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A New Light Readout System for the LXeGRIT
Time Projection Chamber

E. Aprile, A. Curioni, K.-L. Giboni, M. Kobayashi, K. Ni, and U. G. Oberlack

Abstract—LXeGRIT is a liquid xenon time projection chamber  they pass the wire structure, the drifting charges induce signals
(LXeTPC) used as balloon-borne Compton telescope for imaging on neighboring wires, providing - andY -localization. Even-
cosmic sources in the MeV energy band. The three-dimensional tually, the charges are collected on a segmented anode, which
position sensitive charge readout is triggered by the xenon ' . o '
scintillation light. In the original chamber design, the light is f”lccurat_ely r_negsuresthe energyd_eppsnsZI'Jpesmon ofeach.
detected by four UV sensitive, 2 PMT’s (EMI 9813), coupled to  interaction is inferred from the drift time of the electrons with
the liquid xenon vessel by quartz windows. In order to improve respect to the light trigger. For details on the detector principle
the trigger efficiency and uniformity, a new light readmé‘tt system and realization, we refer the reader to [2], [3].
has been studied. It consists of 12 UV sensitive, compact PMT’s s
(Hamamatsu R6041Q), mounted in Teflon frames which cover the The deteCtor.’ 9r|g|nally developed as a laboratory prototype
four sides of the LXeTPC active volume. These all-metal PMT's to teSt_the feasibility of a_ large volume LXeTPC and to demon-
were especially developed to work at liquid xenon temperature Strate its performance with gamma-rays, was later converted to a
and up to 3.5 atm overpressure. Light simulations promise an balloon payload for observations of cosmic gamma-ray sources.
increase in light collection efficiency by more than a factor of ten  Qver the course of several balloon flights in 1997, 1999, and
for the new readout. We present simulations of the light collection 2000, LXeGRIT was successively upgraded in multiple aspects
efficiency and initial results from the successful operation of the ' L . )
new PMT fully immersed in liquid xenon. gSee [4]1, 5] fo'r a descr!ptlon pf the payloaq and its performgnce

in the 2000 flight configuration.) The basic setup of the light
readout, however, as an integral part of the detector itself, has
remained unchanged, and has become a limiting factor in the

performance of the current system.

Index Terms—Compton telescope, gamma-rays, liquid xenon,
scintillation, time projection chamber (TPC), trigger.

. INTRODUCTION

LXeGRIT is a prototype of an advanced Compton telescope I SIMULATIONS OF LIGHT COLLECTION EFFICIENCY

in which MeV gamma-rays are imaged in one homogeneousThe principal figure of merit for a light trigger system in our
detector to maximize efficiency. These novel instrumentgpplication is the PMT pulse height distribution for a given en-
measure three-dimensional locations and energy deposits okaly deposit anywhere in the sensitive volume. Since the trigger
gamma-ray interactions above threshold in the sensitive volurggstems under consideration provide only limited spatial infor-
to the extent that they can be spatially resolved. LXeGRImation, their ability to discriminate on energy is determined
realizes this concept with a combination of charge and lighty the mean pulse height and its variance across the sensitive
readout in a liquid xenon time projection chamber (LXeTPG)olume. Simulations allow us to study the spatial dependence of
with sensitive volume of nearly 20 20 x 7 cm?. The xenon is the pulse height, and optimize the system for high efficiency and
liquified in atemperature around 178 K at our operating pressurgiformity. After equalization of PMT gains, the pulse height is
between 1.7 and 2.3 bar, and provides an excellent medium ¢@ven by the number of photoelectron§,. released on each
ionization and scintillation. The fast scintillation light, whichPMT photocathodé

peaks in the ultraviolet at 175 nm [1], provides the event trigger. E

Free ionization electrons are drifted in a uniform electric field of Npe,i(7) = W—’anfnqepce,i(m 1)

1 kV/cm at the known drift velocity of about 2 mps toward a _ off

shielding mesh (Frisch grid), which separates the drift volunféghere(Npn = (E,/Weg) is the mean number of photons re-
from the sensing electrodes below. With a proper choice §@sed by a gamma-ray interaction with energy dep@gsitwe
electric fields, the charges are successively focused througigWes = 23.7 eV as the average energy required to generate a

the mesh and two orthogonal arrays of wires without loss. &§intillation photons,; is a field-dependent “quenching factor,”
which describes the reduction in scintillation yield due to elec-

, _ _ ___tron extraction. We assumeg; = 0.4. Finally, the photon is
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the derivation of the spatial average is straightforward, and t
trigger efficiency can be derived implementing the trigger logi
and discriminator thresholds for the PMT signals.

For the simulation of the light collection efficiency, we ini-
tially followed two complementary approaches: a geometric
computation of ray traces, which allowed for fast computatia
with simple geometries, and a somewhat more computer-inte
sive Monte Carlo method, based on the propagation of photc !
through voxels of the detector. The two approaches served &
useful cross-check, producing simular results. In the following
we will focus on the Monte Carlo method. Each voxel of the i
detector is filled with a single medium described by a reflec
tivity, index of refraction, and attenuation length as applicabl
For transparent and reflective media, also the local orientation
the media surfaces are required. The code further distinguist
between specular and diffuse reflectivity, with the simplifica = i
tion that materials were considered either specular—reflectiveﬁ‘,-‘.,
diffuse-reflective, but not both, and the specular reflectivity is
implemented as &-function, i.e., with a single angle of reflec- Fig. 1. The LXeTPC with the current light trigger system. Here the cathode
. . T was removed to show the readout structure and the windows through which the
tion, rather than with a distribution about the mean value.  pyTs view the liquid xenon.

The refractive index for intrinsic scintillation light in liquid
xenon has been measured with conflicting results6 + 0.01

[6]and1.69 £ 0.02 [7]. We assumed avalue of 1.7, in agreemen 100 -
with the latter measurement. This is conservative, as the light cc ]
lection efficiency would increase for a smaller refractive inde: € e

X L ; E
duetoreducedtotal reflectionatthe liquid xenonquartzinterfac. = g | LXe sensitive volume i
the criticalincidentangle atwhich total reflection occurschange 2 | i
from 36° to 40°. The attenuation length in liquid xenon due to ;3 40 QUENE WIS 5
absorption is highly dependent on purity and values from afer  ~ o | - - (]
centimeters to 3 m have been reported [8]. We tested attenuati (I | LXe insens. I |
lengths of 30 cm and 1 m, which result in light collection effi- Anode fame
ciencies that differ only by about 20% in the current setup buthb 0 | 50 100 150\ Vacuum

window brace X Position (mm)

afactor ofabout 3 forthe new design. (Thisis dueto the change.... Photocathade

geome”.y ar?d to the hlgh reflectmty of the Wa”S’ which makl?élg. 2. Geometry of the old LXeTPC light trigger system as used in the
attenuation in the new design much more important.) The fiionte carlo simulations of light collection efficiency, shown as a cross
ures shown here refer to an attenuation length of 1 m. sectional view in the plane passing through the PMT centers. Event triggers
Our current simulation does not take into account Rayleidf™ Mereelons 1 e nscheiie leyerof i xenon betueen e itz
scattering, for which a scattering length of 30 cm in liquid Xenoghd from the charge collection region on top of the anode, indicated by the
has been calculated theoretically [9]. The impact of Rayleid#ver of “insensitive” liquid xenon, are referred to as “false” triggers. “Good”
scattering for our purpose of triggering is twofold: Photons thﬁ{ggers are from interactions within the sensitive volume. The cathode is on
would reach a PMT in a straight line may be deflected andD'
are lost in the current detector where reflectivity of the walls ) )
is minimal. The treatment as part of the attenuation length f&; The Current LXeGRIT Light Trigger System
hence, appropriate. In the new design with enhanced reflectivityn the current LXeGRIT light trigger system, the scintilla-
some scattered photons may be recovered (if absorption is didn light is detected by four’2UV-sensitive PMTs (Electron
ficiently small), thus increasing the light collection efficiencyTubes 9813QA) with fused silica entrance windows and bial-
over our estimate. As a second (desired) effect, Rayleigh sdedti photocathodes, performing typically with 15% quantum ef-
tering should make the trigger efficiency somewhat more urfieiency at 175 nm. The PMTs view the xenon volume through
form, as photons from detector regions with small light colledeur quartz windows, each 2’4n diameter and 8 mm thick, on
tion efficiency may be deflected in direction of a PMT. the bottom of the chamber. Two of the windows, mounted on
These simulations were first adapted to the current ligtite detector flange, are visible in the photograph of Fig. 1. The
readout system, since this allowed us to compare the simulatismdow transparency for normal incidence is 88% and we as-
results with detailed, spatially resolved measurements of themed a refractive index of 1.5. The PMTs are mounted with a
light trigger efficiency as described in [10]. Such measuremergmall gap below the windows, without direct optical coupling,
were later repeated and extended for the settings of the ydae to concerns about mechanical stress on the windows when
2000 balloon flight. The study of the existing setup improvethe balloon gondola hits the ground. Fig. 2 shows the geometry
our understanding of its main weaknesses and, thus, providddhe current detector as modeled in the simulation. Since the
additional insight to help with a new design. cathode and the field shaping rings around the drift region have

here modeled as part of the totally absorbing walls.
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(bottom), of the simulated light collection efficiency in the current setup. Here

an attenuation length in liquid xenon of 1 m was assumed. 0 100 200 300 400 500 600

Number of Photoelectrons / MeV

little reflectivity in the UV (we assumed zero reflectivity in theFig. 4. Number of photoelectrons per MeV energy deposit seen on any of the

simulation), solid angle effects are expected to be significa@tir PMTs, for gamma-ray interactions in the sensitive volume (top) and within
and light collection efficiency low. the passive xenon layer and charge collection region (bottom, and as a dotted

. - . . linein the t ). The ch f the ordinate cuts off th ks at zero.
Fig. 3 shows projections of the computed light collection effir o e oP pane). The chosen range of the ordinate cuis off the peaks at zero

ciency inX-Y andX-Z. Clearly, the light collection efficiency
is highly nonuniform, and each PMT sees mainly the quartand to the space required in order to connect the four anodes
of the chamber right on top. The sharp decline of trigger effio a feedthrough in the center of the bottom flange. While the
ciency along a cone mantle, apparent in the bottom panel, isvaimdow mounting braces shield part of this xenon layer from
effect of total internal reflection mainly at the quartz/air interthe PMTS, a significant volume remains, which is located, with
face in front of the PMT. Total reflection occurs for incident lightarge photon collection efficiency and without charge quenching
angles greater thasrcsin(1/1.7) = 36°. This effect alone re- (no field), right in front of the PMTSs. In the charge collec-
duces the mean light collection efficiency by about 40%, whiléon region above, between the anode meshes and the shielding
increasing the relative spread by 50%. This cutoff in the simgrid, high field light quenching applies, but the solid angle is
lation is sharper than observed, which may be due to the omssill favorable for much of this region, with exception of parts
sion of Rayleigh scattering, and to a small reflectivity of théhat are shaded off by total reflection at the quartz/air inter-
cathode on top and the stainless steel field shaping rings éaee, the mounting braces, and the anode frames. The lower
compassing the sensitive volume. The top panel in Fig. 4 shopanel of Fig. 4 shows the pulse height distribution for these re-
the resulting number of photoelectrons per MeV energy depogjtons. While the overall volume is small compared to the sen-
Despite the unfavorable geometry, there is still a distinct peakive volume, as the dotted line in the top panel shows, there
around 19 p.e./MeV and ~ 8 p.e./MeV, which contains 57% are regions where the collection efficiency is greatly enhanced
of all interactions in the sensitive volume. by factors up to~30 over the peak collection efficiency from

A significant problem of the current setup is the number dghe sensitive voume e£19 p.e./MeV. In this case, even X-rays
background triggers due to gamma-ray interactions in the iof <50 keV will produce light signals comparable to 1 MeV
sensitive liquid xenon volume in the region between the PMTmmma-rays in the sensitive volume. The fraction of background
and the anode meshes, as well as within the collection regimiggers depends on the spatial distributionyafay interactions
between anodes and shielding grid. The former constitutesnathe chamber and on the trigger settings, which determine
26 mm thick layer of liquid xenon at zero field, where the lighthe ratio of the trigger efficiency in the dead volume to the av-
yield is a factor of~2.5 higher than within the sensitive re-erage over the sensitive volume. This is evident from Fig. 5,
gion. This gap is partially due to the metal braces which cowhich shows the cumulative distribution functions for “good”
nect the quartz windows to the bottom flange of the chamband “false” triggers as a function of the pulse height for a uni-
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Fig. 6. A mechanical model of the new chamber design, with 3 PMTs at each
Fig. 5. Normalized number of triggers as a function of threshold leveide, embedded in teflon blocks.
expressed in the number of photoelectrons per MeV, for gamma-ray
interactions in the sensitive volume (solid line) and within the passive xenon, Lo . .
layer and charge collection region (dotted line). wires, to maximize |Ight transparency. Fig. 7 shows &

projection of the light collection efficiency as modeled in the

o . . simulation. The distribution is much more uniform than in the
form distribution of gamma-ray interactions throughout the S design. Each PMT views essentially the entire chamber,

sitive volume. This simulation indicates about 22% of backyy:h a1so suggests a change in the way the light signals are
ground triggers for a range of low threshold settings, typical 95 44 ut, It is now favorable to first add all PMT signals in a
the 1999 flight configuration, consistent with an earlier estimalg, ming amplifier, before setting a threshold on a discriminator.
[10]. For higher threshold settings, as in the 2000 flight, the fragye resulting pulse height distribution for all PMTs combined is
tion of background triggers increases, and was likely 30%-403§own in Fig. 8. The peak of the distribution is now around 640
for a uniform distribution of gamma-rays. Work is in progress e /MeV for an attenuation length of 1 m, a factopd0 higher

to estimate the true inflight fraction of background triggers WitE1an in the previous design. This allows for clear energy cuts and
realisticy-ray distributions, and from the flight data. While anp fact energy measurements, and would also make pulse shape
online test for a minimum charge signal on the anodes keefigcrimination possible, if required. Nevertheless, the solid
these background triggers from being recorded, it does affegigle effects are still significant. This could possibly be reduced

adversely the speed of data acquisition. with a scheme that corrects for events that happen very close
to one PMT. In this case, one PMT would have a much higher
B. The New Light Trigger System for LXeGRIT signal than the others, skewing the distribution in the summed

Two main goals guided the design of a new light reado '{gnal. If the system can correct for this, by looking at both

system: elimination of the background triggers and a great N summed and the individual signals, an even more accurate

crease in the light collection efficiency. The development oftéigge.er._requnse can be expected. We are also studying the
new compact PMT by Hamamatsu (R6041Q), for applicatid?]oss'p”.'ty of improving the energy resolution of the d_etector by
in liquid xenon [11], [12], with a metal body that can withstan ombining the energy information from charge and light. Work

pressures of up to 3.5 atm enabled us to head for a design WH%rin progress with a dedicated chamber to study the possible

the PMTs could be located much closer to the sensitive Volurﬁgﬁ-co_rrelafnon of “ght and charge signal and its eff.ect'on energy
. L ) . reSolution, if combined. A recent measurement indicates that
fully immersed in liquid xenon. No windows are thus require

. . he anti-correlation exi nd th n improvement in ener
eliminating the problem of total internal reflection. Moreover € anti-correlation exists, and that a provement in energy

we aimed at making the chamber highly UV reflective, usinrgesomtlon can indeed be achieved [14].

teflon with a diffuse reflectivity of 90%. Placing the PMTs at
the side, rather than at the bottom, makes the use of solid anodes
with a certain UV reflectivity possible. Our currently best solu- The new design of the LXeGRIT light trigger system depends
tion for the reflectivity of the electrodes is SiC, with a modest resrucially on the operation of the PMT inside the liquid xenon.
flectivity of 40%. The compact design of the PMT, however, hdsiven the tight purity constraints for drifting electrons in liquid
had the draw-back of low quantum efficiency, of typically 8%exenon (typically, the @ equivalent of impurities must be below
in the design that has been available so far, and which we udepb), operating a PMT inside a LXeTPC is nontrivial. A suc-
for our simulations and tests. A new version of the same PMEssful measurementgiray spectra with a PMT inside a liquid
has recently been developed, and initial samples show quanggnon chamber was reported by [15]. In this case, a conventional
efficiency of 14.5% at 175 nm [13]. glass-envelope PMT was immersed with its head in liquid xenon,
The optimized new design has three PMTs on each sid#d else exposed to the xenon vapor on top. A metal-envelope
mounted in teflon blocks. A mechanical model is shown in tHeMT identical to ours has been successfully operated with much
photograph of Fig. 6. In front of the PMT window, a highlylarger signals frona: sources [12]. We are reporting here, to our
transparent grounded mesh shields the PMT from the eleckitowledge, the first stable operation of a PMT fully immersed
field of the chamber. The field shaping rings are replaced by thimliquid xenon, measuring the small signalsyefays.

IIl. TESTS OF APMT IMMERSED IN LIQUID XENON



APRILE et al. NEW LIGHT READOUT SYSTEM FOR LXeGRIT TIME PROJECTION CHAMBER 1307

33.84

N
@
=

Y position (mm)
Collection Efficiency(%)

bl
©

8.5

0.0

0 50 100 150
X position (mm)

Fig. 7. X-Y projection of the simulated light collection efficiency for the new light readout system.
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12 PMTs for the new light readout system.
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To test the R6041Q PMT in liquid xenon and study its impact
on charge collection, we used an existing 3 L gridded ionization
chamber [16], enclosed in a new vessel with the PMT mounted
to view the 4.5 cm drift gap from one side. The charge response
of the chamber was studied with external Cs, Na, and Co sources 1000
before introducing the new PMT, to have a reference for the
charge yield. The first experiment carried out with the cleaned
R6041Q inside the chamber, showed a significant loss of charge
collection from the level achieved without the PMT (Fig. 9, top
panel). Furthermore, the charge quickly decreased with tirfi@. 9. '*"Cs charge spectra with PMT immersed in liquid xenon. Before

after fiIIing the detector. This observation pointed to impuriti(—iﬁom and after (bottom) various modifications and cleaning efforts to the PMTSs,

No. of events

2000

T T T T T T T

0 1 h L I L1
200 400 600 800 1000 1200
MCA Channel

o

. . . A . .. fescribed in the text. Spectra were taken at various fields. The ones shown here
introduced into the system which slowly dissolve in the liquiGyere taken at 1 kv/cm. The peak to the right is from testpulses and indicates the

These impurities made no measurable contribution to the outgastribution of electronic noise in this measurement.

rate of the evacuated chamber, and also a Residual Gas Analyzer

showed no significant deviations from the response measuredn several tests with only parts of the components, the im-
with a clean chamber. purities could be traced back to the Teflon cables used as signal
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Fig. 10. Successful light triggering of gamma-ray events with PMT immersed
in liquid xenon. Oscilloscope waveforms of a three-step gamma-ray event

(bottom trace) with light trigger (top trace). (4l

and HV connection for the PMT. A further contribution resulted
from the printed circuit board carrying the voltage divider for [5]
the PMT. Finally, the apparent corrosion of the stainless steel
surface of the PMT envelope was traced back to its exposure to
HCI vapors during PMT assembly.

To remove all sources of impurities, the coaxial cables werel6]
replaced by simple copper wires insulated with ceramic beads,
and the printed circuit board was replaced by a ceramic plate
with the components attached by surface mount technology}’]
similar to electronic hybrid circuits. Finally, the steel surface
of the PMT was cleaned by very fine steel wool removing the
corroded material. This process left the PMT envelope with thel8]
appearance of a clean steel surface. After these changes, the col-
lected charge was restored to its original value (Fig. 9, bottom(g]
panel), and no decay with time was observed anymore. The light
signals from the PMT now could be used to trigger on gamm
rays, and their charge deposition could be observed in the de-
tector volume (Fig. 10). (11]

IV. SUMMARY [12]

Simulations of the current LXeGRIT light readout, together
with earlier trigger efficiency measurements, clarified the
shortcomings of the current setup. A new light readout desigr[113]
has been developed, using compact PMTs that can operate[ia]
liquid xenon. Simulations show that this revised design will
provide a large improvement in light collection efficiency. We
have achieved an important milestone toward this goal with
the successful simultaneous readout of light and charge frofd6l
~-ray interactions with the PMT fully immersed in the liquid.
This success is significant well beyond the improvement of the
LXeGRIT trigger system, since liquid xenon is being actively
studied as a detector material for Dark Matter search and othélrn
low background applications. The possibility of internal light

(15]
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readout without the need for viewports in the cryogenic vessel

opens up completely new design options, and is pursued by our

collaboration also as the main concept for the XENON Dark

S| ST Matter Search detector [17].

ighl ' The authors would like to thank R. Semple-Schuchter for the
initial implementation of the Monte Carlo light simulation code.
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