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A matrix of Silicon Photo Multipliers has been developed for light readout from a large area 1 in. x 1
in. LaBr; crystal. The system has been characterized in the laboratory and its performance compared
to that of a conventional photo multiplier tube. A pulse duration of 100 ns was achieved, which
opens up to spectroscopy applications at high counting rates. The energy resolution measured using
radioactive sources extrapolates to 3%-4% in the energy range E, = 3-5 MeV, enabling gamma-ray
spectroscopy measurements at good energy resolution. The results reported here are of relevance in
view of the development of compact gamma-ray detectors with spectroscopy capabilities, such as
an enhanced gamma-ray camera for high power fusion plasmas, where the use of photomultiplier is
impeded by space limitation and sensitivity to magnetic fields. [http://dx.doi.org/10.1063/1.4886755]

. INTRODUCTION

Gamma ray spectroscopy is one of the few diagnos-
tic techniques capable to measure suprathermal ions in high
power fusion plasmas, as demonstrated at JET.!® The in-
strumentation used typically consists of photomultiplier tubes
(PMTs) for light readout coupled to inorganic scintillators,
which view the plasma along a single line of sight. Informa-
tion on the energy spectrum of gamma-ray emission is then
complemented by profile measurements along multiple lines
of observation by camera systems that, however, have null
or very limited spectroscopy capabilities.” Clearly, combin-
ing spectral and profile information, for example, by enabling
spectroscopy measurements in each channel of a gamma-ray
camera, would be highly desirable.

A practical problem to achieve this goal is, however,
space limitation, besides sensitivity to magnetic field, that of-
ten rule out the possibility to use PMTs as light readout sys-
tems in a gamma-ray camera and advocate for more compact
solutions. A possibility may be represented by a recent de-
velopment of light readout technology, Silicon Photomultipli-
ers (SiPM), that are gaining an increasing role as possible re-
placements of PMTs. A SiPM is a two-dimensional array of a
large number of cells consisting of a single photon avalanche
diode (SPAD) and the relevant integrated quenching resis-
tor. Each cell can be activated when hit by a single photon.®
The output signal of a SiPM is proportional to the number
of SPAD cells that get simultaneously activated, which in
turn scales linearly with the number of impinging photons.
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Presently SiPMs, being also insensitive to magnetic fields, are
widely used in Positron Emission Tomography,’ where they
are typically coupled to small size (<0.1 cm?) LYSO crystals
for measurements of the 511 keV electron-positron annihila-
tion radiation. Their use for gamma-ray spectroscopy appli-
cations in fusion plasmas is new and not straightforward, as it
requires the development of large area SiPMs to cover more
extended crystal surfaces, needed to measure gamma-rays of
energies higher than 511 keV. Besides, a fast (<100 ns) out-
put signal and an energy resolution and linearity similar to
that obtained with PMTs must be preserved.

In this paper we present a matrix of 12 SiPMs coupled
to a large area (1 in. diameter) LaBr; crystal. The system has
been characterized in the laboratory with radioactive sources
and its performance compared to that of a conventional PMT,
both in terms of time properties and energy resolution. Factors
affecting the energy resolution of the system are identified and
possible solutions for future improvements are indicated.

Il. DEVICE PROPERTIES

The device developed is shown in Figure 1. It consists of
a matrix of 12 SiPMs connected in parallel and arranged in a
crossed shape.

Each of the twelve 5.1 mm x 5.1 mm SiPM units, built
by ST Microelectronics,'? is made of 4 x 830 SPAD cells.
The matrix was characterized by measuring its current and
capacitance as a function of the positive bias voltage V.. ap-
plied to the cathode, as shown in Figure 2. The capacitance
has the 1/,/V,;,, dependence expected for a semiconductor,
approaching a value of 12 nF at V,;,. = 30V, that corresponds
to 1 nF per SiPM unit. The current is constant (3 nA) up to
Viias = 27.5 V and then rises sharply up to about V;, =29 V.

85, 11E108-1
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FIG. 1. Picture of the 12x SiPM matrix (left) with a simple circuital model of the device (right). The SiPM matrix is represented by the capacitance C_ and
resistance R in the black box, together with the current generator L. The red box shows the pole-zero cancellation network installed right after the matrix. Ry

is the load resistance.

This corresponds to the breakdown, i.e., the transition of each
SPAD to its Geiger like regime of operation. After the break-
down, the current asymptotically follows Ohm’s law.

It is worth noticing that the I-V curve of the device is
very steep in the breakdown region, which implies that dif-
ferent SiPM units have the same breakdown point. This is an
important requirement to ensure an overall uniformity of the
response to light and is the result of individually selecting
the SiPMs used to build the matrix from those processed on
the same silicon wafer at the fabrication stage. In fact, the
breakdown voltage is strongly sensitive to the distribution of
impurities and defects in silicon and thus, even when the same
wafer is used to fabricate SiPMs, a uniform response is not
granted.

A 1in. x 1in. (diameter x height) LaBr; crystal was put
in contact with the SiPM matrix using a thin layer of optical
grease to optimize light transmission. The whole device was
then sealed to ensure operation in a dark environment. The
output signal was digitized using CAEN DT5751 (1 Gsam-
ple/s; 10 bits).

Figure 3 (left) shows a pulse from a '¥’Cs radioactive
source put in vicinity of the LaBr; crystal. The measured am-
plitude at the full energy peak was between 100 and 300 mV,
depending on V,; . in the range 29-31 V. Setting V;,. =30V,
the pulse has a rise time of 40 ns and a decay time of
550 ns, which significantly exceed those typically observed
with the same crystal when coupled to a Hamamatsu R10233
PMT (rise time of 25 ns and decay time of 60 ns). The rise
and decay times are here defined as the interval between the
times at which the pulse reaches 10% and 90% of its maxi-
mum amplitude on the leading and falling edge, respectively.

The observed pulse shape and duration can be explained
with the following simple circuital model of the device. Let
assume the light emission from the LaBr; crystal to be repre-

sented by a single exponential exp(—t/7) and that the SiPM
matrix consists of a capacitance C; = 12 nF and resistance
R, connected in parallel as in Figure 1 (right), black box. In
the domain of the complex frequency s, an output pulse V(s)
o /(s + 1/z ) - 1/(s + 1/zg) with Ty = RyCy is obtained,
that can be Laplace transformed to time domain to give V(t)
oc exp(—t/t ) — exp(—t/tg). The red curve in Figure 3 (left)
shows a fit to data using a slightly modified version of this
formula, i.e.,

A if t<y
V()= A+N-(exp(—(t—tp)/7,) — exp(—(t — t)/7,) ,
if > ¢,

(1)
in which A, N, and t are fit parameters for the non zero offset,
pulse amplitude, and start time, respectively. There is a good
agreement between fit and data, which validates our simple
model. From the fit, we obtain 7, = 26 ns and 7, = 250 ns.
The simple model also suggests that the long decay time
T, = Tg is due to the large capacitance of the matrix, which
is the result of summing up the capacitance of each SiPM
unit connected in parallel in our matrix arrangement. As ob-
taining a fast output pulse is mandatory for high rate appli-
cations, a pole-zero cancellation network has been designed
and tested (Figure 1 (right), red box).!! The parameters of
the network were chosen to cancel out the 1/tg pole intro-
duced by R¢Cy ~ 250 ns and to replace it with a shorter
time constant of about 6 ns. The reduction in pulse amplitude
after the network was compensated by use of a non-inverting
fast amplifier based on the THS3001 Operational Amplifier
by Texas Instruments, providing a gain of 40. The resulting
pulse is illustrated in Figure 3 (right). The new rise time is
10 ns and the decay time is 90 ns, so that the pulse duration
well compares to that typically achievable with a PMT. More
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FIG. 2. Current vs. voltage (left) and capacitance vs. voltage (right) curves measured for the 12x SiPM matrix.
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FIG. 3. Output pulses from a '3’Cs source using the 12x SiPM for light readout, before (left) and after (right) the installation of a dedicated pole-zero cancellation

network. The red curves are fits to data using Eq. (1).

accurately, a fit to the data using Eq. (1) yields T, = 6 ns
and 7, = 41 ns. This result demonstrates that similar fast
signals can be obtained using LaBr; coupled to a SiPM or
PMT.

A closer inspection to Figure 3 (right) also shows that
there are fluctuations superimposed to the predicted pulse
shape, on a typical time scale of 10 ns. These are due to the
combination of after pulsing and dark counts, both unavoid-
able in a SiPM device.'? Similar fluctuations were observed
on the oscilloscope even before the installation of the pole-
zero network, but they were modulated over a much longer
time scale, say >100 ns.

lll. MEASURED ENERGY SPECTRUM
AND RESOLUTION

The SiPM matrix was used to study the energy resolution
achievable with this readout system coupled to a 1 in. x 1 in.
LaBr; crystal. The experimental setup was the same as de-
scribed in Sec. II. Laboratory radioactive sources of ’Na (E,
= 511 keV), ¥7Cs (E, = 662 keV), and 0Co (E, = 1173
and 1333 keV) were employed to obtain gamma rays of dif-
ferent energies.

The pulse height spectrum (PHS) was reconstructed from
the waveforms recorded with the CAEN DT5751 digitizer
based on a fitting procedure. In a first stage, a prefit with
Eq. (1) was performed, at a given V., to determine the
7, and 7, parameters for an average pulse. These parame-
ters were then kept constant for all pulses. In a second stage,
the fitting routine determined A, N, and ¢, for each pulse. A
PHS spectrum was finally built from the height of each fit-
ted pulse shape. A similar algorithm was used previously for
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FIG. 4. Energy spectrum from a 37 Cs source measured in the laboratory
using the 12x SiPM for light readout at V;, - = 31.5 V.

LaBr; coupled to a PMT and was shown to provide an energy
resolution matching the expected one.'> !4

Figure 4 shows the energy spectrum of a '3’Cs radioac-
tive source measured at V;,. = 31.5 V. The calibration was
obtained based on the measured position of the full energy
peaks of the 2?Na, 1¥’Cs, and ®°Co gamma-ray sources. The
energy resolution (FWHM) is 8.6%, which can be compared
to 4% obtained with '¥’Cs using a Hamamatsu R10233 PMT
for light readout. No significant difference was observed in
terms of energy resolution before and after the installation of
the pole-zero cancellation network.

The energy resolution R as a function of V. is shown
in Figure 5 (left) for gamma-rays of different energies. The
error bars are those derived from the Poisson statistics of
the measured spectra. R improves with increasing V., un-
til a plateau region is reached for V. > 31 V, where the
resolution is practically unchanged, within error bars. Here
we note an added fluctuation in the case of %°Co. The rea-
son is the increased uncertainty in background subtraction
due to the vicinity of the two 1173 and 1333 keV peaks in
the energy spectrum of ®*Co. Although the plateau region of
Figure 5 (left) may also extend above V;,. = 33V, there is
no advantage in operating the device in this region.

Figure 5 (right) shows the average value of the resolution
at the plateau, as a function of energy. Data are well described
by the 1/,/E dependence expected from Poisson statistics (red
curve), within the statistical uncertainties. From the 1/,/E
curve a resolution between 3% and 4% can be extrapolated
in the energy range E, = 3-5 MeV, which is of interest for
gamma-ray observations in fusion plasmas, for example, at
JET.'-® Such energy resolution already enables spectroscopy
studies in a gamma-ray camera system based on LaBr; cou-
pled to SiPM. Here, with the word spectroscopy, we mean
the capability to distinguish peaks with an energy separation
of typically 200-300 keV, as for gamma-rays in the range
E, = 3-5 MeV from fusion reactions, which is not possible

14
In present gamma ray camera systems.

IV. DISCUSSION AND OUTLOOK

The count rate capability and energy resolution of the
LaBr;-SiPM system developed already meet the requirements
envisaged for gamma-ray spectroscopy applications in cam-
era systems of fusion plasmas. Improvements are, however,
desirable, especially with regard to achieving the same energy
resolution obtained by coupling LaBr; to PMTs. There are



11E108-4 Nocente et al.

14 T T T
. ® 511keV * 1173keV
12 + 662keV * 1333keV T
—_ r Y
32 "
= 10l N
Y 'y P =
gl 1 i ]
¢
6l it ]
3 ' t H
1 1 L 1 1 L
29 295 30 305 31 315 32 325 33
V... (V)

bias

Rev. Sci. Instrum. 85, 11E108 (2014)

1 1 1 L L
600 800 1000 1200 1400
Energy [keV]

FIG. 5. (Left) Energy resolution R obtained in the laboratory as a function of V; - for gamma-rays of different energies. A plateau in the data, which is reached

for Vi
here two parameters affecting the resolution: the geometric
efficiency, i.e., the ratio between the crystal area and that cov-
ered by the SiPM matrix; and the photon detection efficiency
(PDE), that is the probability for a photon impinging on the
matrix to give rise to an electric signal. The PDE is in turn
the product of three factors: the quantum detection efficiency
(QDE), the device fill factor, and the discharge probability.'?
A straightforward improvement for our device would be to
achieve a wider coverage of the crystal surface by the SiPM
matrix, contributing to an estimated gain of 20% at most in the
geometric efficiency. As far as the PDE is concerned, a more
substantial improvement of factor 2 may be achieved by bet-
ter matching the crystal peak emission wavelength (380 nm)
with the peak absorption wavelength of SiPMs (450 nm).!?
This can be obtained thanks to the recent development of new
SiPMs, whose maximum QDE (*18%) would be shifted to-
wards blue light, thus closer to the emission wavelength of
LaBr,."> Alternatively, a wavelength shifter may be used to
convert 380 nm photons to higher wavelengths. Both solu-
tions will be tested in the near future. From these arguments,
we may thus expect to decrease R by /(1.2 x 2) & 1.6, yield-
ing R~ 5.5% at E,, = 662 keV, by the development of a new
optimized SiPM matrix.

The remaining resolution gap between PMT and SiPM
is more problematic and may be solved by an increase of the
fill factor of the device by a further factor of 2, from typical
present values of 35%. Such development is not available at
the moment, but might be possible in a few years, depending
on progress in the miniaturization technology. We shall, how-
ever, note here that, at higher PDE, nonlinearity,'> which is
observed when the number of detected photons is comparable
to the amount of cells of the device, may become an issue for
gamma-ray measurements in the 3-5 MeV range. From our
measurements, we have extrapolated R ~ 3%—4% at EV =3-
5 MeV, which corresponds to ~6200 active cells over 39 840,
i.e., 16%, very far from any nonlinearity concern. Achieving
R =4% at Ey = 662 keV extrapolates to 1.5% at Ey =5MeV,
where the fraction of active cells would be 262%. In this con-
dition, the effect of the device non linearity on the energy res-
olution would become an issue and may partly counteract the
benefit of an increased fill factor.

V. CONCLUSIONS

A matrix of Silicon Photo Multipliers (SiPMs) for light
readout from a large area 1 in. x 1 in. LaBr; crystal has

in the range 31-33 V, can be seen. (Right) Average energy resolution as a function of energy at the plateau shown with a 1/,/E curve fit.

been developed for applications to compact gamma-ray spec-
troscopy detectors. The system has been characterized in the
laboratory and its performance compared to that of (non-
compact) conventional photo multipliers (PMTs). Similarly
to the PMT case, a fast pulse of 100 ns was obtained, us-
ing a dedicated pole-zero cancellation network, which opens
up for high counting rate applications. The measured energy
resolution at E, = 662 keV is 8.6%, that extrapolates to
3%—4% for E,, in the range 3-5 MeV, enabling spectroscopy
measurements in gamma-ray camera systems of present toka-
mak devices, such as JET, which are not possible at present
using PMTs, due to their large dimensions. A comparison
between the energy resolution of LaBr;-SiPM and LaBr;-
PMT, however, revealed that there is still a factor two dif-
ference in favour of the latter. Solutions to overcome this
gap have been pointed out, particularly with regard to im-
provements in the quantum efficiency and fill factor of SiPM
devices.
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