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Improving Spectroscopic Performance
of a Coplanar-Anode High-Pressure
Xenon Gamma-Ray Spectrometer

Scott Douglas Kiff, Student Member, IEEE, Zhong He, Senior Member, IEEE, and Gary C. Tepper

Abstract—High-pressure xenon (HPXe) gas is a desirable radia-
tion detection medium for homeland security applications because
of its good inherent room-temperature energy resolution, potential
for large, efficient devices, and stability over a broad temperature
range. Past work in HPXe has produced large-diameter gridded
ionization chambers with energy resolution at 662 keV between
3.5 and 4% FWHM. However, one major limitation of these detec-
tors is resolution degradation due to Frisch grid microphonics. A
coplanar-anode HPXe detector has been developed as an alterna-
tive to gridded chambers. An investigation of this detector’s energy
resolution is reported in this submission. A simulation package is
used to investigate the contributions of important physical pro-
cesses to the measured photopeak broadening. Experimental data
is presented for pure Xe and Xe + 0.2%H, mixtures, including
an analysis of interaction location effects on the energy spectrum.

Index Terms—Coplanar anodes, gas detectors, high-pressure
xenon, ionization chambers, position sensing, single-polarity
charge sensing.

I. INTRODUCTION

IGH-PRESSURE xenon (HPXe) ionization chambers are
Hexpected to be useful for border security applications due
to their combination of detection efficiency, energy resolution,
insensitivity to large temperature changes, and cost [1], [2]. One
problem inhibiting these chambers is the potential for energy
resolution degradation due to microphonic vibration of tradi-
tionally used Frisch grids. Many efforts have focused on re-
placing the Frisch grid with a functional equivalent, including
rise-time compensation [3], [4], gridless geometries [S]-[7], and
multiple-anode chambers [7]-[9]; one possible solution is the
use of coplanar anodes, which is a subset of the final category.

The coplanar-anode HPXe detector discussed in this sub-
mission has been described in a previous publication [10]; a
schematic is presented in Fig. 1, and Table I lists important
parameters of this detector. The coplanar-anode HPXe chamber
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Fig. 1. Simplified cross-sectional schematics of the detector interior: anode
wires are black, Macor structural material is dark gray, and white areas are filled
with xenon. Top: Side view. Bottom: Cross-sectional view through the central
active volume.

uses twelve 1-mm-diameter anode wires connected to form two
independent anodes. These anodes are operated in coplanar
mode to remove position sensitivity from the measured pulse
amplitudes [11]. In addition, this detector is also capable of
measuring the radial coordinate of gamma-ray interactions
via the sum of the two anode signals, which is a function of
the interaction radius; this capability has been documented in
publication [12].

The coplanar-anode HPXe detector has achieved a mea-
sured energy resolution of 5.5% full-width at half-maximum
(FWHM) at 662 keV using pure Xe. This performance is not
competitive with other chambers of similar diameter, which
usually attain 3.5%—4% or better [13]: one design has a reported
energy resolution of 2.2%, the best published result to date for
such a large chamber. Resolution degradation mechanisms are
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TABLE 1
A SUMMARY OF IMPORTANT DETECTOR PARAMETERS

Parameter Design Value
Central detection volume length 101.6 mm
Cathode diameter 101.6 mm
Anode displacement from central axis 12.7 mm
Anode wire diameter 1.0 mm
Xenon density 0.3 g/cm3

investigated in this submission, and experimental improvements
are implemented to improve the measured energy resolution.
These experimental changes focus on doping the Xe gas with
a Hy cooling admixture to speed electron drift. Cooling ad-
mixtures have been in use since the first HPXe detectors were
tested [14], and can improve the drift velocity at modest electric
field intensities from about 1 mm/us to over 3 mm/ps [15].

II. SIMULATIONS

A. Simulation Methods

The detector simulations incorporate Monte Carlo methods
with electrostatic simulations to create the best possible model
of detector response. The Maxwell 3D electrostatic solver
[16] has been used to simulate the operating electric field and
weighting potential distributions within the detection volume.
In these simulations, —4000 V is applied to the cathode, the
collecting anode is held at +1400 V, and the noncollecting
anode is grounded; these settings reflect typical experimental
values.

The Maxwell 3D results have been used, along with electron
drift velocity data [17], electron-ion recombination data [18]
and electron cloud dimensions [10], to simulate preamplifier
waveforms. These waveforms are shaped using a CR-RC?*
Gaussian filter. Geant4 [19] is used to simulate gamma-ray
transport and interactions for an isotropically-emitting '37Cs
point source centered axially and located 25.4 cm from the
outer surface of the pressure vessel. Electronic noise and Fano
statistics, using the published mean energy loss per ionization
(w = 21.9 eV/ionization) and Fano factor (F' = 0.17) for
compressed xenon gas [20], are also included in the Geant4 cal-
culations. The final simulated energy and radius measurement
[12] are tallied at this point to create energy spectra.

To implement these physical processes in the code, first the
Maxwell 3D results are recorded on a Cartesian mesh (with the
Z-axis parallel to the cylinder’s axis) using spacing [0.2 mm,
0.2 mm, 8.0 mm] in the center region and [0.2 mm, 0.2 mm,
10.0 mm)] in the end regions. Deposited energy is converted to
a discrete number of charge carriers by application of w and F'.
The mean charge loss via recombination for a given gamma-ray
interaction is determined using the data published in [18] and
the electric field intensity at the nearest spatial node; stochastic
treatment is considered by assuming Poisson statistics apply to
the number of recombined electrons. If the size of the electron
cloud is being considered, charge distribution is simplified by
randomly distributing charge uniformly throughout a sphere of
diameter 3.65 mm, the mean cloud diameter for full-energy de-
positions of 662 keV at this gas density [10]. Using 100-ns time
steps, the electrons created in the interaction are transported
using the local electric field intensity and direction, coupled with
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Fig. 2. A comparison of a measured 137 Cs energy spectrum to simulated data
for similar system settings.

the electron drift velocity data of [17]. The weighting potential
data is used at each time step to calculate the induced charge on
the anodes using the Shockley—Ramo theorem [21]. The calcu-
lated anode signals are summed and subtracted for calculation
of the position-independent pulse amplitude and the interaction
radius, as described in [10] and [12]. Pulse filtering is applied to
the anode sum and difference signals using Fourier transforms.

The simulation has been benchmarked against experi-
mental data via a 137Cs energy spectrum with similar system
settings—see Fig. 2. It is clear that the photopeak shape is sim-
ulated correctly, although the experiment exhibits a low-energy
tail that is not predicted by the simulations. It is possible that
this is because x-ray escape is not considered in the modeling.
Also, the Compton continuum shape is approximately correct,
although lack of exact detail of the detector environment in the
simulations probably accounts for the differences between the
two spectra at energies below the photopeak. A lower-level dis-
criminator terminates the experimental data at approximately
120 keV. The match between experiment and simulation is
quite good in general, and it is reasonable to have confidence in
the modeling for further studies.

This simulation package easily lends itself to quantifying the
effect of each physical process upon the measured photopeak
width. The desired results are obtained by creating tallies of the
measured amplitude distributions after each physical process is
added to the model. By creating several pulse-height spectra in
this manner, it is possible to quantify the effect of each phys-
ical process by comparing the photopeak FWHM before and
after each step of physics implementation; the FWHM of each
process is assumed to sum in quadrature to obtain the overall
FWHM. Starting from the true energy deposition spectrum, the
quantified physical processes are as follows:

1) Fano charge carrier statistics;

2) weighting potential distribution;
3) charge recombination at the ionization site;
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Fig. 3. Simulated measured response after each physical process has been
added to the '7Cs energy spectrum. Top: Photopeak distributions for processes
unaffected by choice of shaping filter. Bottom: Peak distributions for processes
dependent upon filter choice.

4) nonzero electron cloud radius;

5) nonideal charge collection due to insufficient biasing;
6) pulse shaping;

7) electronic noise;

8) axial electric and weighting field nonuniformities.

The first seven tallies assume the electric and weighting fields
along the central detector plane are projected throughout the en-
tire chamber; the final tally uses the true field distributions. The
electric field exhibits nonuniform behavior along the axis due to
peculiarities of the construction of this detector: for example, the
cathode extends only between the Macor plates shown in Fig. 1,
but the anodes reach nearly the full length of the chamber. This
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TABLE II
SIMULATED CONTRIBUTIONS OF EACH PHYSICAL PROCESS TO THE
MEASURED PHOTOPEAK PROPERTIES

Process FWHM Centroid  Normalized
(channels)  (channels)  peak area

True deposition 0 662 1.000
Fano statistics 3.74 662 0.993
Weighting pot. 228 662 0.785
Recombination 6.77 622 0.736
Cloud distribution 0.40 622 0.739
Improper Viode (2.931) 622 0.555
Shaping, geometry 6.52 620 0.556
Shaping, timing 2.70 619 0.520
Electronic noise 31.0 620 0.532
Axial nommiform. 16.4 623 0.486
Peak alignment (6.971) 623 0.470

creates a weak field near the ends of the detector, but no field
shaping rings have been employed to restore the field in the end
regions.

The effects of pulse shaping can be split into two parts: a ge-
ometrical portion and a contribution due to timing. The geo-
metrical factor considers the variation in shaped amplitude re-
sulting from interactions in different sections of the detection
volume, arising mainly from variations in the anode difference
pulse shape. The timing factor acknowledges that due to the po-
tentially long drift time of electrons in this system, a multiple-in-
teraction event can suffer from pulse-height deficit. This deficit
arises because the response of the shaping filter peaks at dif-
ferent times for each charge cloud created in the detector, and
the time offset leads to a measured pulse amplitude less than the
sum of responses when each cloud is considered individually.

The simulations are performed for a shaping time constant
of 12 us, which provides the best experimental energy resolu-
tion. Photopeak FWHM calculations are performed by the peak
fitting capabilities of EG&G ORTEC’s MAESTRO-32 multi-
channel analyzer [22].

B. Energy Resolution Contributions

The simulated energy spectra obtained after each process is
considered are plotted in Fig. 3. Let us focus on the effects in the
photopeak region, since this is the region of interest for energy
resolution studies.

The effects of each process are quantified by assuming their
contributions add in quadrature to obtain the final photopeak
FWHM. These photopeak broadening contributions are listed in
Table II, along with the effects on photopeak centroid and area.
A graphical presentation of the FWHM contributions from each
physical process can be found in Fig. 4. The two shaping filter
effects are combined to present a total shaping filter contribution
in Fig. 4, but are split into individual geometrical and timing
contributions in Table II—refer to Section II-A for a discussion
of these terms.

One point that will not be discussed further but is nonethe-
less important is that weighting potential, nonideal anode bi-
ases, and axial nonuniformity are all observed to remove a sig-
nificant fraction of events from the photopeak. Weighting po-
tential effects redistribute counts between 0 and twice the de-
posited energy, a peculiarity of coplanar anodes [23]. Nonideal
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Fig. 4. Simulated contributions of each physical process to the overall 137Cs
photopeak FWHM; negative values indicate photopeak narrowing. V,,, repre-
sents nonideal electron collection due to improper anode biases.

anode biases and axial nonuniformity shift counts to lower chan-
nels due to imperfect electron collection and insufficient field
strength, respectively. Imperfect electron collection occurs be-
cause without sufficient bias between the two anodes, it is pos-
sible for electrons to be collected on both sets of anodes. In
coplanar anode theory all electrons are supposed to be collected
by just one anode and the anode signal difference is then equal
to the number of electrons collected in an interaction, but elec-
tron sharing between the anodes will lead to a post-differencing
pulse height measurement that is less than the expected ampli-
tude. Insufficient electric field strength in the end gas regions re-
moves interactions from the photopeak via two effects: greater
charge recombination and ballistic deficit, the latter caused by
insufficient electron drift velocity.

The largest contributor by far to the measured photopeak
width is electronic noise. After this process, the major contribu-
tors are axial field nonuniformity, the shaping filter, and charge
recombination. The effect of charge recombination is not lim-
ited to an increase in the number of channels spanned by the
photopeak FWHM, because recombination may substantially
reduce the measured photopeak centroid via charge loss; both
of these effects impact the measured energy resolution.

It is evident from this analysis that the axial field nonuni-
formity also is significant in determining the measured photo-
peak FWHM. Interestingly, a measured increase in the photo-
peak centroid accompanies this process. This effect is due to the
strengthening of the fields near the central gas volume ends, an
effect manifested via a reduced (yet broadened) charge recom-
bination distribution (see Fig. 5, which plots the distribution of
events after recombination for the central detector plane and for
the plane z = 48 mm, very near the edge of the central gas
volume). This axial effect will be verified in collimation exper-
iments presented in the following section.
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Fig. 5. Comparison of simulated recombination effects at the center plane and
near the central gas volume’s end (z = 48 mm).

From Table II, two processes are shown to have imaginary
distribution widths, meaning they actually reduce the measured
photopeak FWHM; they are presented graphically as negative
FWHM values in Fig. 4. The first, improper anode biases, trades
reduced photopeak area for improved energy resolution by re-
moving counts from the photopeak that originate along field
lines intersecting the noncollecting anode wires. These events
would tend to lie near the upper end of the photopeak distri-
bution, and removing them thus decreases the measured width.
This effect has been observed experimentally by changing the
interanode bias (see [10] for one example). The second process,
photopeak alignment, uses the radial position-sensing capabil-
ities of this chamber to compensate for the shift in photopeak
centroid as a function of measured interaction radius, a process
which effectively counteracts some of the degradation origi-
nating from weighting potential and charge recombination vari-
ations. Photopeak alignment is implemented by using the com-
puted interaction radius to plot energy spectra as a function of
calculated radius, as described in [12]. The photopeak centroid
will drift as a function of radius due to changes in weighting po-
tential and electric field intensity, but it is possible to correct for
this centroid drift by applying a radially varying gain to align
the photopeak centroids.

C. Multiple-Site Events

For single-interaction events, generated via any physical
process by which a gamma ray can deposit energy in the gas,
the calculated radius is expected to be a good approximation
to the actual interaction coordinate. Using theory developed
in [12], the interaction radius 7 is related to the anode wire
displacement from the central axis R,,, the cathode radius
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However, for multiple-site events, which are initiated by at
least one Compton scatter inside the xenon gas and may be fol-
lowed by a photoelectric absorption or pair production, the cal-
culated radius is actually the product of the single-site radii for
all N event sites weighted by drifting charge ¢ created at each
site, as follows:
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Incident gamma rays that deposit energy in multiple locations
are expected to degrade the energy spectrum because, gener-
ally, they cannot be compensated properly using the radial posi-
tion-sensing information. To investigate this effect, the Geant4
simulation results previously described were grouped by the
number of energy depositions in the fill gas. The results for
a simulated '3”Cs energy spectrum prior to photopeak align-
ment are presented in Fig. 6; subsets with four and five or more
events were recorded but are not presented due to the exceed-
ingly-small frequency of such events. It is evident that most
recorded events are from single-interaction sequences, and also
that energy resolution appears to degrade as the number of in-
teractions in a sequence increases.

The photopeak alignment procedure was applied to this sim-
ulated data, and again spectra were created from data subsets
corresponding to single, double, and triple-site events. The mea-
sured energy resolution results (FWHM at 662 keV) are pre-
sented in Table III. Obviously, most of the improvement is due
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TABLE III
SIMULATED '37Cs ENERGY RESOLUTION BY EVENT TYPE

Number of Resolution before ~ Resolution after
interactions peak alignment peak alignment
All 5.87% 5.76%

1 5.59% 5.43%

2 6.13% 6.02%

3 6.64% 6.89%

to the proper compensation of single-site events; interestingly,
three-site events actually degrade after peak alignment is per-
formed. This is related to the improper radius measurement:
photopeak alignment attempts to compensate for variations in
weighting potential and charge recombination as a function of
radius, but since the measured radius for multiple-interaction
events is generally incorrect, the applied compensation does not
reflect the true conditions at each interaction site. Unfortunately,
these predictions cannot be verified by experiments due to the
inability to separate the collected data based upon the number
of interactions per incident gamma ray.

III. EQUIPMENT PREPARATION AND EXPERIMENTS

A. Hardware Description

The HPXe detector is described in detail in [10], and a
schematic appears in Fig. 1; a summary of important parame-
ters can be found in Table I. The detector utilizes a cylindrical
geometry, with the cathode forming the outer boundary of
the central gas volume and the anode wires located near
the center of the detector. There are a total of twelve anode
wires that are stretched axially through the detection volume,
and they are arranged symmetrically about the main axis of
the detector with uniform radial displacement and interwire
spacing. The detector is filled with two gas mixtures: pure Xe
and Xe + 0.2%H,. The latter gas mixture is used to increase
electron drift velocity, as stated in the introduction. This is
expected to improve the energy resolution either by allowing
a reduction in shaping time from the parallel noise-dominated
regime, or for a constant shaping time providing a reduction in
ballistic deficit. Both noise and ballistic deficit are known to be
important degradation mechanisms from the previous section’s
simulation results.

Although there are 12 wires, they are connected into two sets
such that neighboring wires belong to opposing groups. Thus,
there are two independent anode signals, and each anode is con-
nected to an Amptek A250 charge-sensitive preamplifier. The
two preamplifier outputs are directed to addition and subtrac-
tion circuits, which are used to obtain the deposited energy and
the interaction radius (see [12]).

The sum and difference signals are filtered and amplified
using analog shaping amplifiers, and the shaped signals are
directed to a peak-hold circuit. The peak-hold circuit triggers
when either channel rises above a threshold voltage, and
the maxima of both signal amplitudes are held over a fixed
measurement time span of about 48 s until finally the signal
amplitudes are recorded and the circuit reset. These measured
amplitudes are recorded by LabVIEW [24] from a National
Instruments PCI-6110 data acquisition card. The amplitudes
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are written to a data file for spectrum reconstruction at a later
time.

B. Detector Preparation and Filling

For each experiment, the detector baking and filling was per-
formed at a station previously described in [25], but with the
xenon purified in a spark purifier. Xenon purification via the
spark purification technique is described in [26], and is superior
to gettering in terms of final overall gas purity. The detector and
the filling station were baked at about 125 °C for several days
to accelerate outgassing of the surfaces exposed to xenon, en-
suring prolonged purity. The detector was filled to a density of
0.3 g/cm3, determined by the measured mass of xenon added
and the known volume of the detector.

When H; was used in experiments as a cooling admixture, it
was passed through a room-temperature getter prior to filling,
reducing the concentration of HoO, O, CO, and CO2 impuri-
ties to less than 1 ppb. The concentration of Hs in the fill gas was
estimated with two techniques: first via the measured overpres-
sure of Ho gas when the Xe was frozen with a liquid N bath,
then with a mass spectrometer. Both measurements returned a
H> concentration near 0.2%.

C. Equipment Settings

For all experiments, the collecting anode was biased to
41400 V and the noncollecting anode held at ground; the
cathode bias was set at —4500 V for the pure Xe experiments
and —4800 V for Xe + 0.2%Hs. The anode sum and difference
signals were shaped with time constants of 16 and 12 pus,
respectively. The former time constant was chosen to minimize
ballistic deficit in the long-rising sum signal, the latter to
optimize energy resolution. The gamma rays originated from
a 137Cs point source, in some instances collimated using lead
bricks to irradiate 1/4-inch axial slices of the chamber. Each
measurement lasted 30 min.

The radial interaction coordinate was estimated using the
ratio of the anode sum and difference signals. The range of
expected ratios was divided into 10 bins, appropriate for the
expected uncertainty in the normalized coordinate of 0.055 to
0.077 [27]; extra bins were placed just outside this range to
register unexpectedly high or negative radial coordinates. En-
ergy spectra were grouped by measured radial bin to examine
the effects of interaction location on the measured spectrum;
the photopeak centroid was recorded as a function of radial
position and a gain applied to each radial bin to align the pho-
topeaks. This centroid drift is due to variations in both charge
recombination along the §-ray tracks and weighting potential,
and the peak alignment process compensates for these effects.

D. The Effect of Cooling Admixtures

The measured rise times of the anode difference signal
were generally around 2-3 ps for photopeak events in the
Xe + 0.2%Hs mixture, whereas the anode sum signal was al-
ways less than 20 us in rise time. These measurements indicate
an increase in drift velocity by about a factor of two everywhere
in the detector when compared to similar measurements with
pure Xe fill gas.
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The effect of the cooling admixture can be observed in Fig. 7.
For these experiments, the 137Cs source was collimated upon
the central axial plane of the detector. The change in gas mixture
from pure to doped Xe improved the energy resolution from
5.5% to 4.2% FWHM; photopeak alignment is implemented
in both of these measurements. The importance of photopeak
alignment for this particular experiment is demonstrated by
comparing the results before and after photopeak alignment for
Xe + 0.2%H; gas, as done in Fig. 8: alignment improves the
measured resolution from 5.7% to 4.2% FWHM.

E. Collimation Effects

The placement of the collimated source beam is shown to
have an effect on the measured photopeak FWHM and cen-
troid—see the top panel of Fig. 9. Generally, as the source beam
is moved toward the end of the central gas volume, the measured
photopeak is observed to increase in both centroid location and
FWHM: this outcome has been predicted and explained with
simulations. The centroid shift is due to a reduction in charge
recombination resulting from increased electric field magnitude
near the end of the central gas volume. The photopeak broad-
ening originates from the larger dispersion of field magnitudes
near the central gas volume’s end, increasing the variation in re-
combination. Although there is degraded performance near the
end of the central gas region, the measured energy resolution
is still improved compared to the best measurements with pure
Xe.

The prominence of the Compton continuum is observed to
increase with the likelihood of interactions near the ends of
the chamber. This is expected, as the chamber ends have very
weak fields that are known to contribute only to the continuum
due to severe charge recombination and ballistic deficit. Ex-
perimental confirmation of this phenomenon is provided in the
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bottom panel of Fig. 9, where a centrally directed 7Cs col-
limated beam and a beam irradiating one end region of the de-
tector are compared under otherwise identical experimental con-
ditions. The spectrum from the end region does not exhibit a
photopeak, only a continuum extending to where the photopeak
should reside.

IV. CONCLUSION

From the simulations, it is apparent that the measured energy
resolution is limited largely by electronic noise, followed
by contributions from nonuniform axial fields, the shaping
filter, and charge recombination. If one considers perfect
electronics—i.e., zero noise—and further assumes that contri-
butions from weighting potential, charge recombination, axial
nonuniformity, and the geometrical shaping filter component
can be perfectly compensated using position sensing informa-
tion, then the measured energy resolution of these chambers
should be around 0.7% based upon these simulation results.
This set of conditions is certainly impossible to realize in
practice, but points to the potential performance improvements
if these effects can be minimized.

Itis suggested that electronic noise be minimized by reducing
the detector capacitance in conjunction with Hy doping of the
xenon gas, which can increase the electron drift velocity sev-
eral times over for moderate electric field intensities [15]. This
drift velocity increase will combine the improved parallel noise
source contributions of shorter shaping times with the reduced
ballistic deficit realized when the charge transit time is short
compared to the shaping time constant. Other measures to re-
duce noise, such as preamplifier FET cooling, may also be ben-
eficial.

An extension of position-sensing capabilities may help com-
pensate for nonuniform detector response as a function of inter-
action location: one possibility is anode pixellation [9]. In ad-
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troid and FWHM, as well as the peak-to-total count ratio. Top: Comparison of an
uncollimated spectrum to beams collimated at the center and edge of the central
gas volume. Bottom: Comparison of recorded spectra for a centrally collimated
beam and a beam irradiating one end region of the detector.

dition, simulations suggest that multiple-site events broaden the
photopeak while contributing only a small portion of the mea-
sured events. Extending the position sensitivity of the HPXe
chamber may allow identification of multiple-site events, which
can be either discarded or properly compensated using the local
conditions at each deposition site.

The experiments proved the usefulness of cooling admixtures
for improving the measured energy resolution of HPXe cham-
bers. The addition of trace quantities of Ho gas improved the
measured energy resolution from 5.5% to 4.2% FWHM for a
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collimated '37Cs source. This new measurement is getting near
the performance of similarly-sized gridded chambers, and in
the future it is possible that improved coplanar-anode HPXe
chamber designs will become even more competitive with their
gridded counterparts.

The power of radial sensing is demonstrated via the photo-
peak alignment technique, which was shown to improve the
measured energy resolution from 5.7% to 4.2% FWHM at 662
keV. This technique is easy to implement and compensates for
the radial dependence of weighting potential and charge recom-
bination. In theory, photopeak alignment can be made unneces-
sary by using extremely large electrode biases to reduce signal
loss via charge recombination to the point at which it almost
perfectly balances the charge induction deficits created by the
weighting potential distribution, but position sensing makes the
large biases unwarranted in practice.

Finally, the detector response was shown to vary as a function
of axial position. To obtain the best performance possible, a new
chamber design should be used in the future to minimize axial
field variations within the central gas volume.
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