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Abstract

In the present work the electric discharge of the helium-filled proportional counter (HFPC) at liquid helium tem-
perature (4.2 K), which is used as an electron detector in the cryogenic resonance-electron Mossbauer spectroscopy has
been studied both experimentally and theoretically. The analysis for observed discharge current has revealed that non-
resonance radiations from excited helium atoms, which are created in electron avalanches near the anode, play a
dominant role to initiate the electric discharge. A theoretical treatment for the current multiplication in discharge is also

described. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Resonance-electron Mossbauer spectroscopy
(REMS) or conversion-electron Mossbauer spec-
troscopy (CEMYS) is one of the important methods
for the study of surface layer of metals, alloys and
chemical compounds including iron, tin and eu-
ropium [1-4]. The helium-filled proportional
counter (HFPC) is often applied to detect elec-
trons resonantly scattered from samples in the
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REMS measurement performed at low tempera-
tures near 4.2 K [3-7]. A main feature of HFPC is
that its proportional region is very narrow; the
available maximum gas gain is the order of 10* at
the low temperatures [8—10]. The operation with
higher gas gains is limited by the self-sustained
electric discharge, which is always initiated at a
certain threshold of anode voltage depending on
density and temperature of helium gas.

A systematic investigation on the electric dis-
charge is clearly necessary to understand more in
detail the operation of HFPC and to develop a
new HFPC with gas gains higher than 10%, if
possible. We report here some results obtained by
our recent study on the electric discharge in
HFPC. In Section 2, some prior knowledge on the

0168-583X/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.

PII: S0168-583X(99)00547-9



S. Masaoka et al. | Nucl. Instr. and Meth. in Phys. Res. B 160 (2000) 172-181 173

discharge are given to explain the motivation of
the present work. In Section 3, the experimental
procedure to observe the electric discharge is de-
scribed in brief. The method to analyze the dis-
charge signal and experimental results are given in
Section 4. A theoretical treatment for the dis-
charge and comparison between experiment and
theory are given in Section 5. The mechanism of
the discharge is discussed in Section 6. Some future
works are suggested in Section 7.

2. Condition of electric discharge

Many active particles such as photons, positive
ions and metastables are produced in electron av-
alanches near the anode wire. When a part of such
particles collides with a cathode material, electrons
are emitted with a certain probability. These sec-
ondary electrons drift to the anode and there in-
duce new electron avalanches. Therefore, the
number of electron avalanches is successively in-
creased if the number of secondary electrons
emitted from the cathode is larger than unit per
avalanche. This process is called current multipli-
cation in electric discharge.

In the present case with helium gas at normal
condition, i.e., 760 Torr at room temperature,
most of the helium metastables, He™(2's) and
He™(2%s), are de-excited to the ground state by
colliding with normal helium atoms He (1's).
Therefore, the contribution of the metastables to
the secondary electron emission is negligibly
small.

Thus, a condition to bring out the current
multiplication is given by

RP+R1>1. (1)

In the above expression, R, is defined as the
number of secondary electrons per avalanche,
which are emitted through the collision of the ac-
tive photons with cathode materials. This param-
eter is related to the second Townsend ionization
coefficient of the photons I, i.e., a probability
with which an active photon emits an electron
through the collision with cathode [11]:

R, = N, T, (2)

where N, is the number of the active photons per
avalanche. For the positive ions, we obtain

R; = NI, (3)

where R;, N; and I are defined similarly to R,,, N,
and I',, respectively.

At room temperature, a counter filled with pure
helium gas does not operate in the proportional
region with enough gas gains. Helium ions, He™,
produced in an electron avalanche are immediately
changed to molecular helium ions He;. The ion-
ization coefficient I'; for He; is 0.13 at room
temperature [12]. This value is so large as to gen-
erate the electric discharge at gas gains near 10.
Positive helium ion clusters He, (n > 10) are
formed in the drift of Hej from anode to cathode
at low temperatures near 4.2 K; the coefficient I'; is
decreased to ~ 1073 by the formation of the cluster
ions at the low temperatures [10]. This is a main
reason why HFPC operates at the low tempera-
tures.

Since almost all positive ions created in an av-
alanche arrive at the cathode, an average of N, in
Eq. (3) nearly equals to the gas gain G. If the
electric discharge at the low temperatures is caused
by the positive ion clusters, i.e., R; > 1, the maxi-
mum gas gain G, (> 1/T7) is of the order of 10°.
On the contrary, our previous experiments indicate
that Gy is near 10 [8—10]. This strongly implies
that the secondary electron emission in HFPC is
caused not only by the positive helium ions but
also the contribution from the active photons is to
be taken into consideration. The motivation of the
present work is to make clear the role of the active
photons in the electric discharge of HFPC.

3. Experiment

A layout of HFPC is shown in Fig. 1. The an-
ode (A) is a 30-um diameter gold-plated tungsten
wire and the cathode (CA) is a 25-mm diame-
terx 76-mm long stainless steel pipe. In order to
lower the distortion of the electric field inside the
counter, field tubes (FT, I-mm diameter X 7-mm
length) are mounted at both ends of the anode.
The high voltage is fed into the anode through a
glass feed through (G). Insulators (I) between the
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Fig. 1. Layout of the helium-filled proportional counter: A,
anode (30-um diameter gold-plated tungsten wire); CA, cathode
(25-mm diameter X 76-mm long stainless steel pipe); WH, 8-mm
diameter hole in the cathode cylinder; S, '°Po source on 20-um
thick aluminum foil; FT, field tube; G, glass feedthrough; I,
Teflon insulator; H, aluminum holder; V, stainless steel vessel;
GI, gas inlet (3-mm diameter stainless steel pipe); FL, brass
flange; CC, coaxial cable.

anode and the cathode are made of Teflon. The
counter is fixed on a flange (FL) by an aluminum
holder (H) and put in a stainless steel vessel (V)
sealed by an indium wire. The signal cable (CC)
consists of a copper wire (0.2-mm diameter), a
Teflon pipe (3.0-mm outer diameter and 0.5-mm
thickness) and a stainless steel pipe (4.0-mm di-
ameter and 0.5-mm thickness). The length of the
cable is about 1 m and its capacitance is about 50
pF. The preamplifier used is a commercially
available one, CANBERRA 2003T, of which the
nominal noise (FWHM, Si) is 2.0 keV with no

in Phys. Res. B 160 (2000) 172—-181

Fig. 2. Layout of the cryostat to mount the helium-filled pro-
portional counter: GI, gas inlet; C1, connector assembly to pick
up radiation signals; C2, connecter assembly for thermocouple
and others; V1, valve for helium pumping; V2, vacuum valve;
HT, liquid helium tank; NT, liquid nitrogen tank; G, glass
feedthrough; AP, helium-filled proportional counter.

capacitance and the decay time constant is 250 ps.
The counter assembly is mounted at the bottom of
a cryostat, as shown in Fig. 2. The counter and the
vessel (V) in Fig. 1 were cleaned with acetone and
ethanol in an ultrasonic washer, and then evacu-
ated to 1075-107% Torr for about 10 h. Impurities
in helium, e.g., water, were carefully adsorbed by
molecular sieves which were cooled at liquid ni-
trogen temperature. Through a 3-mm diameter
stainless steel pipe (GI in Figs. 1 and 2), the pu-
rified helium was introduced in HFPC at normal
condition, i.e., with a pressure of 760 Torr at room
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temperature (300 K). After sealing a small valve at
the top of the pipe GI, the HFPC was cooled down
to liquid helium temperature (4.2 K) by filling the
tank HT (in Fig. 2) with liquid helium. The gas
density of helium in the HFPC is estimated to be
2.45 x 10" cm™ in the present work.

The energy of o particles from 2'°Po is 5.3 MeV.
An o source was prepared by electroplating >'°Po
on an aluminum foil with a thickness of 20 um and
a diameter of 25 mm; the radioactive area is in a
diameter of 5 mm at the center of the foil and the
intensity is ~ 10 Bq. The 10-mm diameter hole
(WH in Fig. 1) at the middle of the cathode cyl-
inder was covered with the source foil, of which
the active surface looked inside the cylinder. The
pulse rate of the o particles was about 2-3 s~!. The
range of 5.3 MeV o rays is 20.8 cm at the normal
condition of helium gas. The energy loss of o
particles in the helium gas layer of 2.5 cm, which
equals to the diameter of HFPC, is about 0.63
MeV. This energy is high enough to detect without
the gas amplification of HFPC, i.e., G = 1.

15
10 (a)
3
=
w 0
Q |
= I
3 s |
= |
-10 | |
| |
- > ¢+—> |<————>
region | | region Il region Il
0.6 | |
. 04
<
: (b)
— 0.2
P
w |
o
o |
S 0
o | |
| |
-0.2 | |
] | | |1 |
0

-200 -100 100 200 300 400

TIME [msec]

Fig. 3. Voltage and current signals of electric discharge: (a)
discharge signal observed with the charge-sensitive preamplifier;
(b) discharge current from HFPC, which is deduced from the
discharge signal using the approximate transfer function of the
preamplifier.

The voltage signal of the electric discharge ob-
served with the preamplifier is given by Fig. 3(a).
This discharge always takes place when the anode
voltage becomes higher than a threshold value,
1200 V in the present case. The discharge cannot
be suppressed unless the anode voltage is de-
creased down below 500 V. The output current
from HFPC, rather than the output voltage from
preamplifier, is necessary to examine the electric
discharge directly. The result for the output cur-
rent is given by Fig. 3(b), which was deduced by
the method explained in Section 4.

4. Analysis for the discharge signal
4.1. Transfer function of the preamplifier

The transfer function of the preamplifier can be
obtained by examining its impulsive and indential
responses [13]. The impulsive response of charge-
sensitive preamplifier is defined as the voltage
output when the delta-function current is fed into
a preamplifier. Since the delta-function current is
equivalent to the step-function voltage for the in-
put of charge-sensitive preamplifier, the impulsive
response was obtained by feeding the step-function
voltage into a preamplifier. The impulsive response
was found to be an exponential with a decay time
of 71 =269 £+ 11 us, which is consistent with the
nominal value given by CANBERRA, i.e., 250 ps.
According to the theory of Laplace transformation
[13], the transfer function is given by

A

W (p; impulsive) = ——
(p p ) p+1/‘El

(4)

where A4 is a constant value.

The indential response is defined as the voltage
output when the step-function current is fed into a
preamplifier. The indential response was obtained
by feeding a linearly increasing voltage into the
preamplifier; note that the linearly increasing
voltage is equivalent to the step-function current
for the input of charge-sensitive preamplifier. The
observed response was an exponential with a decay
time of 1, = 19.3 £ 1 ps. The transfer function is
then given by
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bp (5)

W (p; indential) = ———
(p ) p+ l/‘C2

where B is a constant value.

Egs. (4) and (5) indicate that the preamplifier
works as an integration circuit in the frequency
region of w > 1/7;(= 3700 s!) and as a differen-
tiating circuit in the region of m > 1/1,(= 52 s71),
respectively. The approximate expression of the
work function is given by a product of Egs. (4) and

(5):
W(p) = W(p; impulsive) - W(p; indential)

1 1 p
= — s 6
Cp+1l/up+1/n (6)

where C; is the feed-back capacitance of the
charge-sensitive preamplifier. A simplified circuit
composition of the preamplifier is shown by Fig. 4.
The constant term (1/C;) in Eq. (6) is deduced
from an additional condition; when p becomes
large, W(p) approaches to the transfer function of
the feed-back circuit in the preamplifier, i.e.,
1

1
w 1 - 7
P — arge)—>cfp+1/r1 (7)

Note that Eq. (6) is an approximate form of the

transfer function, which is not precise enough in
the frequency region of 52 < w < 3700 s~!.

4.2. Output current from HFPC

The Laplace transform of the output voltage
from the preamplifier, V(p), is given by

p i 7 s
] ] '
| Ce H
R ! A% T,-RaCa |
HFEC c, 5 R . 3
g — [N / : .
i I(p) l/ : V(p)
7 T, = R G, ! T,=Re Ct 3‘
. ! R, > !
preamplifier ‘
__________________________________ :
;AA

Fig. 4. A simplified circuit composition to deduce the approx-
imate transfer function of the charge-sensitive preamplifier.

Vip) = W(p)(p), (8)

where I(p) is the Laplace transform of the output
current from HFPC. Using Eq. (8), I(p) is deduced
as

1) =52
:QP+(%+%)+§53V@. )

The output current /(f) as a function of time is
given by the inverse Laplace transformation of

1(p):
I(t) = Cf[dZ—Et)Jr ( ! +i>V(t)

T T2

1 t
+_

T1T2 Jo

v (s) ds} . (10)

Using Eq. (10), the discharge signal shown by Fig.
3(a) was transformed to the output current from
HFPC, which is given by Fig. 3(b).

4.3. Gross structure of the discharge current

The output current I(¢) from HFPC can be di-
vided into three regions as seen in Fig. 3(b). The
current increases exponentially in region I and
then discontinuously falls down. In region II, the
current increases very gradually approaching to a
constant level. After about 200 ms from the fall-
down, the current repeats the steep fall-down and
raise-up, as seen in region III. The current value
becomes negative at some instances in this region.
This inconsistency may be caused by the approx-
imation in deducing the transfer function given by
Eq. (6).

The exponential increase in region I is caused
by the current multiplication, as discussed in Sec-
tion 2. It is clear that relation (1) holds good in this
region.

The number of electron avalanches on the an-
ode wire keep increasing in the current multipli-
cation process until the surface of anode is
completely covered with avalanches. The output
current is discontinuously decreased by the stop of
the multiplication process, as seen at the end of
region I. Then the current increases gradually by
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adjusting the size and the surface density of ava-
lanches on the anode. This adjustment results in an
equilibrium current, which corresponds to an ap-
proaching constant current in region II.

The repetition of the steep fall-down and raise-
up in region III has not been understood well in
the present work. Helium gas in HFPC is warmed
up by the comparatively large current in region II.
The formation of molecular helium ion clusters
He, is very sensitive to the temperature of helium
gas. As the gas temperature is increased, the size n
of ion clusters decreases. This results in the in-
crease of the ionization coefficient I'; in Eq. (3).
The behavior in the region III is probably caused
by the rise of gas temperature.

4.4. Fit for the current multiplication curve

The curve shape of the current multiplication
was determined by the non-linear least squares fit
[14]. The best fit was obtained with two exponen-
tial components, as shown in Fig. 5; the increase of
one component is much slower than that of other
component. The result is expressed as

1(t) = Asexp (Ast) + Arexp (Agt). (11)

177

The first term in the right side is the slow com-
ponent of which parameters are given by

Ay =0.16 £0.01 pA, (12a)
Js=0.68+0.02ms". (12b)
The second term is the fast component with

Ar = 0.124+0.01 pA, (13a)
Jr=813+£0.0l ms' (13b)

5. A theoretical treatment for the current multipli-
cation

5.1. Formulation

The photons produced in the avalanche travel
to the cathode in a very short time while the drift
time of positive ions, 7}, to cathode is ~ 350 ps in
the present case, as discussed later. The secondary
electrons emitted from the cathode drift to the
anode where they generate new electron avalanch-
es; the drift time of electrons from the cathode to

CURRENT [ A]

o

| N A

-2.0

-1.5

-1.0 0.0

TIME [msec]

Fig. 5. The best fit for the current multiplication curve; the curve is resolved to two exponentials.
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anode, T., is the order of 1 us. Successive ava-

lanches in the current multiplication take place as

follows:

1. An avalanche with a size of Gy is initiated at a
time ¢ = 0.

2. New avalanches with a size of R, Gy is generated
by the photons at ¢t = T, and the other new av-
alanches with the size of R;Gy is generated by
the positive ions at ¢ = T;, where R, and R
are given by Eqgs. (2) and (3), respectively.

3. After the avalanches produced by the process
(2), new avalanches are successively generated;
the avalanche caused by the photons has a size
R, time smaller and a time delay of Ti(~ us)
while that caused by the positive ions has a size
R; times smaller and a delay of Ti(~ ps).

4. The process (3) is repeated successively.

As seen in Appendix A, total charges produced
in the current multiplication is expressed by

_ - s p(n—s)N;+k (I’l - S)]Vl +k+s
Aq(n, k) = eGO;RiRp < p )

(14)

where

X
(¥)
1s the combination to select x from the ensemble X,
e the charge of electron and n, k and N; are defined
in Appendix A.

In Fig. 6 are shown results of Ag(n, k) estimated
with some R, and R; values with a condition of
R, +R; = 1.01; T, and T; are fixed to 1 and 300 ps,
respectively. The oscillation in the curves of
Aq(n,k) results from the large time delay
Ti(~ 350 ps) caused by the drift of positive ions. In
the condition of R, + R; = constant, the oscillation
becomes more intense with increasing R;. It is also
seen that Ag(nm,k) approaches to a single expo-
nential, exp(/ ¢), of which the coefficient A strongly
depends on the combination of R, and R;; 4 is
larger as R, increases in the condition of
R, + R; = constant.

The average current in each time interval 7; is
given by

P00t gf;oég /;5;0%95; ittt
- 103? Te=1 usec - E
g 102%— Ti=300 wusec Ri=0.07
Ll i =
e
* T1AA
o LA n L |

TIME [msec]

Fig. 6. Theoretical simulation for the current multiplication in the electric discharge obtained with various combinations of the pa-
rameters R, and R;; the sum of R, and R; is set to 1.01 in the simulation.
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i ZAan eGOZRVR” IN,

N L S)N; + s+ k (15)
k
< )Rp.
k=0

when R’S’i ~ 0, i,y(n) is approximated as

G o0
i (1) NeTORf' n;i;k)R,];
L =0
o eGo R

— 16
T{ (1 7Rp)”+1 ( )

From this equation, an approximate form of the
coefficient 4 is derived as

1 R,
l:ﬁln<l_Rp>. (17)

5.2. Comparison with experimental results

In our previous work [10], the drift time of
positive ions T; and R; defined by Eq. (3) was de-
termined to be 320-380 and 0.088-0.307 s, re-
spectively, at 5-8 K, depending on the applied
voltage. The drift time of electrons 7, is the order
of 1 us, but we have not a reliable value for T..
Fixing 7; to 350 ps and R; to 0.15, the coefficient A
for various R, and T, values has been estimated
with Eq. (15). In Fig. 7 are given the results; the
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Fig. 7. Calculated results of the coefficient 4 as function of R,
and T,; other parameters R; and 7; are fixed to 0.15 and 350 ps,
respectively. Each curve corresponds to 7; values from 1.0 to
2.0 ps.

range of variables is 0.86-1.1 for R, and 1.0-2.0 ps
for T..

The experimental value of A presently deter-
mined is 0.68 m s~! for the slow component and
8.13 m s7! for the fast component, as shown in
Fig. 5. According to the estimation with Eq. (15),
the R, value corresponding to the slow component
is 0.88 and that corresponding to the fast compo-
nent is equal to or very near to unity. On the other
hand, the R; value is ~ 0.20, which has been de-
duced from the analysis of after-pulses observed at
4.2 K just before the electric discharge. These re-
sults indicates that, the contribution of the active
photons to the electron multiplication process at
4.2 K is considerably larger than that of the pos-
itive ions.

6. Discussions

In addition to electron avalanches by electrons
created in the primary ionization of incident ra-
diations, avalanches by secondary electrons, which
are produced by collisions of the active photons
and the positive ions with cathode, also contribute
to the output current in the proportional region of
HFPC. Avalanches caused by the positive ions
appear as the after-pulses in the output of charge-
sensitive preamplifier. On the other hand, ava-
lanches caused by the active photons overlap on
avalanches by the primary ionization. In our pre-
vious works, the gas gain G was measured as a
function of anode voltage, e.g., Fig. 5 in Ref. [10].
Now, it is clear that the quantity measured is not G
but G/(1 — R,), which contains the contribution
from avalanches caused by the active photons. As
long as R, is measured independently, it is not
possible to deduce a pure gas gain curve. One of
the probable methods to obtain R, as a function of
anode voltage is to analyze the rise part of the
output signal in the proportional operation. Thus,
it is essentially important to know the R, value for
further understanding the counter operation of
HFPC.

Many kinds of photons are emitted through
various collision processes between electrons and
helium atoms in electron avalanches. The active
photons, which harm the counter operation, are
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limited to a part of photons created by the colli-
sions, as discussed below. A lot of highly-excited
helium atoms He* are produced by the collision of
electron with normal helium He(1's) in electron
avalanches. One of decay channels for He* is the
de-excitation by collision with normal helium, in
which He* decays to low-lying excited states such
as 2'p, 2°p, 2's and 23s or the ground state 1's. The
other decay channel of He* is radiative transitions.
Non-resonance radiations are emitted through the
decay to the low-lying excited states while reso-
nance radiations are emitted through that to the
ground state. Since resonance radiations are im-
prisoned in pure helium gas layer [15,16], they
cannot reach to the cathode of HFPC. The prob-
ability for the decay of He* by the emission of non-
resonance radiations is much smaller than that by
other processes, e.g., collisional de-excitations.
Although the number of these radiations created
in an avalanche is relatively small, their activities
in the counter operation cannot be neglected.
Without being absorbed by the helium gas layer,
they can reach to the cathode and there emit
photoelectrons; their energy is 0 ~ 4 ¢V. There are
the other channels to emit non-resonance radia-
tions with higher energies (~ 10 eV) from the de-
cay of excited molecular helium Hej(A'Z}) [17],
which is produced by the collisional de-excitation
of metastable He™(2's). However, the contribution
of the photon from Hej(A'Z)) to the counter
operation may be negligible because of its small
photon emission rate at low temperatures.

It is now concluded that the active photons
capable of harming the counter operation mainly
consist of the non-resonance radiations emitted by
the decay of He* to low-lying excited states.
Therefore, a cathode material with high work
function such as nickel metal may be helpful to
suppress the discharge in HFPC.

7. Concluding remarks

The current multiplication in electric discharge
of HFPC is promoted by active particles created
in the electron avalanche, i.e., non-resonance
photons and positive helium ion clusters. The
present analysis has revealed that R,(~ 1) is much

larger than R;(~ 0.2), indicating that the non-
resonance radiations play a main role in electric
discharge. As shown in Section 4.4., the current
multiplication in electric discharge takes place
through two steps; the process is initiated as the
slow component when R(= R, + R;) is a little over
unity, i.e., R = 1.03 in the present case, and then
changes from slow to fast component with
R, ~ 1. However, the mechanism of the change
has not been revealed in the present work. A
further study for the electric discharge is clearly
necessary.

It is expected that the counter operation and the
electric discharge mainly depends on the amount
of non-resonance photons created in an electron
avalanche and the size of helium ion clusters at the
cathode. These quantities are sensitively changed
by both density and temperature of helium gas.
We are planning a new experiment, in which both
output and discharge signals from the preamplifier
are examined as functions of gas density and
temperature.

It is also desirable to understand the operation
of HFPC and the discharge in it from the stand-
point of atomic and molecular collision processes
of helium. For this purpose, we are making a new
model to describe the gas gain of proportional
counter operation and the current multiplication
in electric discharge using various data of collision
processes in helium gas.

Appendix A. Theoretical curve of the electron
multiplication in discharge

As illustrated in Fig. 8, the time ¢ is divided into
n blocks with an interval 7; and the residue
(t —nT;) is further divided into k blocks with an
interval Tp:

n= 1/, (A1)

k= [(t=nT)/ T}, (A2)

where |X /x| means the integer part of the quotient
X/x. In one time interval of T}, the electron emis-
sion caused by the active photons repeats N; times:

Ni = T/ T} (A.3)
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Fig. 8. An illustration for showing a procedure to deduce the
theoretical curve of the electron multiplication in electric dis-
charge.

Through the repeated electron emission by the
photons, the charge eG,, which appears at ¢t = 0,
generates new charges Aq(0,k) at t = nT; + kT,

nN; + k

Ag(0,k) = eGoRIM* = ( )

)RgNi+k. (A.4)

In the second block (n=1) of T,<¢ < 2T, the
electron emission by the positive ions takes place
after 7} after the emission by the photon in the first
block (n=0) of 0<¢ < T;. Each emission by the
ions induces the successive emissions by the pho-
tons as similar to the case of the first block. The
charge at t = nT; + kT., which is generated by the
emissions in the second block is expressed by

Aq(1,k) = eGoRiRénil)N‘Jrk ( (n— l)Nll +hk+1 )

(A.5)

Similarly, the charge corresponding to the sth
block is

_ s p(n—s)N;+k (I’l *S)M‘Fkﬁ*s
Aq(s, k) = eGoR{R™"" ( s :
(A.6)
For the total charge at t = nT; + kT., we obtain
AQ(n,k) = eGy Y Aq(s, k), (A7)
5s=0

of which the explicit expression is given by Eq. (14)
in the text.
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