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Performance of the Light Trigger System in the
Liquid Xenonvy-Ray Imaging Telescope LXeGRIT

Uwe Oberlack, Elena Aprile, Alessandro Curioni, and Karl-Ludwig Giboni

Abstract— XeGRIT is a balloon-borne Compton telescope for i
MeV ~-ray astrophysics, based on a liquid xenon time projection - 5
chamber with charge and light readout. The energy and direction
of an incident ~-ray are reconstructed from the three-dimensional
locations and energy deposits of individual interactions taking
place in the homogeneous detector volume. While the charge
signals provide energy information and X-Y -positions, the fast
xenon scintillation light signal is used to trigger the detector. The
drift time measurement, referred to the time of the trigger signal,
gives the Z-position with the known drift velocity. The light is de-
tected by four ultraviolet-sensitive photomultiplier tubes (PMTS).
The logical or of the PMT signals triggers the data-acquisition
system with an efficiency that depends on the event energy and
location, as well as on the discriminator thresholds used on the
individual PMTs. Results from experiments with a tagged3ZNa
source give the spatial distribution of the light trigger efficiency
for 511-keV ~-rays. When averaged over the whole sensitive
volume and all PMTSs, the trigger efficiency is 47% or 40% for two
discriminator windows used during the LXeGRIT balloon flight of RO,
1999. These values are strongly affected by the different sensitivity e
of each PMT. The corresponding average efficiency at 511 keV for _ ) )
the best of the four PMTs is in fact 63% and approaches 100% for Fig- 1. Mechanical design of the LXeTPC.
interactions taking place in a small volume right above the PMT.

o . . suppression capabilities, and a large field-of-view. A Compton
Index Terms—Compton telescopery-rays, liquid xenon, scintil- . . L .
lation, time projection chamber (TPC), trigger. telescope is considered the most promising instrument design

for MeV ~-ray astrophysics, following the pioneering achieve-
ments of the first and only Compton telescope in space to-date,
. INTRODUCTION CGRO/COMPTEL [2].

AMMA-RAYS in the MeV energy band have a great sci- LXeGRIT is a new type of Compton telescope in which
G entific potential for astrophysics. They directly addresy-rays are imaged in a liquid xenon time projection chamber
topics as diverse as nucleosynthesis, supernova mechanidt$eTPC), which combines charge and light readout for
star formation, and distribution of massive stars or the physi#¥ee-dimensional localization and energy measurement in one
of accreting black holes [1]. Yet, imaging of cosmic Me\homogeneous volume. A simplified mechanical drawing of the
~-rays is notorious|y difficult due to the lack of focusinngeGRlT detector is shown in Flg 1. The TPC structure, with
optics, a broad minimum in the cross section of photons wighsensitive area of 2820 cnt, is shown in the photograph of
matter, and small source fluxes. This results in the requiremén@- 2, where the cathode plate has been removed to expose
of large-volume massive detectors and long observing timée assembly of gridX—Y" wires, anodes, and the windows,
The situation is further complicated by the atmospheretBrough which each photomultiplier tube (PMT) views the
opaqueness for-rays, requiring telescopes to be put intéletector volume. The drift region between cathode and grid
space or near-space where intense radiation fields genef@ans 7 cm. Below, separated by 3 mm each, are two arrays
high background levels and thus signal-to-background ratig orthogonal wires (62X and 621") with a pitch of 3 mm
of typically 1:100 or less. To meet the demanding sensitivi§nd four anodes, made of wire meshes in a metal frame. The
requirements of current astrophysical questions, new detectigzation electron clouds, produced byray interactions in

are needed that combine high efficiency, great backgroulte liquid, are drifted in an electric field of 1 kv/cm, kept
homogeneous by a series of shaping rings (also visible in
Fig. 2). After passing the grid, the drifting charges induce sig-
Manuscript received November 29, 2000; revised February 22, 200_1. Thials on the wires, providing the two-dimensional localization
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anodes. The induction and collection signals are digitized &
flash analog-to-digital converters (FADCs) with a sampling
rate of 5 MHz and a resolution of 8 and 10 bits, respectively [3
The TPC structure is mounted on four ceramic rods, screw¢®
on the 16-in stainless steel flange, on which high voltage (HV
and signal feedtroughs are welded along with four quartz wir
dows, one under each of the anode meshes, to allow light trar
mission to the PMTs. The flange closes the detector in a cylit /&
drical vessel, filled with about 8 | of high-purity liquid xenon.
A vacuum cryostat provides the thermal insulation. The liquic =
temperature is maintained at —95°C within a few degrees )
by controlling the vapor pressure with a flow of liquid nitrogen
through a condenser. The detector, originally developed as
laboratory prototype to test the feasibility of a large-volume
LXeTPC and to demonstrate its performance withays, was
later converted to a balloon payload for observations of cosm
+-ray sources. The first balloon flight of LXeGRIT, in 1997, &
proved the reliable operation of the TPC in near-space environ-
ment, validating the design of various critical mechanical, eleEig. 2. A photo of the assembled TPC structure taken with the cathode
trical, and cryogenics systems. Shortcomings associated oved to show the readout structure and the windows through which the
the data-acquisition system (DAQ) and the trigger electronics, s view the liquid xenon.
identified during this flight, have been resolved with the devel-
opment of a new trigger processing unit and a new DAQ pro-
cessor and software [4]. LXeGRIT, with the upgraded systems,
performed successfully during two long balloon flights in 1999
and 2000. A description of the payload in its 1999 flight config-
uration and results from calibration and flight data are given in 1273 kb - -
[5] and [6].

Evem I.ng g\c-r an 511 keV|

¥

Il. THE LXEGRIT LIGHT TRIGGERSYSTEM

L CIRISP boands

Liquid xenon is an excellent scintillator with a high photon
yield similar to that of Nal(Tl) but with a much shorter decay
time, consisting of a fast<5 ns) and a slow (27 ns) compo-
nent [7], [8]. The scintillation emission peaks in the ultraviolet
(UV) at 175 nm. In the LXeGRIT TPC, the scintillation light
is detected by four 2-in UV-sensitive PMTs (Electron Tubes
9813QA), coupled to the liquid vessel through four quartz win-
dows 2-in in diameter. Two of the windows, mounted on the de-
tector’s flange, are visible in Fig. 2. The distance between each
window and the corresponding anode4$8 cm. This is due par-
tially to the metal brace around the window and to the requirgyy. 3. Setup of the spatially resolved trigger efficiency measurement using
ment for connecting the four anode signals to a feedthroughtiva LXeGRIT flight electronics and a taggétNa source.
the center of the detector flange. The PMTs are mounted in the
vacuum cryostat, as shown in Fig. 1, at a few millimeters from10% for interactions within the collection region. An online
the windows. The typical quantum efficiency of the PMT phoatest for a minimum charge deposit on the anodes keeps triggers
tocathode is about 15%. from the dead volume from being recorded as events.

Interactions in the insensitive liquid xenon volume, especially While the entire sensitive volume is visible to the PMTs, this
in the layer between PMT windows and anodes, produce a ligFeC design is not optimal for light collection. Since the cathode
signal without a charge signal and thus contribute backgrouadd the field shaping rings around the drift region have little re-
triggers. The shadowing effect of the metal brace around edtdttivity in the UV, solid angle effects are expected to be signif-
window, however, is such that a large fraction of this volumieant. TheW -value for scintillation light in liquid xenon is sim-
is invisible to the PMTs. The fraction of background triggergar to that for charge, resulting in a large photon yield, i-e.,
depends on the spatial distribution-pfray interactions in the 6-10* photons are generated by anteraction of 1 MeV. How-
chamber and on the trigger settings, which determine the ragieer, the number of photons that reach a PMT is drastically re-
of the trigger efficiency in the dead volume to the average ovduced by several factors. The largestloss is due to the small solid
the sensitive volume. We estimate the contamination with lighhgle of each PMT for most interaction locations. This results
triggers from the dead volume to 10-30%, and an additionala typical reduction factor 6£0.02, varying widely across the
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chamber. Further losses include quenching of the recombination 1.2 ' '

scintillation by the electric field (on the order of 0.5), optical 1ol ;::{SB evis — |1
transmission of the gridY—Y" wires, anode mesh, losses at the . ' 1
LXe/quartz interface, optical transmission of the quartz window, 5 08l 1
and reflection at the PMT window. The resulting number of pho- 8 )

tons is too small for good energy resolution. The light signal is ff 0.6 ]
dominated by solid angle effects, yet it is sufficient to trigger the > '

TPC down toy-ray energies as low as 100 keV. For the 1997 ‘g‘ 0.4f ]
and 1999 balloon flights, the PMTs were operated at negative o [

HV. To minimize noise from capacitive coupling to the input 02l ]
of the highly sensitive (LXeTPC) anode preamplifiers, positive A

HV was used instead for the 2000 flight. The PMT signals are 0.0t SRR :
processed by charge-sensitive preamplifiers (Clear Pulse Model 0 20 40 60
5016 Dual CSA) and fed into a custom-made trigger electronics Amplitude [ADC ch.]

nit (Clear Pulse Model 8823A), where the signals are discrim- ) ) ) )
u t(C ear Pulse Model 8823 )’ ere the signals are disc ig. 4. Normalized®?>Na spectra from single and two interaction events

?nated a_nd Iogi_cally combined. The |OV_V threshold of a discrimeasured with the tagged-source setup, for all triggers. The amplitudes were
inator window is used to suppress noise pulses and to selecbrgected for gain differences among the anodes and for charge loss due to

minimum signal amplitude. The high threshold can be select@getron attachment.
to ignore high-energy signals from cosmic rays. The trigger

signal, derived from the logicalr of the four PMTs, can be ve- setup. The?2Na source is centered on the TPC and viewed
toed by a coincidence signal of plastic and Nal scintillators, usg¢t an Nal(Tl) counter from the top. The distances between
to shield the TPC during the 1997 and 1999 flights. For the 20@@tector and source and between source and counter are adjusted
flight, all shields were removed, including the plastic counteg,ch that for almost each 511-keV photon detected by the
For any PMT signal above the low discriminator threshold, thga(Tl), the other 511-keV photon will hit the TPC, covering
trigger logic also checks whether a trigger signal was generaigd entire sensitive volume. To select annihilation photons
within the previous 5@s, in which case itissues an abort Signa}\/ith high efficiency, we restrict the Nal(Tl) trigger to the
to reset the data-acquisition system. The rates after each stegiin-keV photopeak with discriminators. The Xe scintillation
the logic are counted by a 16-channel scaler unit (Clear Pulggnals from the four PMTs were treated with the LXeGRIT
Model 8823B) and read by the data-acquisition processor jgyger electronics. Measurements were made with either one
a VME interface. For further details on the LXeGRIT triggepmT at the time or all four PMTs, connected to the input
system and data-acquisition system, we refer to [4]. of the trigger logic unit. The single PMT (HV on the other
three PMTs was turned off) was measured to determine the
response of the individual PMTs and their contribution to
the trigger efficiency, while the measurement with all four
The trigger efficiency of the LXeGRIT instrument was meaPMTs provided the overall efficiency map.
sured in a dedicated experiment with a taggéda source. The  The “trigger” and “abort” signals from the trigger logic unit
HV on the four PMTs of the light readout, and the discriminatorere fed into two spare channels of the TPC digitizers, so as
low and high thresholds, were the same as during the 1999 fligtat.record the occurance of a light trigger on an event-by-event
namely,—1870 ,—1800,—1850, and-1870 on PMTs 1-4, re- basis. The spatially resolved trigger efficiency is derived from
spectively. Most of the flight data were taken with the same dithe ratio of events with “trigger” signal (and without “abort”
criminator window on all four PMTs of 10-128, referred to asignal) divided by all events in the same spatial bin and energy
setting A in the following, where one unit corresponds to aboutindow. In this setup, the trigger efficiency is measured only for
10 mV and the scale ranges from 0 to 255. We will refer to @nergy deposits up to 511 keV.
wider discriminator window of 10-255 as setting B. The TPC
three-dimensional imaging capability provides the unique op-
portunity to determine not only the overall trigger efficiency
but also its spatial distribution within the sensitive volume. The Fig. 4 shows thé’Na energy spectrum obtained from the dig-
trigger efficiency as a function of the energy deposited in eadized anode signals for events recognized with either one inter-
volume element can be directly applied to Monte Carlo simulaction (one-step events) or two interactions (two-step events),
tions, in the broader context of representing the overall instrregardless of a xenon light trigger. The amplitudes have been
ment response. corrected for gain differences among the four anodes and for
The FADC readout of the charge signals on wires and anoddsrge loss due to electron attachment to electronegative impu-
provides the energy deposit and the location of eadafay rities. The electron lifetime is derived from a fit of the expo-
interaction of an event. To initiate the recording of the digitalential decline in photopeak amplitude with drift time, for the
image of the event, an external trigger is required. In the triggeample of one-step events. This results in a best fit value of 332
efficiency experiment, one of the two back-to-back 511-keWs, with a systematic uncertainty of abab%0 ;.s. The distri-
~-rays from a*>Na source is detected by an Nal(TI) countebution of one-step events shows a strong Compton tail, largely
This signal triggers the TPC. Fig. 3 shows the experimentlie to Compton events that scatter backward out of the sensitive

Ill. SETUP FOR THETRIGGEREFFICIENCY MEASUREMENT

IV. RESULTS
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120 ' ' ' ' ] in average numbers of 40% and 47%, respectively. Several
100F — x!tﬁvt?ts @ effects influence the&-distribution of the trigger efficiency.
@ Th rigger 1) Onaverage overthe chamber, the solid angle of each PMT
E- 80r . decreases with increasirffy
g 2) The area seen by each PMT increases, however, Xvith
T 60r ] due to the shadowing effect of the metal seal around the
2 il window and of the frame that holds the anode mesh.
5 401 T ] 3) The upper trigger threshold cuts into events predomi-
ool Y ' ] nantly at lowZ, where the larger PMT solid angle results
g h\ in larger light signals.
obte s ! . ; 4) Atlow Z, reflection losses increase because of the higher
0 50 100 150 200 250 index of refraction of quartz compared to the vacuum on
10 Z‘IP°‘°"“°” (IX) [samplles] top of the PMT photocathode, which leads to total reflec-
) tion for large incident angles.
~ sl ° }8:?22 ® The overall trigger efficiency is strongly affected by the dif-
§ ’ ferent sensitivities of the four PMTs. This is shown in Fig. 6
5] where the data from the measurement with setting A have been
o 06 ] subdivided into the four volumes on top of the individual an-
% _____ i}}f%*?tgj_i’@ﬂz ] odes. The fourZ-distributions reflect mainly the response of
= 04p "‘“&*T' Rt Bt the individual PMT’s, which differ widely in noise levels and
= i i + therefore sensitivities. PMTs 2 and 3 are most sensitive. Events
£ 0.2 $ + . at high Z still generate triggers with high efficiency despite
+, the reduced solid angle and therefore reduced light signals. At
0.0 : . ; ] Z =< 100 samples (one sample is .3 or about 0.4 mm), the

0 50 100 180 200

effect of increasing viewing area dominates, and for setting A,
Z-Position (X) [samples]

the effect of the upper threshold cut becomes important at low
Fig. 5. Z-distributions for 511-keV one-step events with HV and threshol For PMTs .1 and 4’. more events are lost below the lO.Wer
settings as during the 1999 ballon flight and with all four PMTs connected. (#jreshold at highz, which overcompensates the effect of in-
Z-distribution of all events and of events with a trigger signal fjependence creasing area. For PMT 1, the upper trigger threshold of 128
of_ the overall t_rigger efficiency, integrated over all, Y for two discriminator starts to cut into the distribution & < 40 samples. This effect
windows (setting A and B). .

is weaker for PMT 4.

Fig. 7 shows thé X, Y')-distribution of the trigger efficiency
volume, at high?Z (close to the cathode). Very few events shovior 511-keV one-step events for three differefislices of the
energies beyond the 511-keV photopeak, centered at28.2 detector volume. The upper three images are for setting A and
ADC channels, indicating that the contamination of the sampiiee lower ones for setting B, with the increased upper discrim-
with background is small. The coincident 1275-keV line dodaator threshold. A slightly different source position for setting
not appear in this spectrum, since, due to the geometry of BBeesulted in low statistics at the edges of anodes 1 and 4. The
setup, almost every event will produce at least one step froneffect of a larger area seen by the PMTs at hifjfespecially
511-keV photon in the detector. Events from 1275-kevays toward the center of the detector) is apparent. The impact of the
would therefore have to show at least two steps. Indeed, tgper threshold cut is also clearly seen, especially on PMTs 2
two-step distribution shows significantly more events beyorahd 3, where the effect extends even to the higiegbsitions.
the 511-keV line. It also shows the effect of Compton tail supwith setting B, the trigger efficiency approaches 100% at low
pression with multiple interaction events. On-line event seleg-in the areas centered on PMTs 2 and 3.
tions, such as minimum energy thresholds on wire and anodéThe spatial distribution of the trigger efficiency of individual
signals, as well as a minimum and maximum number of wigMTs is more clearly seen from measurements with a single
hits, also affect the shape of the distribution below the annit®MT. For PMT 2 and setting B, results are shown in Fig. 8.
lation line. In both spectra, the 511-keV line stands out clearlyhe trigger efficiency for 511-keV events within an area of 2-in
with similar peak position and width. diameter on top of the PMT, indicated by the dashed circle, is

Fig. 5 shows theZ-distribution for all 511-keV one-step about 75%, averaged over &l For setting A, this efficiency

events, and the corresponding one for events with a light triggdrpps to~60%.

for setting A (10-128 discriminator window). The distribution Since LXeGRIT requires multiple-step events for Compton
is well fitted by an exponential, consistent with the expectdthaging, we are interested in the trigger efficiency for this
attenuation length of about 4 cm for 511-kevrays in LXe. class of events. In principle, this can be fully derived from
From these data and the corresponding data taken with settimg-step events, if a complete trigger efficiency map in energy
B (10-255), we calculate the light trigger efficiency averageahd space were measured, and then applied to Monte Carlo
over all X andY (thus over all four PMTs) as a functionsimulations. On the other hand, we can also directly measure
of Z. This is shown on the right panel of the figure for botlthe approximate spatial distribution of the trigger efficiency
settings. The efficiency increases with increasifigresulting for multiple-step events from the tagged-source experiment,
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Fig. 6. Z-distributions of the trigger efficiency for 511-keV one-step events, selected by the charge deposit on the individual anodes 1-4 (a)—(d)nlyhich mai
reflects triggers on the corresponding PMTs. The discriminator window was 10-128 (setting A).
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Fig. 7. (X.Y")-distributions of the trigger efficiency for 511-keV one-step events for three different depths of the detector. The four anodes are labgled. (a)—(c
shows data with setting A (10-128), with all four PMTs connected. (d)—(f) shows the corresponding plots with setting B (10-255). The sourcenpsxsitiiog f
B was slightly different from setting A. The images are smoothed over five pixels, and white pixels indicate no data.

even though it is unknown which interaction caused the triggealculating the efficiency either by counting each position
signal. We studied the spatial distribution for two-step eventsgparately or by weighting th8-positions by energy deposit.
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) ) ) . Fig. 10. Z-distribution of the trigger efficiency for two-step events in
Fig. 9. Z-separation between two steps in the LXeTPC for photons in thge |xeTPC for photons in the 511-keV photopeak. We compute the

511-keV photopeak. The median of the distribution, indicated by the dashgghplitude-weighted average as effect®eposition. The result is very similar
line, is at about 4:s (20 samples) drift time, or about 9 mm. to the result for one-step events.

Fig. 9 shows thez-separation between two interactions ol 43 \mey photopeak largely suppressed. The spectrum to the
511-keVy-rays. The dip in the distribution below about t€n;nt\yas instead derived from a measurement where the PMT's
samples results from the loss of events due to the inability to fit, 25 reduced by several hundred volts and the upper dis-
the amplitude of the two steps on one anode when #e&EpP- ¢ iminator threshold was turned off. The picture is completely

aration is so small. Since the me_dian_ se_pargtioﬂih; 0”'¥ changed. The photopeak and the single escape peak are now the
~ 9 mm, we expect that the spatial distribution of the triggej,minant features in the spectrum

efficiency for these events will be similar to that for single in-
teraction events. This is indeed the case, as shown in Fig. 10,
for setting A. At higher energies, the spatial separation between
interactions becomes larger, and therefore events spread over\We have presented results from experiments dedicated to a
larger fraction of the sensitive volume. In this case, the spatigdatially resolved measurement of the light trigger efficiency
inhomogeneities of the trigger efficiency become less relevarm. the LXeGRIT TPC at 511 keV. Data were taken with the
Results from these experiments and from the LXeGRIT 19399V values and with the two window discriminator thresholds
balloon flight data [6] have led us to revise the HV and the distised in the 1999 balloon flight. For the discriminator window
criminator thresholds on the PMTs in order to reduce the noi$6-128, with which most of the flight data were acquired, the
and the trigger sensitivity at low energy. In preparation for theigger efficiency, averaged over the entire sensitive volume and
Fall 2000 balloon flight of LXeGRIT, the PMT amplifiers andall four PMTs, was~40%, and~47% for the 10-255 window.
logic unit were also modified. The combination of lower HV[The large variation in performance of the four PMTs and the
shorter shaping time, and open discriminator window resultbigher efficiency value 0~63% on PMT 2 for the 10-255
in a dramatic impact of the instrument trigger response to highgindow indicates that even with the current TPC design, a
energy photons. This is demonstrated by the energy spectra ofmmificantly improved value can be achieved. The trigger
AmBe source from two-step events in Fig. 11. The spectrumédficiency is found to vary widely across the detector due to
the left was taken with setting A as in 1999 flight configuratiorthe different PMT sensitivies and to the large variation in solid
It shows a strong enhancement of low-energy triggers, with thagle, as well as to other geometrical effects. These variations

V. SUMMARY
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to operate at a lower trigger efficiency in order to reduce the
trigger rate from photons below the sensitivity of the charge
. readout of 150-200 keV.

Additional experiments will extend the three-dimensional
trigger efficiency measurement to higher energies. This can be
achieved by rotating th&Na source setup by 90again trig-
gering on the 511-keV photopeak. Thus, the second collinear
E 511-keV photon cannot enter the TPC, while the coincident
1275-keV ~y-ray from the deexcitation of?Ne is emitted
isotropically, and can therefore hit the TPC. Other options
. include triggering on one of two coincidemtrays ¢°Co, 3%Y)

] or tagging of 5~ -radioactive sources with prompt-decays

. ] (e.g.,**"Cs, 6°Co) with small plastic scintillation counters to

0 1000 2000 3000 4000 5000 detect the fast electron released in the decay.
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