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Energy Resolution of Xenon Proportional Counters:
Monte Carlo Simulation and Experimental Results

P. J. B. M. Rachinhas, T. H. V. T. Dias, A. D. Stauffer, F. P. Santos, and C. A. N. Conde

Abstract— The gas multiplication factor }/ and energy res-
olution R of xenon gas cylindrical proportional counters are
investigated experimentally and calculated theoretically using
a Monte Carlo technique to simulate the growth of single-
electron-initiated avalanches. A good agreement is found between
calculated and experimental data.

The experimental and the calculated results are presented as a
function of the reduced voltage X and the reduced anode radius
Na, where N is the number density and « the anode radius. The
Monte Carlo results for the intrinsic energy resolution R;,: are
discussed in terms of the parameter f which characterizes the
statistical fluctuations of the avalanche gains.

The present calculations have revealed that there is an intrinsic
dependence of f on the critical value S. of the reduced electric
field at the onset of multiplication. This has enabled the param-
eterization of f and of the intrinsic energy resolution Ri.: in
terms of the reduced voltage K only and has explained why, for
a given range of operating values for A/, energy resolution in a
cylindrical proportional counter is improved for thinner anode
wires and lower pressures. '

I. INTRODUCTION

AS-FILLED proportional counters have been used for

more than four decades in various areas of experimental
physics as well as in other areas of science and technol-
ogy, such as in environmental studies, the mining industry,
medicine, etc., where the detection of ionizing radiations is
required [1].

The understanding of the working mechanisms involved
in this type of radiation detector has been the subject of a
continued research effort, and its main characteristics—the
energy resolution R and gas multiplication factor M —have
been thoroughly investigated [2]-[12].

The energy resolution depends upon many technical factors,
like anode wire nonuniformity, attachment of electrons to
impurities, and amplifier noise, whose control can keep the
value of R to a minimum [5]. There are intrinsic factors,
however, that put an ultimate limit on the achievable energy
resolution [3]-[6], such as the statistical fluctuations in the
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number of primary electrons (characterized by the so-called
Fano factor, F'), the mean energy to produce a primary
electron, w, and the statistical fluctuations, o4, in the gain
A (number of electrons at the anode) of each avalanche
initiated by a single primary electron. These fluctuations are
characterized by the parameter f, defined as
f
M2
where M, the multiplication factor, is the mean value of
the single-electron avalanche gain A. For an ionizing ra-
diation of energy F,, the intrinsic energy resolution R
of a proportional counter—a theoretical lower limit to the
achievable experimental energy resolution—is given in terms
of the parameters F', f, and w by [1]

(D

(F—i—f)w.

o @

Rint (%) = 235

The behavior of the parameters F' and w with incident
radiation energy is characteristic of the gas and has been inves-
tigated in earlier work for X rays in xenon using Monte Carlo
simulation [13]-[16]. The statistical fluctuations parameter f,
which depends not only on the gas but also on the operational
conditions of the detector, is the dominant factor in the energy
resolution of proportional counters and is the subject of this
paper.

The purpose of the present work is to describe and discuss
in detail the factors which affect the energy resolution in
xenon gas cylindrical proportional counters, using Monte Carlo
simulation together with experimental measurements. It will
be shown that the dependence of f—and hence of R—on the
multiplication factor M, anode wire radius a, and pressure
p is inherently connected with the critical reduced electric
field S. = (E/N). defined as the ratio, at the onset of
multiplication, of the electric field E to the gas number density
N. A dependency of S, f, and R on the reduced anode voltage
K = V/In(c/a) is found, where V is the applied voltage and
¢/a is the cathode-to-anode radius ratio.

The Monte Carlo simulation method is summarized in
Section II, and the experimental setup is described in Section
III. Monte Carlo calculated and measured experimental results
will be presented and discussed in Section IV.

The range of operation investigated in this work comprises
multiplication factors from M ~ 10 to M ~ 10000.

Two different anode wire radii are considered in the ex-
periments and in the calculations. Experimental results were
always taken at 760 Torr, but Monte Carlo simulation data
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TABLE I
Na VALUES USED IN THIS WORK AND CORRESPONDING
ANODE RADIUS AND PRESSURE OF THE Gas At T = 20°C

Na 0.066 0.250 0.626 1.190
17 -2

(107 em™) oMC ® MC oMc B MC

A Exp O Exp

a (um) 10 10 475 475

p (Torr) 200 760 400 760

includes calculations at two lower pressures as well. The
corresponding values for the reduced anode radius, Na, are
listed in Table I

As indicated in Table I, throughout this work the symbols
o,e,[], and ® will be used to distinguish the Monte Carlo data
at the four different Na values, and the symbols A and < are
reserved for the experimental data, taken at two of these Na
values. A series of points with same symbol will correspond
to results for a range of values of the multiplication factor M.

II. MONTE CARLO METHOD

Single-electron-initiated avalanches in the cylindrically
symmetric electric field of a proportional counter were
simulated by a Monte Carlo technique, following all electrons
individually to the anode along their various paths determined
by multiple elastic and inelastic collisions in the gas. The
electron scattering cross sections in xenon used in this work
have been described in earlier publications [15].

A null collision technique was used to determine the time
of flight of the electrons between successive collisions with
the background neutral gas atoms. Between collisions, the
equations of motion of the electrons are integrated in six-
dimensional phase space by the fast “leap-frog” numerical
method [17]. The type of collision—elastic, excitation, or
ionization—is decided according to the corresponding inte-
gral scattering cross sections. When excitation occurs, partial
excitation cross sections are used to decide among 13 excited
states. The higher excited state is allowed to undergo Horn-
beck—Molnar ionization according to a pressure dependent
probability [18]. The angular distribution of the electrons
scattered in elastic and excitation collisions is determined
by angular-differential cross sections. For ionizing collisions,
isotropy is assumed for the emission of the two electrons,
and the energy partition between them follows an energy-
differential cross section.

Space charge effects are neglected, as well as secondary pro-
cesses in the gas such as electron recombination or attachment
to the gas molecules.

All the Monte Carlo calculated results presented in this work
were obtained by averaging over a sample of ~5000 single-
electron-initiated avalanches. Single electrons were released at
a radial position r¢ such that S(rg) = 15 Td! (a value below
the multiplication threshold under uniform field condition),

117d =107 Vem?.
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Fig. 1. Block diagram of the experimental setup.

with an energy randomly chosen between O and 5 eV and
an isotropic angular distribution.

The errors for the calculated results are estimated to be at
most 2% for the multiplication factor M and reduced critical
field S, and 4% for the statistical fluctuations parameter f.

In an earlier paper [19], preliminary results for single-
electron-initiated avalanches simulated by a Monte Carlo
method were presented. The present model, however, leads
to a much better agreement with the experimentally measured
multiplication factors. A full description will be included in
a later publication.

III. EXPERIMENTAL SYSTEM

The experimental results described in this work were ob-
tained with a 20-cm-long stainless steel cylindrical propor-
tional counter with an inner radius of 2.55 cm and a tungsten
anode wire. The measurements were made using 10 and 47.5
pm radius anode wires, with the smaller gauge being gold
coated. The counter was filled with pure xenon (N45) at 760
Torr, T = 20°C. The gas was continuously purified with SAES
ST707 getters. The entrance window was cut at the midpoint of
the cathode and sealed with a 25-pm-thick Kapton film. In all
measurements, the incident x-ray energy was F, = 5.9 keV,
the K,-fluorescence x-rays from a %°Fe radioactive source
(~200 counts/s), whose K z-line was filtered with a Cr foil.

The experimental setup is schematically shown in Fig. 1.
To enable the monitoring of the absolute charge gain during
anode signal data acquisition, a signal of known amplitude
from a pulse generator model BNC PB-3 is fed into the test
input of a HP5554A charge-sensitive preamplifier through
a Cyp = 1.0 pF precision capacitor. The output from the
preamplifier goes into a linear amplifier of the type HP5582A,
where the integration and differentiation time constants were
set at 5 s for all measurements. The signals proceeding from
the proportional counter and from the pulse generator were
recorded simultaneously in a Nucleus PCA II multichannel
analyzer. The centroid position, peak amplitudes, and energy
resolution of the measured pulse-height distributions were
obtained by fitting these distributions with a Gaussian function
superimposed on a linear background.

IV. RESULTS AND DISCUSSION

Under a uniform electric field E°, a swarm of electrons
can, in principle, reach a state of hydrodynamical equilibrium
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Fig. 2. Reduced electric field S as a function of reduced
radial distance Nr, for a given K and two Na values

((Na)1 = .066,(Na)s = .250 x 1017 cm~2, K = 115 Volt).

in the gas, which can be described by the value of the reduced
electric field S° = E°/N only.

In the cylindrical geometry of a proportional counter, how-
ever, where the reduced electric field S(Nr) = E(r)/N has
a spatial variation given by

V 1

1 Vv
5= In(c/a) Nr Nr

N7 With Kzr(c/a) 3

S can vary rapidly with the reduced radial distance Nr,
especially when Nr is small, and the electrons are observed to
lag behind the equilibrium condition—a lag connected to the
electric field gradient. Therefore, the state of the electrons must
now be described not only by the value of S, but also by the
reduced field gradient, gradS = 8S/8(Nr) = —K/(Nr)? =
—S5%/K or, equivalently, the local state at any reduced radial
position Nr can be described in terms of the reduced anode
voltage K only [9], [20].

‘We wish to emphasize the fact that the operational parameter
K fully characterizes the way an avalanche develops toward
the anode within the cylindrical proportional counter, since for
a given K, the reduced field S and its gradient are uniquely
defined as a function of the reduced radial distance Nr, from
Ncto Na. For a fixed K, the extension of an avalanche will
be controlled by the magnitude of the reduced anode radius
Na, as this value determines the reduced radial distances
that the electrons must travel to reach the anode. This is
illustrated in Fig. 2, where two partially coincident S(Nr)
curves—corresponding to two distinct Na values but the same
K—are depicted.

From the above, we can assert that any physical quantity
defineable in the cylindrical proportional counter will be
uniquely specified by the two operational variables K and Na,
i.e., by the reduced anode voltage and radius. Locally defined
quantities, such as the reduced electric field S, at the onset
of multiplication, are expected to depend on K only, while
quantities whose value depends on the entire development of

=K
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the avalanche, such as the global results M or f, are expected
to depend not only on K but also on Na.

Throughout this section, we will be describing our Monte
Carlo simulation results for the multiplication factor M, the
critical reduced electric field S., the statistical fluctuations
parameter f, and the energy resolution R, discussing these
quantities in terms of the reduced anode voltage K and radius
Na.

Experimental results for M and R will also be presented
and compared with the calculated data.

As will be seen later, an important result of the present sim-
ulation is that, for the M range investigated in this work, the
statistical fluctuations parameter f appears to be independent
of Na, ie., f can be characterized by K only.

A. Multiplication Factor M

The results obtained experimentally for the multiplication
factor M with the proportional counter described in the
previous section are shown in Fig. 3 as a function of the
reduced anode voltage K. These M values are obtained from

__Q
T eE,/w

S

where () is the mean value of the charge collected at the anode
and e is the charge of the electron. Note that n = F, /w is
the number of primary electrons produced per absorbed X-
ray photon. To obtain the value of @, the channel number m
corresponding to the centroid position of each 5.9 keV pulse-
height distribution was converted to the equivalent charge @
through

Q= )
¢mo

where Vy is the amplitude of the signal from the pulse
generator and my is the corresponding channel number in the
multichannel analyzer. The factors ( and (o, were introduced
to correct the amplitude of the signals from the proportional
counter and the pulse generator for the attenuation effect
caused by the finite magnitude of the linear amplifier time
constant 7], [9], [21]-[23], using the value 0.45 cm?2 V~1g~!
for the ion mobility [22]. A value of w = 22.4 eV [14],
[15] was assumed at 5.9 keV and used in (4). An error of
~5% is estimated for the experimental M values shown in
Fig. 3, with the main contribution arising from the charge
calibration procedure. In addition, we estimate a systematic
contribution of ~3%, related to the choice of w in (4). In
fact, the calculated w-value is expected to become larger if
the possibility of Xe inner-shell electron-impact ionization
together with associative and transfer ionization processes is
introduced into our simulation model which yields values for
w [18], [24], [25].

The Monte Carlo values for the multiplication factor M are
also included in Fig. 3.

Both the experimental and the calculated results show
that M is an increasing function of K for any Na value.
Where comparisons can be made (i.e., at Na = 0.250 and
1.190 x 10" cm—2), a good agreement is observed, especially
for the 10 pm anode, although in both cases the agreement is
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Fig. 3. Experimental (A, <) and Monte Carlo simulation (o, e, O, ®) results
for the multiplication factor M as a function of reduced anode voltage K,
for different reduced anode radii Na.

poorer for the lower M values. We think this reflects the effect
of the lower signal-to-noise ratio in this region, as the observed
discrepancies are not likely to be related to secondary effects
such as recombination—a negligible effect at the pressure
used—or space charge—which according to an analysis based
on the work of [26] and [27] would cause a gain shift lower
than 2% for our counting rate and gas amplification range.

We must emphasize that, with M being a global quantity,
it depends on K and on Na. Note that the different M values
obtained for a given K reflect the amount of multiplication
occurring in the different reduced distances traveled by the
electrons to reach the anode as the reduced anode radius Na
varies; see Fig. 2.

B. Critical Reduced Electric Field S, at
the Onset of Multiplication

In Fig. 4, the Monte Carlo S. values are represented as a
function of the reduced anode voltage K, for all four reduced
anode radius Na.

As it was expected, we verify that S. depends on K but
not on Na, since all points, irrespective of their Na value, are
joined in one common curve. Moreover it is observed that S,
decreases with increasing K.

We will now try to clarify why S. is a decreasing function
of K.

For that purpose we will make use of the specific example
in Fig. 5, which portrays two situations taken from the Monte
Carlo results at Na = 1.190 x 1017 cm~?2 (series represented
by symbol m). The full curves 1 and 2 represent S(Nr)
for two K values, with Ko < K;. The calculated S, values
belonging to each S(Nr) curve are pointed out, and we see
that S.o > S.1, in conformity with Fig. 4. The dotted curves
represent the corresponding gradients gradS(NT).

If we look into the gradS curves, we verify that for
any given S value in the two S(Nr) curves, we have
(gradS)s/(gradS); = Ki1/Kg>1, as exemplified by the
vertical dotted lines. As a larger value of field gradient will
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Fig. 4. Monte Carlo simulation results for the reduced critical electric field
Sc as a function of the reduced anode voltage I, for different reduced anode
radii Na.
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Fig. 5. Reduced electric field S (—) and magnitude of gradS (- - -)

for a fixed reduced anode radius Na and two distinct K values
(Na =1.190 10’7 cm~2, K} = 429.5, K2 = 334.1 Volt), as a function of
reduced radial distance Nr. The Monte Carlo value for the reduced critical
field S, for each situation is pointed out on the two S(Nr). curves.

always be associated with a wider lag behind the equilibrium
for the electrons, the onset of multiplication will naturally
occur later in the field for the case of the S(Nr) curve with
the lower K. Thus it is understandable that S., > S, and that
S, is a decreasing function of the reduced anode voltage K.

C. Statistical Fluctuations Parameter f

In Fig. 6, we represent the Monte Carlo values for parameter
f as a function of S, for the four Na values investigated.

We observe that the higher fluctuations f are associated with
the lower S, values. Furthermore, Fig. 6 reveals that all data
points fall on a common curve. This important result indicates
that, for the S, range investigated (lower than ~200 Td), the
statistical fluctuations parameter f appears to be controllied
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Fig. 6. Monte Carlo values f and f° for the statistical fluctuations parameter
of the avalanche gain: i) f(o, o, ], and M) values were calculated in cylindrical
field geometry and are represented as a function of the critical reduced
electric field Sc; ii) fO(+) were calculated in uniform field geometry and
are represented as a function of the reduced uniform electric field SU (the
dotted line is a simple guide to the eye). The value SO ~ 18 Td indicated by
an arrow is the critical reduced field for the uniform field geometry [28].

by the first stages of electron multiplication only. This is
ascertained by the resemblance of f(S.) with the behavior
of the statistical fluctuations f°(S°) calculated for a uniform
electric field S°; see again Fig. 6. Note that S, is always higher
than SS, the onset of multiplication for the case of uniform
field, also marked in Fig. 6.

Recalling that, as we stated before, S. is characteristic
of a given K in a cylindrical field geometry, we reach the
conclusion that, for the K and Na ranges investigated, f will
also be uniquely defined for a given K value, i.e., although f
is a global quantity, it will be independent of the Na value.

This is verified in Fig. 7, where we plot the Monte Carlo f
results as a function of the reduced anode voltage K, for the
four Na values. This figure shows indeed that all the calculated
f data points appear joined in one common curve, i.e., f is
found to depend on anode voltage K only.

Moreover, we see that f is an increasing function of K. This
behavior of f is easy to justify, if we recall that our calculated
results have shown that higher fluctuations are associated with
lower S, values (see Fig. 6) and that in turn a lower S, was
found to be associated with a higher K (see Fig. 4).

D. Energy Resolution R

In Fig. 8 the intrinsic energy resolution R;, at 5.9 keV
calculated via our Monte Carlo simulation is represented as a
function of reduced anode voltage K, for the usual four Na
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Fig. 7. Monte Carlo simulation results for the statistical fluctuations param-

eter f of the avalanche gain as a function of reduced anode voltage K, for
different reduced anode radii Na.
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Fig. 8. Experimental values for the energy resolution Rexp(A, &)
and Monte Carlo simulation results for the intrinsic energy resolution
Rint(0,e,00,m) as a function of the reduced anode voltage K, for different
reduced anode radii Na and for an x-ray energy E, = 5.9 keV.

values. Riy, was deduced from (2) using the values F' = 0.3
and w = 22.4 eV [14], [15] together with the results for f(K)
shown in Fig. 7.

Fig. 8 includes as well the experimental results for the
energy resolution Rexp, which were measured at two of the Na
values with the experimental system described in Section III.

We see that in general R;,, deteriorates as K increases, a
behavior which directly reflects the increase in the calculated
f(K) results shown in Fig. 7.

The experimental energy resolution R,y exhibits a similar
tendency as K increases and approaches to within ~5% and
~8% of the calculated values for R;,, at the correspond-
ing Na values. The degradation perceived for the thicker
anode is possibly due to the poorer surface finishing of
this nongold-coated anode wire (a rough calculation indicates
that a variation of ~0.5% in the anode radius will cause a
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~3% variation in gain, which is expected to degrade R,
appreciably [5], [29]). On the other hand, we also expect an
improved agreement between Ry, and iy, once revised
w-values are available from our more elaborate simulation
planned for the near future.

As K becomes lower in each of the two series of the
experimental results, the accuracy of the measured values of
Reyp deteriorates due to the broadening of the pulse-height
distributions by the effect of low signal-to-noise ratios. This
is illustrated in Fig. 8 by the increasing deviation of Reyp
from the approximate straight line behavior for the intrinsic
resolution predicted by our simulated results.

Recalling that M increases with K for each Na value
(see Fig. 3), Fig. 8 also shows that energy resolution tends to
deteriorate with increasing M, a behavior commonly observed
in experimental work with proportional counters [1], [6].

Finally, we observe in Fig. 8 that the four series of cal-
culated data points—symbols o, e, [], @ —appear in line from
left to right in a sequence which corresponds to increasing Na.
In fact, as can be seen from Fig. 3, for a fixed value of M the
smaller values of Na correspond to smaller values of K and
hence of R. This behavior, which is obviously connected with
the behavior of f(K) in Fig. 7, establishes the justification for
the experimentally observed effect that the energy resolution
for a given M operating value is improved when lower
pressures or/and thinner anode wires are used in a cylindrical
proportional counter, i.e., when Na is lowered. This effect was
verified in our experimental results—symbols A, {—taken at
760 Torr, which show a better energy resolution for the thinner
anode wire. Likewise, an improvement of R with a decrease
of pressure and anode wire radius has been observed by [10]
and [11] for a 22 keV X-ray energy using a square section Xe
proportional counter. The same effect was predicted for the
case of Ar by [2] and [3].

Besides the technical limits imposed on the achievable
minimum Na reduced anode radius, however, the ultimate
energy resolution is expected to be also inherently limited by
some lower bound on the parameter f. In our Monte Carlo
calculations under uniform electric field, to be discussed in a
later publication, this limit was found to be f° ~ 0.2.

Moreover, at low enough Na values, electrons can spiral
significantly around the anode before being collected, as we
have already observed with the present Monte Carlo model
(below Na ~ 0.025 x 1017 cm~?), and although this effect
was not investigated in the present work, it may have some
influence on energy resolution.

We plan to extend our work in the future to the promising
field of microstrip gas detectors, investigating detectors with
smaller Na values as well as different gas fillings, such as
Penning mixtures.

V. CONCLUSIONS

We have shown that the detailed Monte Carlo simulation
model we developed produces very good predictions for the
multiplication factor, M, and the energy resolution, R, in
xenon-filled cylindrical proportional counters. A good agree-
ment was found between the calculated and the experimental
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results for M, and it was found that the experimental energy
resolution at 5.9 keV measured at 760 Torr for 10 and 47.5
um anode radii approaches very closely the calculated intrinsic
values.

The intrinsic energy resolution is discussed in terms of
the parameter f which describes the statistical fluctuations in
the number of electrons in single-electron-initiated avalanches.
The parameter f is calculated using a Monte Carlo simulation
of the growth of avalanches in xenon for a cylindrical electric
field geometry.

It was found that the dependence of f on the currently used
variables—multiplication factor, anode wire radius, and gas
pressure—is intrinsically connected with the critical reduced
electric field S. defined at the onset of multiplication.

The Monte Carlo results for .S, and f have shown that these
are intrinsic characteristics of the development of an electron
avalanche, i.e., of the reduced anode voltage K = V/1n(c/a),
and a dependence of S. and f on K was demonstrated. The
experimentally observed dependence of energy resolution on
pressure and anode wire radius was explained in terms of the
behavior of f(K).

Se(K) and f(K) do not in principle depend on the X-ray
energy absorbed in the detector, but are expected to change
with the nature of the gas used in the detector. Although
the calculated intrinsic energy resolution was shown for 5.9
keV X rays only (to compare with the experimental results),
it can be estimated for other X-ray energies using (2), if the
presently reported Monte Carlo values for f(K) in xenon are
used together with the Fano factor /' and the w values at the
required energy and for the same gas [14], [15].
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