation

Pulse Height [V]

T
o 5 10 15 20
Time [z sec]

Fig. 5. Simulation for the rising edge of the signal pulse ob-
served with ¥V, = 1300 V and dyg. = 10.6 Torr at 4.2 K. The
simulation curve is divided into main pulse and after-pulses: (a)
main pulse; (c) after-pulse by photons from excited helium atom
He"; (d) after-pulse by photons from Hej (A'ZH).
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Table 1
Results of the present simulation (gas temperature: 4.2 K)

Pressure Anode T. T Ry Ry R; Ry? R®

(Torr) voltage (V) (us) (ps)

10.6 1200 2.0 260 0.07 0.11 0.05 - -
1250 2.0 250 0.09 0.20 0.08 - -
1300° 2.0 240 0.14 0.23 0.13 ~0.50 ~1.0

21 1300 2.4 470 0.06 0.18 0.07 - -
1400 2.4 440 0.11 0.20 0.17 - -
1430° 2.4 425 0.12 0.21 0.20 ~0.47 ~1.0

32 1400 3.0 645 0.05 0.14 0.06 - -
1500 3.0 600 0.08 0.19 0.10 - -
1550° 3.0 590 0.12 0.30 0.25 ~0.33 ~1.0

4 Estimated from (1 — R, — Ry, — R)).
"R =Ry + Rpp + Ri + R,
¢ Maximum available anode voltage, V..

and R;. As shown by curve (d) in Fig. 4, the rising
edge of the after-pulse by Hej(A'Z) is very slow
because of the large time spread, T},.

When the sum of the electron emission proba-
bilities, i.e. R (=R + Ry + Ry + Rm), becomes
larger than unity, the electric discharge takes place.
In the present work, the signal pulses have been
observed by applying the maximum available an-
ode voltage, V;,.x, which does not induce the elec-
tric discharge but certainly induces the discharge
by being made higher by about 10 V. Therefore, R
is nearly unity for the signal pulses observed at
Vo = Vmax. Thus, the R, values at V, = V.« can be
deduced as

Ry ~1—(Rpyi + Ry + Ry). (32)

The values of R, are also listed in Table 1.

4.2. Electric discharge

The last term in Eq. (27) should be taken into
account in order to calculate a theoretical shape of
an electric discharge. The experimentally observed
discharge shape (closed circle) and the simulation
results (solid curves) for V, =1300 V and
dy. = 10.6 Torr at 4.2 K are shown in Fig. 6. Since
the diffusion coefficient D for Hel'(a*X}), which is
necessary to estimate the last term, has not been

reported, the value is assumed to be a reasonable
value, i.e. 6 x 1072 m?/s, in the present work. The
values of R,1, Ry, and R; used in the simulation are
0.14, 0.23 and 0.13, respectively, as seen in Table 1.
The four curves in Fig. 6 are the simulation results
obtained with R, = 0.55, 0.60, 0.65 and 0.70, re-
spectively. All curves are approximately expressed
as an exponential function when the time is suffi-
ciently large. The difference between the experi-
mental data and the simulation is apparently large;

R=0.13

R,,=0.14
R,,=0.23

* Experimental Data

— Simulation

Pulse Height [V]

40 60 80

Time [msec]

Fig. 6. Simulations for the electric discharge observed with
V,=1300 V and dy. = 10.6 Torr at 4.2 K. All simulation
curves, which have been calculated with R, = 0.55, 0.60, 0.65
and 0.70, do not agree with the experimental data.
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the experimental curve increases much more rap-
idly than all the curves. This indicates that the
present model for the electric discharge is not
sufficient and there may exist another mechanism
to induce the discharge. A possible mechanism is
discussed later.

5. Discussion

We have tried to estimate the parameters P, ¢
and I in the expressions of Ri, Rpi, Ry and Ry,
i.e. Egs. (9), (10), (14) and (22), respectively. It is
possible to perform such an estimation for the R
values obtained at ¥V, = V.. Typical results for
dye = 10.6 Torr at 4.2 K are listed in Table 2.
Results for other densities, i.e. dy. =21 and 32

Table 2
Estimation for parameters in Ri, Rpi, Ry, and Ry,

Parameters Probable values
42 K Room temp.
(10.6 Torr) (760 Torr)
G 2002 5.6
Ri|= Gl 0.13° 0.72¢
I; 2.5x 1073 0.13¢
Rip[= GPhiep Tpl] 0.14° 1x10°°
P, 0.2-0.4" 0.2-0.4"
&p1 0.1¢ 1 x 1073
Iy 0.01¢ 0.012
Ry [= GPpepnl o) 0.23b 0.06
55 0.1 0.1f
& 0.1°¢ 0.1°¢
FpZ Old Old
Rm [E GPpmgpmrpm] OSb 022
Pn 0.2f 0.2
&m 1¢ 1¢
I'n 0.01¢ 0.2"
“Ref. [8].

®The present simulation.
¢The rough estimation.
dRef. [9].

°Refs. [23,24].

fRef. [22].

ERef. [25].

D Ref. [26].

Torr at 4.2 K, are almost the same as that for
dye = 10.6 Torr.

The values of I'i, Py, &1, I'p1, Py, P and I'y,
in Table 2 were discussed in the previous work [9].
Since the energy of photons from Hej(A'X)) is
considerably larger than that from He", I'y, is
roughly estimated to be 0.1 comparing with the
value of 0.01 for I'p;. Then, epn(= Rp2/G/Pp/I'p)
at 4.2 K is calculated to be 0.1. The & is ap-
proximately given by

j‘p
- 33
&2 Jp + Do’ (33)

where /, is the sum of the reaction rates of colli-
sions (2a) and (3a) and D, is the rate of other
competing processes. The value of 2, is about 10°
s~ at room temperature, while it is estimated to be
1/(180 x 107%) ~ 5.56 x 10° at 4.2 K because of
T, = 180 ps. The parameter D, at 4.2 K is calcu-
lated to be 0.9 4,(T =4.2 K) ~ 5 x 10 by using
Eq. (31c¢). If D, does not depend on the temper-
ature, g, at room temperature is estimated to be 1.
Assuming that all of He™ (23S) are turned to
HeY'(a’%)), ey and I'y, at 4.2 K are estimated to be
1 and 0.01, respectively. Similar to &y, &, at room
temperature equals to 1. The gas gain G and the R
values at room temperature have also been esti-
mated from the results for P, ¢ and I' values.

As seen from Table 2, R; and R, at room
temperature are considerably larger than R, and
Ry». This indicates that the operation of HFPC at
room temperature is mainly harmed by positive
ions He! and metastable molecules He}'(a’%))
rather than photons from He* and Hej(A'X)). On
the other hand, all R values at 4.2 K are the same
order of 0.1-0.5, indicating that all active particles
result in the unstable operation of the HFPC at 4.2
K. The parameter R; is decreased at 4.2 K while
Ry is increased. These changes in R; values come
from the suppression of atom-atom or atom-
molecular collisional processes at 4.2 K, as dis-
cussed in the previous work [9]. The decrease in R;
at 4.2 K results from the decrease in I';, which is
caused by the formation of helium ion clusters
[16]. Using Egs. (9), (10), (14) and (22), the maxi-
mum available gas gain at room temperature is
calculated to be 5.6, which is considerably smaller
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than that at 4.2 K. The favorable increase of the
gas gain at 4.2 K mainly comes from the decrease
in I';. The present results in Table 2 clearly show
that the unstable operation of the HFPC at 4.2 K
is caused by large values of Ry and Ry, which
result from the creation of a large amount of
Hej(A'Z)) and HeJ'(a’Z)) in electron avalanches,
respectively. Note that these excited molecules are
produced from metastable atoms, i.e. He™(2!S)
and He™(23S).

In the simple model for the HFPC operation
described in Section 1, all of He™ (23S) created in
electron avalanches changes to Hel' (a*2") through
collisions with helium gas atoms, i.e. &, =1. The
metastable molecules Hej'(a’X}) diffuse to the
cathode where they emit electrons with a probability
I',(= ~0.01) at 4.2 K. However, the present sim-
ulation of electric discharge in the model does not
agree with the experimental data, indicating that
triplet metastables He™(2'S) and Hel'(a’X!) may
have other channels to decay or decompose in the
electron avalanches, where the densities of the
metastables and electrons are relatively high.

Thus, the triplet metastables He™(2’S) and
He}'(a’%}) may create positive ions and electrons
or emit photons through the collisions with other
metastables or electrons. The higher the anode
voltage becomes, the more metastables are created
and then their collisional reactions cannot be ig-
nored. Electrons or photons created by the above
collisional reactions promote the electric dis-
charge. At the high gas density, the diffusion ve-
locity of Heb'(a’%]) becomes smaller and many of
them stay near the anode for a longer time. The
rates of collisional reaction described above be-
come higher, and photons and electrons are emit-
ted with higher probabilities in high gas density.
Further study for the collisional ionization of
He™(2°S) and HeY'(a’X) is apparently necessary
to understand the electric discharge.

6. Conclusion

A model proposed in our previous work [9]
indicated that the operation of HFPC is harmed
by four active particles: helium ion clusters He,
photons from excited helium atoms He*, photons

from excited helium molecules Hej(A'X)) and
metastable helium molecules HeJ'(a’%)). As a re-
sult of simulating the signal pulses in the present
work, it has been proved that the former three
particles form the after-pulses, as shown by Figs. 4
and 5. The parameters R, and R,, were not esti-
mated in the previous works while Ry, has been
determined from the present simulation. Further-
more, R, at the maximum available voltage V..
has been estimated from Eq. (31b). However, the
behavior of the triplet metastables He™(23S) and
Hel'(a’Z]) in the HFPC operation is still not
clear. Taking account of other possible atomic and
molecular processes for the metastables, we are
now examining the electric discharge with the
simulation method.

One of the possible applications for the cryogenic
helium-filled proportional counter is a new type of
neutron position detector. In the *He-filled counter,
which is intensively employed as a neutron counter,
a thermal neutron produces a proton, p, and a tri-
tium, *H, through the nuclear reaction. The range of
pis much longer than that of 3H, which causes a gap
between the position of the reaction and that of the
center of p and *H. This gap determines the limit of
the position resolution. The way to improve the
position resolution of the *He-filled proportional
counter is to increase the gas density in the counter.
It may be possible to obtain the high position res-
olution of about 1 mm by using the *He-filled pro-
portional counter at 4.2 K with high gas density of
40 atm at room temperature. Since the cross-section
of the nuclear reaction is very large, we can use a gas
mixture of “He and *He. We are now examining the
performance of HFPC at 4.2 K with gas densities
corresponding to 20—60 atm at room temperature.
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