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A Portable Gamma-Ray Spectrometer Using Compressed Xenon*

G. J. Mahler, B. Yu, G. C. Smith, W. R. Kane and J. R. Lemley
Brookhaven National Laboratory, Upton, NY 11973-5000

Abstract

An ionization chamber using compressed xenon has been
designed and built for gamma-ray spectrometry. The device is
based on signal measurement from a parallel plate detector,
with the gas enclosure constructed specifically for packaging
into a portable instrument; thus, appropriate engineering prac-
tices using ASME codes have been followed. The portable sys-
tem comprises two small containers that can be setup for op-
eration in just a few minutes. Its sensitivity is 100 keV to over
1 MeV, with a resolution at 662 keV of 2.5% FWHM for uni-
form irradiation, and 2% FWHM for collimated irradiation,
comparable to the best ever with compressed xenon. It also
exhibits greater specificity than most scintillators, such as Nal.
The device is insensitive to neutron damage and has a low power
requirement.

I. INTRODUCTION

Gamma-ray spectrometry is important in many diverse
fields. In nuclear safeguards, monitoring and identifying
of materials such as uranium and piutonium fulifils a crucial
role in national programs and international treaties. In
nuclear geophysics, exploration for minerals based on natu-
ral and induced gamma signals is an established technique.
In astronomy, the search for cosmic gamma-lines requires
detectors that can be carried aloft on balloons and satel-
lites. The highest resolution instruments that are readily
available are based on cooled germanium, but the ancillary
equipment required limits the use of germanium in field ap-
plications. For many routine measurements, Nal is cost ef-
fective but has significantly inferior resolution. An increas-
ingly important requirement in certain spectrometry appli-
cations is a device with good energy resolution, that is por-
table, and capable of remote operation. Inevitably, such a
device must have low power consumption. Two techniques
that have the potential to satisfy these criteria are detectors
based on xenon gas and detectors based on CdZnTe. We
present here a description of a portable, compressed xenon
spectrometer that is, we believe, one of a few developments
of this technology to progress from the bench-top to field
use capability.

I1. BACKGROUND

Absorption of a photon in xenon by the photoelectric ef-
fect produces a photoelectron and Auger electrons, which then
thermalize and create a number of electron-ion pairs given by
N = E_ /w, where E is the photon energy, and w is the average
energy required to generate an electron-ion pair. In an ioniza-

* This research was supported by the US Department of Energy: Con-
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tion counter with otherwise perfect characteristics, the fluc-
tuations in N are the limiting factor on energy resolution. These
fluctuations are lower than would be expected from Poisson
statistics because the creation of electron-ion pairs is not a se-
quence of mutually independent events. A correction was de-
veloped by Fano [1], such that the variance of N, instead of
being 6,7 = N, is given by: '
o,2=FN. (1)
This expression shows that relative resolution varies as 1/E *%.
The Fano factor, F, and w, for xenon gas are 0.17 and 21.9 eV,
respectively [2]; taking as a reference point the 662 keV
gamma-ray from Cs!¥, for example, eq. (1) yields 0.56%
FWHM. This excellent (predicted) intrinsic resolution, com-
bined with a high atomic number, shows xenon is an attractive
medium for high-resolution gamma-ray detection. Xenon ex-
hibits a highly nonlinear behavior of density against pressure,
and is very compressible near its critical point, which corre-
sponds to 58 bar, p = 1.1 g/cm’® and 17°C [3]. Some thermody-
namic properties of xenon are shown in figure 1 in the form of
isotherms [4]. These illustrate the remarkable property of xe-
non, that very little increase in pressure occurs, at room tem-
perature, for significant increases in density. Nevertheless,
when engineering a pressure vessel for field operation, due
account must be taken of the large increase in pressure that
occurs with increasing temperature, at a given density.

The design of an ionization chamber suitable for spectrom-
etry with xenon is most conveniently based on electrodes with
cylindrical geometry [5] or electrodes with parallel plate ge-
ometry [6,7,8]. In this initial work we have chosen a parallel
plate design because a linear drift field was necessary for de-
termining some basic characteristics of the system. The fun-
damental design principles of the device are quite simple, with
the important components shown schematically in figure 2. The
sensitive volume is defined by a cathode, two drift-field defin-
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Figure 1. Isotherms of xenon. The detector vessel used in the portable
system contained xenon with p = 0.55 g/cm®.
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Figure 2. Schematic of major components. For portable system,
components within dashed rectangle are in aluminum container, the
remainder are in second container (see fig.8).

ing electrodes, and an anode. Absorption of a photon in the
active volume creates electron-ion pairs; the: electrons then drift
to the anode. In order to prevent pulse amplitude dependence
on conversion depth, and to decrease the clectron signal rise-
time, a Frisch grid [9] 1s placed close to the anode. The elec-
tron signal induced on the anode is collected by a low-noise
charge sensitive preamplifier and shaping amplifier; a pulse
height analyzer records the spectrum.

Electron transport in compressed xenon is extremely sen-
sitive to impurity. Typical requirements ae that electronega-
tive impurities be maintained below 0.5 ppm. In general, pre-
vious workers have identified two levels of performance. The
first level is that which can be attained by using a high-tem-
perature getter and appears to permit good performance up to
densities of about 0.6 g/cm?. Beyond this density other tech-
niques based on titanium spark discharge have been employed
to lower impurity levels further, which in tirn maintains good
performance. A crucial element in the detector design is that
absolutely no organic materials can be used; outgassing of elec-
tronegative vapors even on a small scale will degrade the op-
eration of the detector. '

ITI. APPARATUS
A. Detector

The detector components in figure 2 have been engineered
into a pressure vessel made from a high-strangth titanium-alu-
minum-vanadium alloy (Ti-6Al-4V). All internal electrodes
have been fabricated from either stainless steel, nickel and alu-
minum, and insulators from macor ceramic. The electrode ar-
rangement is shown in figure 3. The base is a 17 cm diameter
flange, 2.9 cm thick, with five 20kV HT feecl-throughs installed
in position using vacuum-brazing technology {10]. The five
main electrodes are each held at five attachiment points on ce-
ramic pillars that are mounted to the baseplate with stainless
steel supports. Notches in the ceramic piliars, together with
wavy washers and split rings, ensure the electrodes are rigidly
held in position. The anode and cathode are stainless steel
plates, while the drift defining electrodes are stainless steel
annuli. The grid consists of electroformed nickel mesh, 1.4 mm
pitch, 90 ym wire width and 25 pm thickness, sandwiched be-
tween ceramic and aluminum annuli. An :mportant require-

ment of the grid is a high level of tautness, which is necessary
to minimize microphonic signals. The 6.4 cm open diameter
of the grid defines the usable area of the device. Cathode-grid
separation is 5.3 cm, and grid-anode separation is 0.7 cm. The
five electrodes are electrically connected to their respective
feed-throughs by stainless steel wire. We define E| as the field
between anode and grid, and E, as the (drift) field between
grid and cathode.

The assembly in figure 3, with a cover installed, completes
the detector (pressure) vessel, which is shown in figure 4. The
entrance window, facing down, is 7.6 cm in diameter and
6.35 mm thick, allowing good gamma transmission above
100 keV. Bolted to the outside of the titanium flange with a
mini-conflat flange is a short length of stainless steel pipe, con-
taining a pressure transducer [11], rupture disk and all-metal
valve. The mini-conflat flange at the other end permits aftach-
ment of the detector to the gas-filling system.

B. Gas-filling system

A gas purification and filling system, based on high-tem-
perature getters [12] has been designed and fabricated, and is
shown schematically in figure 5. It is constructed from Y2 inch
OD stainless steel pipe using orbital welding techniques when-
ever possible; a small number of mini-conflat flanges with cop-
per gaskets are used and valves are of all-metal construction.
Evacuation is accomplished with a molecular drag pump, fol-
lowed by a 60 liter/s Starcell ion pump.

Figure 3. Photograph of internal components of detector vessel,
before cover is in place. Cathode, drift electrodes, grid and anode
are supported by ceramic pillars, in top half of picture.




Figure 4. Photograph of complete detector (pressure) vessel, with
cover bolted to flange (inverted compared to fig. 3).

IV. PREPARATION AND FILLING

The gas-filling system, with detector vessel attached, is
baked out and pumped for several days. Research grade pu-
rity xenon is then transferred from the commercial cylinder to
storage cylinder B. This is carried out by cooling the latter to
liquid nitrogen temperature, where the SVP of xenon is a frac-
tion of a torr. The gas can then be further purified by transfer-
ring the xenon backwards and forwards, using the same cryo-
genic technique, between storage cylinders A /A, and B; each
time the gas makes one pass through the high temperature get-
ters. Gas is finally admitted to the detector by cooling its cover
only to about -74°C, with dry ice and alcohol, which Limits ther-
mal stress to the detector components compared with liquid
nitrogen temperature.

This procedure requires the utmost performance from the
seal between the titanium flange and cover; it must be bakeable
and leak-tight both for UHV and for pressures approaching 60
bar and above. We have tried several commercially available
metal seals; the most reliable operation has been obtained us-
ing a spring-energized metal C-ring [13].

Measurement of the correct density of xenon is a difficult
task, even with a pressure transducer directly on the detector
housing. The isotherms in figure 1 show that, at a given den-
sity, there is a significant temperature dependence on pressure,
which becomes particularly significant above 0.4 g/cm®. Fur-
thermore, the high compressibility of xenon above 0.4 g/cm®
results in density being relatively insensitive to pressure up to
densities of 1.5 g/cm®. These characteristics require that tem-
perature and, particularly, pressure are measured with extreme
accuracy. Instead, we measured the mass of the detector ves-
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Figure 5. Gas purification and filling system.

sel at vacuum, and again with the final xenon filling. This rep-
resented a mass difference of about 1 kg. Mass and volume,
and therefore density, can be determined to at least one per-
cent. A technique has recently been described [14] in which
the dependence of dielectric constant on density is used, a po-
tentially more convenient method.

In general about ten successive passes through the high tem-
perature getter were necessary to obtain the required purity;
preliminary measurements were carried out with the detector
before packaging it into a portable system. Electron drift ve-
locity has been determined as follows. The back-to-back
511 keV gamma-rays from a Na? source were collimated with
one beam directed through the side wall into the detector ves-
sel perpendicular to the drift field, and the opposite beam onto
a Nal scintillator detector. The gamma absorbed by the scintil-
lator produces a prompt start signal, and the gamma absorbed
in the detector produces electrons that drift and reach the an-
ode to provide a stop signal. By probing different regions along
the drift field, these timing measurements yield drift velocity,
shown in figure 6.

Electron lifetime has been determined with the aforemen-
tioned experimental arrangement; Cs'*’ has also been used for
this particular determination. The fraction of electrons sur-
viving after drifting a time, ¢, with a lifetime 7, is given by

f; =7 2)
f,can be determined by measuring the relative drop in anode
pulse height as a function of position along the drift region at
which the beam converts in the detector, and ¢ is determined
from drift velocity. Hence T can be evaluated using eq.(2).

Measurements at 0.55 g/cm®, with E, = 2 kV/cm, yielded a
lifetime of around 5 ms. Thus, the maximum drift time of elec-
trons is about 1% of the electron lifetime, resulting in a maxi-
mum loss of 1% of electrons. Lifetime progressively decreases
as E, decreases; such field dependent lifetime is in agreement
with previous results [6,14]. Moreover, we have found that,
even with E, = 2 kV/cm, electron lifetime drops significantly
below 1 ms for densities in excess of 0.6 g/cm®. These obser-
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Figure 6. Measured electron drift velocity vs electric field.

vations are consistent with those of a recent etailed study [15],
which found that the level of purification required for densi-
ties above about 0.6 g/cm?® is difficult to schieve with high-
temperature getters.

Figure 7 shows a Cs'” pulse height spectrum taken during
the lifetime measurements. Since the collimated gamma-ray
beam is perpendicular to the drift-field, brozdening effects due
to electron lifetime and grid shielding inefficiency are mini-
mized. The FWHM of 2%, or 13.2 keV, is one of the best re-
corded in a compressed xenon detector. Also shown in the
figure is the response to charge injection, from a pulser, of the
electronics, which is seen to contribute just over 8 keV. This
represents one of the main limitations of the detector perfor-
mance, particularly at lower energies.

V. PORTABLE SYSTEM

With a xenon filling of 0.55 g/cm?®, the Jetector vessel has
been incorporated into a portable system which contains the
hardware and controls schematically illustrated in figure 2. A
photograph of the portable system is shown in figure 8. The
aluminum container on the left houses the d:tector, HT capaci-
tors on the four non-ground electrodes, the high voltage relay,
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Figure 7. Anode pulse height spectrum of 662 ke:V gamma-rays from
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Figure 8. Photograph of portable system. Hermetically-sealed
aluminum container, at left, houses detector vessel; detector window
is at opposite end to cable connections. Contents of each container
are shown in fig.2.

and the preamplifier. The second container on the right houses

‘the high voltage supply, timer control, PHA, batteries, and has

space for a laptop computer on which the analyzed spectrum
is displayed. The preliminary measurements from section IV
indicate that a drift-field, E,~ 2 kV/cm, is necessary for high
resolution operation. A field ratio, EIIE2 > 3 allows nearly 100%
transfer of electrons from the drift-region, through the grid, to
the anode. These conditions are satisfied with —15 kV applied
to the cathode (with anode at ground). Since we observed no
evidence of corona, or other high voltage problems, up to
~ 19KV in the initial testing, 15kV was deemed a comfortable
voltage for field operation of the device. A resistive divider
provides appropriate voltages to the drift electrodes and grid.
Even with good filtering, the high voltage supply contributes
some broadening to gamma peaks because of ripple. This is
completely overcome by charging the capacitors attached to
the four non-ground electrodes and performing pulse height
analysis when the supply is switched off. A timer control dis-
ables the PHA for the short charging time (approximately 10s),
which is performed about every half-hour to prevent voltage
droop. The duty cycle is thus very high, and this operational
mode also reduces power consumption.

Figure 9 shows a spectrum from the portable system, under
battery power, that combines the gamma-ray lines from Ba'*,
Cs'¥ and Co®. Trradiation was carried out from the front with
no collimation. The FWHM of the Cs'¥ peak is about 2.5%;
the extra broadening, compared with the side-collimated spec-
trum in figure 7, is due to the combined effects of electron life-
time and shielding inefficiency of the grid. It is believed that
the Co® peaks are broader than expected from a 1/E* relation-
ship because the range of the photoelectron is large enough to
cause ballistic deficit effects due to the finite shaping time.

VI. CONCLUSION

We have described the design and fabrication of a new, por-
table, low-power gamma-ray spectrometer; table 1 shows some
important characteristics. The system can be powered into
operation in just a couple of minutes, and will operate on bat-
teries for several hours. The detection medium is based on




Table 1

Energy Range 100keV to ~1 MeV

Sensitive Volume 160 cm?

Sensitive area 30 cm?

Xenon density  _ 0.55 gfem®

Drift Electric field 2 kV/em

Maximum Electron Drift Time ~50 s

Electron Lifetime About Sms @ 2kV/cm

Energy Resolution @ 662 keV 2.5 % FWHM

Efficiency @ 200keV/662 keV  40%/15% total,
30%/2% photoelectric

Detector Mass 10 kg

Portable System Mass
Power Consumption

Two 20 kg containers
7W (under development: ~ 1W)

compressed xenon, and it has been shown possible to engineer
a pressure vessel according to ASME code suitable for practi-
cal use. The detector vessel has been in operation for over half
a year, and has shown no signs of degradation; this appears to
indicate that the cleanliness and seal integrity of the system
may permit several years of operation. We are presently in-
stalling a new amplifier, PHA and timer control, that will sig-
nificantly reduce the size and mass of the second container. It
will also reduce power consumption of the system to about
1W, permitting battery operation over several days.

The predicted intrinsic resolution of xenon at 662 keV is
just under 0.6% FWHM. The best resolution measured in this
work is 2% (figure 7). The excellent results reported in ref. [15]
provide encouraging experimental evidence that the intrinsic
gas resolution is, indeed, close to the prediction, at least for
densities below 0.6 g/cm3. Our future plans include studies to
reduce further the measured resolution in a practical device;
we-will also investigate the option of using cylindrical counter
geometry [5], which allows more efficient use of xenon in a
given volume.
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