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Abstract

A multiwire ionisation chamber filled with liquid xenon as a
position sensitive detector for Positron Emission Tomography is
studied. Both xenon scintillation, which provides a fast trigger,
and ionisation charge for position and energy measurements are
read. The detection efficiency of the detector is assessed in
separate measurements of the probability of detection of the
scintiliation light and the charge signals due to 511 keV
gamma-rays. These were measured to be about 1 and 0.82,
respectively.

I. INTRODUCTION

Liquid xehon is considered as a promising working medium
for a PET detector since the early 70s [1,2]. Recently, a new
concept of the detector has been proposed and a small prototype
built [3.4]. It exploits the good scintillation properties of liquid
xenon and the electrons released by ionisation that are collected
in a plane of anode wires. The scintillation provides fast
coincidence time resolution and a trigger for the readout of the
ionisation signal which is very suitable for the measurement of
position and energy. Previously, some of the main parameters of
the detector have been measured. In particular, coincidence time
resolution of 1.5 ns fwhm, transaxial resolution of less than
1 mm and depth of interaction sensitivity with precision of
<5 mm were reported [5,6]. Energy resolution of 17% fwhm for
511 keV, which can be improved to 15% at the expense of some
loss of efficiency, was recently achieved [7].

In this paper, we report on the determination of the detector
efficiency for gamma-rays from positron annihilation.

A y-photon that interacts within a cell of the chamber is
detected under two conditions: i) the primary scintillation is
detected and its signal is above threshold; ii) the collected
charge signals, induced in one or more wires, are above the
charge discrimination threshold. Therefore, the detection
efficiency of one cell for annihilation gamma-rays can be
presented as a product of three terms

e=P, PP, (1)
where P, is the probability of a 511 keV photon to interact with
liquid xenon inside the cell, P, is the probability that the

scintillation produced by the interacting y-photon is detected (we
shall refer to it also as the “efficiency of the scintillation
trigger”) and P, is the probability that the charge is measured in
one or more wires, provided that the interaction has occurred
and the scintillation trigger has been detected. Hence, P, was
calculated, while P, and P, were measured.

II. EXPERIMENTAL SET-UP

The set-up used for the measurements is schematically drawn
in Fig.1l. The liquid xenon multiwire detector, built for test
purposes, has been previously described in detail [4-6]. In short,
it consists of six ionisation cells, each formed by two parallel
cathode plates with a multiwire anode in the middle. The cell
dimensions are 10x60x50 mm’ along x, y and z axes (Fig.1),
respectively. Presently, we operate only one cell, which will be
referred hereinafter as the active cell. It has 20 anode wires of
50 um diameter spaced by 2.5 mm. A negative voltage of
-1000 V is applied to the cathodes, while the wires are at ground
potential. The wires are connected in pairs to reduce the number
of readout channels. Each pair of wires is read individually and
henceforth will be referred to as a charge channel. The signal
from each charge channel is fed to a low noise charge sensitive
preamplifier [8] followed by a linear amplifier {8], connected to
a leading edge discriminator and a peak sensing ADC.,

During data acquisition, the maximum noise in the charge
channels was 900e¢ fwhm which determined the lowest
discrimination threshold that could be applied.

The scintillation light produced between the two cathodes of
the active cell is seen by two Hamamatsu RI1668
photomultipliers with quartz windows (PMT). Two signals are
read from each PMT: a fast pulse from the last dynode (=20 ns
fwhm) which, upon inversion, is fed in a constant fraction
discriminator, CFD, and the anode signal which is amplified,
shaped with a time constant of 1 us and fed in a peak sensing
ADC. The former signal is used for triggering and the latter for
the measurement of the light signal amplitude.

The x-coordinate of the interaction point is determined by
measuring the electron collection time to the wire. The
identification of the wire pair to which the charge is collected
gives the depth of interaction {z in Fig.l). The ratio of the
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Figure 1: Layout of the experimental set-up: PM: photomultiplier
(An and Dy are the anode and dynode outputs, respectively); A: linear
amplifier; FA: fast amplifier; CFD: constant fraction discriminator; C:
coincidence unit; D: leading edge discriminator. The pairs of wires of
the active cell are numbered from 0 to 5.

amplitudes of the two PMTs allows the y-coordinate to be
measured.

The multiwire cells along with the PMTs are mounted in a
stainless steel box which has a 1 mm thick window at the
bottom, also made of stainless steel.

The measurements were performed with a positron emitting
”Na source. To assure that mainly the active cell is irradiated, a
3cm thick lead collimator with a hole of 8x8 mm’ was placed
2.3 cm under the chamber and at 8.3 cm from the source. The
hole is aligned with the centre of the cell. Pairs of collinear
511 keV y-rays are selected- with a scintillation detector which is
placed at a distance of about 25 cm from-the source and aligned
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with it (see Fig.1). The detector has a @2"x2" BaF, crystal
coupled to a Philips XP2020Q photomultiplier. The anode signal
of the PMT is fed into a third CFD with the threshold fixed at
400 keV and then enters the coincidence unit (C in Fig.1). Two
other inputs of the coincidence unit accept the signals from
CFDs connected to the two PMTs installed in the chamber. A
coincidence of these three signals triggers the acquisition system
{71 that reads and digitises the amplitude of the PMTs' anode
signals and of the charge pulses from those pairs of wires where
collection of charge occurred. The data are. stored in a personal
computer. We refer to our paper [7] for further details on the
experimental set-up and data acquisition system used in these
measurements.

Before filling the chamber, the xenon gas was purified by
passing through an Oxisotb column {9]. The xenon purity was
measured after a run of two days in a parallel plate chamber.
The xenon from the PET chamber was transferred into the
monitor chamber and the pulse shape of the charge signals due
to 5.15 MeV o-particles in liquid phase was studied to extract
the electron lifetime (see, for example, ref.[10]). No deviation of
the leading edge of the signal from a straight line was observed
within a few per cent. A fit with an exponential function gives a
lower limit of 20 ps for the electron lifetime, a limit resulting
from the sensitivity of the method. From this, we conclude that
the effect of impurities, if present, leads to a negligible reduction
of the charge pulse amplitude. This agrees with the fact that the
chamber could operate during several ~days without any
detectable degradation of either the scintillation or the charge
signals.

The temperature of the chamber varied from run to run
between -95°C  (p,=2.85 g/em’, [11]) and -105°C
(p,=2-92 gfem’, [11]), being kept stable within about 2°C
during the time of each data acquisition.  °

II1. DEFINITION OF THRESHOLDS

Obviously, P,and P, both depend on the threshold levels set
at the discriminators connected to the dynodes of PMTs and
charge channels, respectively. It is convenient to associate the
threshold voltage to a physical quantity more directly related to
the performance of the detector. For the case of the PMTs, it is
suitable to have the threshold voltage expressed as equivalent
number of photoelectrons (ph.e.) emitted by the photocathode.
For that purpose, we observed the single photoelectron spectrum
of the anode signal for each PMT, with a multichannel analyser
gated by the CFD. By varying the CFD threshold and observing
directly in the spectra the corresponding rejection of signals with
amplitudes smaller than the threshold, .it was possible to
associate a threshold voltage to the amplitude of the single
photoelectron peak. Henceforth, we will refer to that threshold

voltage as the discriminator level equivalent to I ph.e., V, and
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Figure 2: Single photoelectron spectra of the anode signals: the
full spectrum {plain white), and those obtained with thresholds

equal to 0.5V (hatched spectrum) and V, (double hatched).

other values. of the threshold will be expressed in terms of V.
The single photoelectron spectra taken without gate and gated
by the discriminator output with the threshold equal to 0.5V,
(hatched spectrum) and V_ (double haiched) are shown in Fig.2.

The calibration of the charge channels in energy units is
complicated by the fact that, for the same deposited energy, the
amplitude of the measured charge signals depends on the
position of the ionisation in the cell due to the slow motion of
positive ions in liquid xenon. Therefore, the charge channels
could only be calibrated accurately in number of electrons.
Nevertheless, one can express the threshold in terms of an
equivalent energy in the following way. Fig.3a shows the
spectrum of the charge pulse amplitude computed for the case of
monoenergetic depositions uniformly distributed in a cell of the
liquid xenon chamber [12]. The mean energy for producing an
ion pair in liquid xenon, W, is 15.6 eV [13]. However, for our
working conditions, there was no full collection of ionisation
charge due to recombination. As the electric field in most of the
cell volume is 1.5 kV/em, except in the region very close to the
wires, we collect =93% of the charge [14], which can be
expressed as an effective W value of 16.8 eV. Taking this value
and the spectrum of the charge pulse amplitude in Fig.3a, the
count rate as a function of the deposited energy was calculated
for different charge thresholds. The results are plotted in Fig.3b.
We define the discrimination level, in terms of equivalent
energy, as the deposited energy at which 75% of the events in
the chamber are above this threshold. Using this definition, the
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Figure 3: (a) Computed spectrum of charge signal amplitudes for

the events with equal deposited ‘energy uniformly distributed

within the cell [12]. (b) Count rate as a function of deposited

energy at discrimination thresholds equivalent to the charge of
1000, 2000, 5000 and 10000 electrons (shown next to each curve).

thresholds of 1000, 2000, 5000 and 10000 electrons cotrespond
approximately to 25, 50, 125 and 250 keV, respectively.

IV. COMPUTATIONS

The probability that a 511 keV photon interacts inside active
cell, P, (see eq.(1) in section I) was calculated analytically
considering a narrow beam of photons parallel to the cathodes of
the cell. With the dimension of the cell along the direction of the
beam equal to 50 mm, the density of liquid xenon of 2.9 gfem’
[11] and the attenuation coefficient of 0.0898 cm™g for 511
keV, we obtain P,=0.73.

A Monte-Carlo simulation of our experimental conditions

was carried out in order to interpret the data concerning the
measurement of the detection efficiency of charge signals for

triggered events, P,.



The whole liquid xenon chamber with six cells, the lead

collimator and the irradiation conditions were simulated. The -

__existence of two “dead” zones in the chamber was also
considered, one being the space between the cell lower
boundary and the chamber bottom, and the other defined by the
upper edges of the cells and the PMT windows, both
corresponding to 2.5 mm thick liquid xenon layers.

The photons are traced until they are absorbed or escape
from the simulated volume (for details, see [15}). For each event
that gives rise to one or more interactions in the active cell, the
charge signals in each wire are computed, taking into account
the coordinates of the interactions, the energy deposited in each

“of them and the dependence of the amplitude of the electronic
component of the charge signal on the position of the ionisation
[12].

V. EXPERIMENTAL RESULTS

A, Efficiency of scintillation trigger

Liquid xenon scintillates in the vacuum ultraviolet region
(A=170 nm). At such wavelength, most materials (in particular,
stainless steel, the material of the cathode plates) have poor
reflection coefficients. Therefore, for a given energy deposit in
the cell, the number of detected photons is expected to depend
strongly on the interaction position. The amplitude of the PMT
anode signal as a function of the distance from the interaction
point to the PMT window along the z-coordinate is shown in
Fig.4. It was obtained by off-line selection of the events
involving full deposition of energy (i.e., 511 keV) in one charge
channel. The large variation of the scintillation pulse amplitude
along the cell can potentially result in different efficiencies of
scintillation trigger from the top of the cell to its bottom. To
investigate this aspect, we analysed the distribution of the
number of counts per charge channel for different charge
thresholds. Fig.5 shows these distributions measured with the
PMT threshold fixed at 0.5-V_. The histograms were fitted with
an exponential function, exp(-Uz+c). The extreme channels were
not taken into account for their charge collection conditions are
different from the other channels due to electric field distortions
at the edges of the chamber (see next section). The values of
p-coefficient obtained from the fittings are plotted in Fig.6.

A count is registered in a channel if two conditions are
simultaneously satisfied: first, the scintillation triggers the
system and, second, the charge signal is above the threshold.
The probability of the former condition being fulfilled can
depend on z, while that associated to the latter does not vary
with z. Therefore, for a given charge threshold, if there was a
variation of detection efficiency along the cell it could only be
due to the variation of P, which would affect the count rate in
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Figure 4: Scintillation pulse amplitude as function of the distance
from the photocathode for 511 keV energy deposit in the cell.

the channels close to the bottom to a larger extend than in the
upper channels. This would result in a decrease of the
u-coefficient or, even, in the deviation of the curve from an
exponential. Furthermore, the lower the charge threshold, the
larger will be this decrease because more events with low energy
deposition will be involved, for which the variation of the
triggering probability with z, if present, is more significant.
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Figure S: Distribution of counts per charge channel at constant
threshold for scintillation (0.5 ph.e) and for charge thresholds
corresponding to 1000 (a), 2000 (b), 5000(c) and 10000 (d)
electrons. The curves superimposed on each histogram represent
the best fit of the data with an exponential function.
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Figure 6: p-coefficients obtained by fitting the data of Fig.5

The fact that p-coefficient of the fitted exponential is
constant, within the experimental errors, for any charge
threshold above 2000 e (see Fig.6), indicates that the detection
efficiency, and thus P,, does not depend on z for the events with
energy deposition 250 keV. It was checked by Monte Carlo
simulation that under our irradiation conditions the u-coefficient
is independent of charge threshold if the triggering probability is
constant along z. Furthermore, if P, is constant along z, it has to
be equal to 1, as any value of P <l, for any z, would be
incompatible with the strong variation of the PMT signal
amplityde with z (Fig.4).

Thus, we conclude that, for the energy threshold of about
50keV, the efficiency of scintillation triggering is uniform
along the cell and equal to 100% for any channel (except,
perhaps, for channel 0, at 50 mm from the PMT, which was not
included in the analysis as explained above).

We also studied the dependence of count rate in the charge

channels on the discrimination level for the scintillation trigger.
The charge threshold was set at 2000 e. The result is shown in
Fig.7. There is a visible decrease of the trigger efficiency at
higher thresholds. It is the more significant the larger is the
distance of the scintillation point to the PMT, Notice, that the
discriminator is connected to the last dynode of PMT which is
operated ‘in a nearly single electron counting mode. This
explains why the count rate is so sensitive to the threshold in the
range from 5 to 10 V_ even for wires close to the PMT, where
the number of scintillation photons collected is large. From
- Fig.7, we conclude that a CFD threshold of 0.5V to V_is the
most suitable.

B. Detection efficiency of the charge signals

The detection efficiency of the charge signals, P,, was
defined as the fraction of triggered events originated in the
sensitive volume of the active cell that present at least one
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Figure 7: Count rate in charge channels for different values of the
scintillation trigger threshold.

charge signal above threshold. In order to measure P, the
signals from all charge channels were recorded for every
triggered event. These measurements were done with the
threshold at the chamber PMTs set to 0.5 V_. The ratio of the
measured number of the triggered events followed by charge
signals, Q,, to the number of scintillation triggers, T , is
presented in Table 1.

Table 1
Fraction of triggered events with charge detected (%). See text for
details.

Threshold

(in number of Q. /T, Q/T,
electrons)

1000 69.74£0.8 8945

2000 64.211.4 8245

5000 59.010.6 76+4

10000 36.910.5 4743

In order to determine P, from the ratio Q,/T,, two
corrections have to be made: 1) one due to the loss of charge
signals on channel 0; 2) the other resulting from the existence of
triggered events originated in interactions outside the sensitive
volume of the active cell (henceforth, they will be referred to as
“false” triggers). Next, we discuss these two corrections:



1) Due to the electric field distortion near the cell edges
(especially significant for channel 0, given its proximity to the
chamber bottom which is at the same potential as the wires), the
charge collection conditions for the two extreme channels ars
rather different from the other channels. Based on computations
of the electric field around channel 0, we estimate a loss of =

. 22% of the charge signals on that channel. This corresponds to =

4% of the total number of events with at least one charge signal
above threshold. As this effect is not inherent to the detector and
can be easily eliminated (for example, by connecting the
cathode edges with a grid), we can correct the value of Q,_ for
this effect. Hence, Q_=Q,(1-0,,) where 0,,=0.04 and Q, would be
the number of charge signals in the absence of charge losses.

2) As it was mentioned above (see section IV), there are two
dead zones in the present detector design. Interactions in these
regions produce scintillation but no charge signals. The fraction
of such events, that produce “false” triggers, was determined by
Monte Carlo simulation (section IV), being about 8.8% of the
total number of the y-rays interacting in xenon. It is impottant to
remark that these “dead” volumes can be minimised in an
improved designed of the chamber.

The other group of events resulting in “false” triggers is
owing to y-photons that do not interact in the active cell but do
interact in the two adjacent cells. They are mainly due to
gamma-rays scattered in the collimator ot passing it but entering
obliquely to the detector. From the simulation, we obtained that
their fraction amounts to about 15% of the total number of
v-photons that interact with liguid xenon,

To avoid detection of the scintillation that is produced in the
adjacent cells, they were covered at the top by a stainless steel
* foil. However, to avoid electrical problems the foil could not be
put in a way that guaranteed 100% shielding efficiency of the
PMTs from the scintillation light produced in those adjacent
cells. Therefore, the following experimental procedure was used
to evaluate this efficiency. The lead collimator was removed and
the chamber filled with xenon gas at Sbar. A very well
- collimated *'Am source, emitting 60 keV y-rays, was placed
under the chamber so that one single cell was irradiated at a
_time. The linear attenuation coefficient of the xenon gas at 5 bat
" for 60 keV y-rays is similar to that of the liquid for 511 keV

photons. A voltage of -500 V was applied to the cathodes. At

this voltage, besides primary scintillation, secondary scintillation
of xenon gas near the 50 um diameter anode wires in the active
cell was clearly observed. Thus, the events involving interaction
in the active cell could be distinguished from those in the
- adjacent cells, as the former result in both primary and
secondary scintillations while the latter only produce primary
scintillation. With a gate delayed by about 0.3 ps from the
primary scintillation (which triggers the readout system), the
number of counts due to primary and secondary scintillation
could be separately measured. From the results, we concluded
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that the probability of detecting light prodiiced in the adjacent
cells was. 0,21 for one cell and 0.36 for the. other. This method,
with 60 keV y-rays and xenon gas at 5 bar, allows simulating the
geometrical distribution of interaction points in liquid xenon
irradiated by 511 keV photons. However, since the amplitude of
the scintillation signals due to annihilation photons in the liquid
is approximately 10 times larger, the above mentioned figures
should be considered only as lower limits for the inefficiency of
shielding.

Taking the two contributions for the production of “false™
triggers, we estimate §=T,/T, = 0.2310.07, where T, and T, are
the number of triggers originated in interactions taking place
inside and outside the sensitive volume:of the active cell,
respectively, :

Taking the considerations made under.1) and 2), one can
write

1+8
_Qi_ = _Q_"L x f )
TE Tm 1- o1}
which means that
Qi Qm [+ 5f :
e N 3)

The Q,/T, values are represented in Table 1.

VI. CONCLUSIONS
From the results presented, the following conclusions can be
extracted:

1) The discrimination levels of 0.5 to 1 photoelectrons for
scintillation trigger and 2000 electrons :for charge signals
(corresponding to the energy of =50 keV) are the most suitable
for improved noise rejection and higher detector efficiency.

2) the fraction of 511 keV y-rays that interact within the
sensitive volume of a cell, P,, is 73%;

At 50 keV energy threshold,

3) the efficiency of scintillation trigger detection, P, is nearly
100%; '

4} the efficiency of detection of charge[ signals, P, is about
82%; :

5) consequently, the total detection efficjency, g, is estimated
from expression (1) to be about 60%.
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