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Abstract - A new approach to design of high-pressure xenon cylindrical ionization chambersis
investigated. The dual-anode is used instead of a single anode surrounded with a shielding
grid in the conventional design. Two coplanar anode wires are stretched near the axis of the
chamber with a sengtive volume of 9 cm in diameter and 20 cm in length. Both thewiresare
kept at the same ground potential and DC-coupled to char ge-senstive preamplifiers. For the
majority of the interactions, only one of the wires collects the electrons produced by ionizing
particles. Both the wires detect the charge induced by uncollected postive ions. The
difference between the signals read out from the wires is proportional to the charge of
collected electrons. Absence of the grid makes the detector more robust, less sensitive to
vibrations, and inexpensive. The first experimental results are compared to Monte Carlo
simulations. The optimal chamber design is discussed.
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I. INTRODUCTION

Although proposed more than two decades ago [1-3], high-pressure (~50 bar) xenon (HPXe)
ionization chambers received their long-deserved acknowledgement [4] only recently.  Growing
interest in HPXe detectors has been stimulated by the need for large-area, high-sengitivity, and robust
detectors for non-destructive testing, nuclear treaty verification and safeguards, geologica exploration
and other industrial applications. To date, HPXe detectors represent awel-developed technique in
gammaray detection [5-9]. Most of the technica problems that seemed unsolvable for decades have
been overcome: purification of xenon gas, detector preparation, gas-filling and gas-handling procedure,
and pressure effects influencing detector performance. Severa designs of HPXe ionization detectors
have been developed: pardld-plate, cylindrica and hemispherical chambers, TPC, and GSPC [5-15].
However, only cylindrica ionization chambers with a Frisch grid [16] have found practica uses and
become commercidly avalable [17]. This particular type of the chamber design has proven to be the
most robust and cost effective and, a the same time, provides the best energy resolution (2% FWHM
a 662 keV) due to a compensation effect of shidding inefficiency of the mesh. However, there is a
severe drawback of these detectors: the shidding grid is very sendtive to mechanical vibraions and
acoudtic noise.

New detector designs without the shieding grid have been recently proposed to improve the
performance of HPXe detectors [18-20]. The operationd principle of these detectorsis smilar to the
so-caled coplanar-grid devices developed for room-temperature semiconductor detectors (see, eg.,



Ref. [20]). However, the firg tests of the new designs showed that direct copying of the coplanar-grid
device design is not practicd because of the high-level noise induced by the closdy located
differentialy biased dectrodes [19]. Moreover, the W-value in HPXe is about 20 eV: that is~5 times
higher than in room-temperature semiconductors. Thus, the Sgnd-to-noise ratio in HPXe detectorsis
a lesst 5 times smaller, while the capacitances of the bulky eectrodes in HPXe detectors are much
larger than that of compact solid-state detectors. Thus, the induced low-frequency noise becomes an
additiona obstacle in large HPX e detectors with differentidly biased co-planar eectrode.

In this paper, we report on the first results of testing a novel HPXe detector with a dual-anode—a
dud-anode cylindricd ionization chamber (DACIC)—which has non differentidly biased anodes.

II.METHODS
A. Approach

In a new electrode design (see Fig.1), two anode wires replace a single anode surrounded by a
grid normaly used in conventiond designs. Both wires are kept at zero potentid. This is an important
feature of our detector that makes it different from previoudy considered coplanar-grid devices [20].
For the mgority of the events, only one wire (it can be ether of the two) collects the eectrons
produced by the incident particles. The amplitude of the signd read from this wire is proportiond to
the number of the collected e ectrons minus the charge induced by uncollected postiveions. The signd
induced by holes is the same for both wires. Thus, the sgnd difference between the two wires is
proportiond to the collected charge only.

Fig.2 (ab) shows the dectricfied lines didribution insde the chamber with the following
geometrica parameters. the diameter of the each wire is 0.5 mm, the separation between the wiresis 2
mm, and the cathode diameter is 100 mm. As is seen, in a large-scde (a) the dectric-fidd lines
didribution is symmetrica and Smilar to the fidld insde a sngle-anode cylindrica ionization chamber.
The symmetry is broken only in the vicinity of the wires (b).

Fig. 3 (ab) shows cdculated pulse-shapes induced on both wires by a point-like charge as it drifts
toward the anodes versus the initid location of the charge measured with respect to the center of the
chamber for two cases: when the charge is located in awires plane (@), and the charge islocated in a
plane perpendicular to the wires plane (b). The subtracted sgnas are dso shown in Fig. 3 (ab). In
these caculations, an actud eectric-field dependence of the dectron drift velocity in HPXe was taken
into account; a cathode hias of 20 kV was chosen. As is seen, in the case (), the amplitude of
subtracted sgnd is practicaly independent of the initia charge location, except for the area near the
wires. In the other case (b), a dight amplitude dependence of the subtracted signal can be seen. Thisis
due to a shidding effect of one wire by the other which makes the detector response asymmetricdl.
Severd ways to overcome this problem will be discussed later. The straightforward solution is to select
an optimal set of geometrica parameters for which the asymmetry in the detector response does not
contribute more than 1% to the total energy resolution. In this work, we have chosen this approach as
the smplest way to demonstrate the detector proof-of-concept.



The energy resolution of the DACIC device is determined by three mgor factors: intrindc energy
resolution of HPXe, electronic noise, and detector geometry. The latter affects the width of the peak in
the detector’s response function. Since the detector’ s response function is not symmetricdl, the totd
energy resolution cannot be smply caculated as a sum of the above factors. We performed extensive
Monte Carlo smulations to optimize the detector geometry. We found that the geometrical width of the
response function becomes narrow when the smaler wire spacing is used. On the other hand, if the
spacing istoo smdl, the resolution can dso degrade due to charge sharing between the anodes caused
by eectron diffuson in HPXe. For these reason, we chose a conservative gpproach and used a
dightly larger spacing than optimal. We optimized a set of geometrical parameters for an expected
electronic noise of 5 keV per channd. We found that, with a 3 mm spacing, a wire diameter of 0.7
mm, and a cathode diameter of 90 mm, the energy resolution at 662 keV gammaline should be less
than 2%. Fg. 4 (8 shows response functions smulated for these geometrical parameters and an
electronic noise of 5 keV per channdl.

DACIC can dso be condgdered as a virtua-grid device with an effective grid that has a 100%
trangparency and does not perturb the dectric fiedd insde the chamber. In addition, the sgnd
subtraction considerably reduces the microphone effect.

B. Detector design and electronics

To prove the concept, we chose the smplest detector design comprised of two parallel anode
wires gretched in the middle of a ceramic tube whose inner wal surface was coated with an duminum
layer that served as a cathode (Fig.1). The diameter of the wires was 0.7 mm, length ~ 30 cm. The
internal diameter of the ceramic tube was 90 mm. The distance between the centers of the wireswas 3
mm. Both wires were held with two ceramic spacers mounted at the ends of the ceramic tube; for
higher gability, smal spacers were used to interconnect the wires in several places The whole
sructure was mounted indgde a high-pressure vessel and sedled with a Helicoflex gasket. The energy
resolution of the DACIC device depends manly on three factors intrindc resolution of HPXe,
electronic noise, and detector geometry, which determines the width of the detector's response
function. Since the detector’s response function is not symmetricdl, the total energy resolution cannot
be smply caculated as a sum of the above factors. We performed extensive Monte Carlo smulations
to optimize the detector geometry. We found that the geometrica width of the response function
becomes narrow when the smdler anode spacing is used. On the other hand, if the spacing is too smdll
the resolution can aso degrade due to charge sharing between the two anodes caused by strong
electron diffuson in the HPXe. For these tests, we chose a conservative approach and used a dightly
larger spacing than optimd. Fig. 4 (b) shows response functions smulated for the geometrica
parameters used in these measurements and the originaly expected dectronic noise of 5 keV per
channd.

Two custom-made DC-coupled charge-sensitive preamplifiers with a~5 ms decay time were used
to read dgnds from the anodes. The sgnd subtraction was accomplished with a smple circuit
conggting of two operationa amplifiers smilar to those developed for the coplanar-grid solid-state
detectors [20]. The output Signals were processed with standard spectroscopy electronics or digitized
with aLeCrow Waveruner (LT 364L).



Since any of the wires may collect the charge, the output signd can be of both polarities: positive or
negative. In this proof-of-concept work we ignored this effect and used only one anode wire for the
collection eectrons. This reduces the efficiency of the detector by afactor of two. To utilize Sgnds of
both polarities, digital pulse processing is required.

C. Gaspurification

The assembled and sedled detector was baked under a vacuum of <107 Tor for severd days
before filling with Xe. We used a spark purification technique to purify the Xe gas, whose purity level
was monitored by measuring the eectron lifetime (severd milliseconds of dectron lifetime). The Xe
density was monitored by measuring a didectric constant of HPXe as described elsewhere [12]. The
dengity of the Xe used during these measurements was between 0.2 and 0.5 g/ent. A smal admixture
of hydrogenwas added to the xenon to increase the mobility of the eectrons. The typica collection
time of electronswas 40-50 psin pure Xe and ~15 psin a XetH, mixture

[1l. RESULTS DISCUSSION

We investigated two possible operation modes. (1) a sngle-anode mode, where the sgnds from
the anodes were read out and evaluated independently, and (2) a dua-anode mode, where the two
signas were subtracted each from the other.

A. Waveforms measurements

Figure 5 shows examples of waveforms induced by 662 keV photons from a *’Cs gamma ray
source used to generate the Sgnas. The chamber was filled with pure Xe. As is seen, the shapes of
the waveform are very amilar to those theoretically cdculated. The top postive waveform in every
par represents the “collected” sgnd read out from the anode that actudly collected the dectrons,
while the bottom waveform represents the “induced” sgnas read from the second anode. The
waveforms rise smilarly until an ionization cloud approaches the anodes. In the vicinity of the anodes,
the magnitude of the “collected” sgnd rapidly increases, while the magnitude of the “induced” sgnd
rapidly drops and changes polarity representing the influence of the pogdtive ions. This is easy to
observe when the ionization cloud originated near the anodes (¢). In these cases, when the interaction
point is located near the cathode, the “induced” sgnd is positive (8). There are rare events when the
charge is solit between two anode wires (d) or when an incident photon produces two interaction
points (b). By usng digital pulse processing, al these events can be identified. Multi-point interactions
are a common property of high-energy gamma rays. As is seen from Fig. 5, the didribution of the
arriva time of the consequent electron clouds ranged in tens of micraseconds, which requires a shaping
amplifier with along integration time.

B. Dual-anode mode

In the dual-anode operation mode, the signds read from the two anodes were subtracted from
each other. We used two pulse-processing techniques to evaluate pulse-height spectra. We employed



a digitd pulse-shaping technique when the chamber was filled with pure Xe. With pure Xe, the
collection time is too long for commercidly available shaping amplifiers. The origind waveforms were
digitized with the Waverunner within 200 pstime intervas (frames) with 400 ns resolution (500 points),
and then digitdly filtered with a shgping time of 40 us. Low frequency andog filters were used to
dtabilize the basdine. Fig. 6(a) shows a pulse-height spectrum from a **'Cs gamma source measured
in the duad-anode mode. For comparison, Fig. 6(b) shows a spectrum measured at the same
conditions from a single anode (single-anode mode). The data clearly demondirates the advantage of
the dud-anode operation mode over the single-anode mode a large shaping times in spite of the
increased electronic noise caused by the two readout channeds. We achieved a 26.5 keV (4.0%)
FWHM energy resolution a 662 keV with eectronic noise of ~13 keV per channd. The totd
electronic noise was measured with atest pulse generator to be 20 keV.

We used andog pulse processing when the chamber was filled with a XetH, mixture. The read
out sgnals were first subtracted and shaped with a 20 neec shagping time spectroscopy amplifier. The
measured spectrum is shown in Fig. 7. Under these conditions, we obtained 4.2% FWHM energy
resolution at 662 keV with atota eectronic noise of 21 keV.

As was mentioned before, for these tests, we chose a conservative approach and used a dightly
larger than optimd spacing. Fig. 4 (ab) shows response functions smulated for the geometrica
parameters used in these measurements and two levels of the dectronic noise: actudly measured 14
keV (a), and origindly expected 5 keV (b). The predicted energy resolution in the case (a) is 3.9% at
662 keV, which is very close to the vaue actudly measured. If we can improve the eectronic noise
per channd below 5 keV (which isadifficult task), we can expect atotd energy resolution of <2% for
the current chamber geometry.

C. Sngle-anode mode

The detector was tested in the single-anode operation mode in order to compare its performance
with conventiona single-anode cylindrica ionization chambers. Fig. 8 (a) shows a spectrum collected
for the non-collimated **'Cs source. The FWHM 662 keV pesk measured a 6 pis shaping time is
3.0%. It should be emphasized that this is a very good result for the large volume high-pressure Xe
detector without the shidding grid, eg., this resolution is comparable to the best results obtained with
“gridded” ionization chambers [20]. To illudrate the detector’'s capability to measure low energy
gammarays, Fig. 8 (b) shows a spectrum collected with a *’Co source. The asymmetry of the 122
keV peak is due to the appearance of the ~90 keV escape peak.

The energy resolution of the DACIC operdting in the single-anode mode is enhanced due to: (1)
the presence of the second anode, which shares the charge induced by ions, and (2) the use of shorter
amplifier shaping times, which helps to compensate for the dow rising portion of the sgnals. However,
the short shaping time does not work in the cases of events with multiple interactions, whose
probability increases with raisng photon energy. As a result, the energy resolution degrades in the
high-energy range. In order to compare the performance of the DACIC working in the single-anode
and dud-anode modes, we acquired complicated spectra from a sample containing a natural mixture of
Thorium isotopes (Fig. 9). One can see that the 2.6 MeV gamma ray peek totaly disappeared from



the gpectra acquired in the sSingle-anode mode, but is very well resolved in the spectra measured in the
dual-anode mode.

V. CONCLUSION AND DISCUSSION

The god of this work was to evauate the feashbility of a high-pressure ionization cylindrica
chamber with a virtua Frish grid for precison gammarray spectrometry. The work was focused on
proof-of-concept experiments of a cylindrical ionization chamber with an unbiased dud anode. Based
on the results presented in this paper, the feaghility of the proposed approach was adequately
demondrated. It should be mentioned that the cylindrical geometry is an important festure of the
DACIC that reduces a fraction of the charge sharing events in comparison with the parald-plate
geometry most often used in solid-state detectors.

The geometricad parameters of the chamber used in these measurements were not optima, but
dictated by other consderations described above. To achieve the theoreticaly expected energy
resolution (~2% FWHM at 662 keV), we are planning to build a second version of the detector with
improved dectronics. By decreasng the spacing between the wire anodes to less than 2 mm, we
expect less than 2% FWHM energy resolution with a redigtic eectronic noise of ~10 keV. To make
the chamber geometry more symmetrical, one can dretch the wires a a small angle, or make a double
helix by introducing specia spacers between the wires. This dso makes the whole anode structure
more rigid. Another solution could be to shift the anodes off the center of the chamber. However, this
would require the use of a cathode with axidly distributed potentia to compensate for dectric-field
distortions.
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FIGURE CAPTIONS

Ay
Cathode
3 mm
.I ' -
Wire 1 X
R 45 mim
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Fig.2(ab). Electric fidd digtribution in dud-anode cylindrica ionization chamber (8) and in vicinity of
anodes (b).
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