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Abstract—The GAMMA-400 gamma-ray telescope is planned for the launch at the end of 2026 on the
Navigator service platiorm designed by Lavochkin Association on an elliptical orbit with following initial
parameters: an apogee ~300 000, a perigee ~500 km, a rotation period ~7 days and inclination of 51.4°.
The apparatus is expected to operate for more than 5 years, reaching an unprecedented sensitivity for
the search of dark matter signatures and the study of the unresolved and so far unidentified gamma-
ray sources. The segmented anticoincidence counters surround the converter-tracker and calorimeter
of the telescope with the purpose of vetoing to assure a clean track reconstruction and charged particle
background suppression. The anticoincidence detector prototype based on long BC-408 scintillator
with silicon photomultipliers readout was tested using 300-MeV positron beam of synchrotron C-25P
“PAKHRA” of Lebedev Physical Institute. The measurement setup, design concepts for the prototype

detector together with test results are discussed.

DOI: 10.1134/51063778820020039

1. INTRODUCTION

The scientific project GAMMA-400 [1, 2] is one
of the new generation of space observatories intended
for an indirect search for signatures of dark matter
in the cosmic-ray fluxes, precision investigation of
the characteristics of diffuse gamma-ray emission
and gamma-rays from the Sun during periods of so-
lar activity, gamma-ray bursts, extended and point
gamma-ray sources in the wide energy range from
several tens of MeV up to the TeV region, elec-
tron/positron and cosmic-ray nuclei fluxes with en-
ergies up to ~10'% eV by means of the GAMMA-400
gamma-ray telescope that represents the core of the
scientific complex, installed on the Navigator service
platform [3] designed by Lavochkin Association. For
gamma rays with the energy ~100 GeV the expected
energy and angular resolution are ~2% and ~0.01°
respectively and the electron/proton rejection factor
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is ~5 x 105, In Fig. 1 the physical model of the
gamma-ray telescope is presented. The C' desig-
nates the converter-tracker consisting of 13 layers
of double (z,y) tracking coordinate detectors with
total thickness about 1Xj (radiation length). The
first 11 layers are interleaved with tungsten conver-
sion foils (first 7 layers of 0.1X( and next 4 layers
of 0.025Xy). The last two layers have no tungsten.
The data from the converter-tracker is used for high
precision determination of the gamma-quanta con-
version point and reconstruction of the trajectory of
the primary and secondary charged particles. The
ACS is segmented anticoincidence system (135 scin-
tillator strips) which includes one top detector ACy,,
and four lateral detectors AC1,4—AC4,,¢ surrounding
convertor-tracker for discrimination between incom-
ing charged particles and gamma-quanta with an
efficiency of >99.95%. All anticoincidence counters,
as well as LD, S3, and S4 are made of two oriented in
parallel layers of 1-cm thickness, 10-cm width BC-
408 polyvinyltoluene scintillator strips with different
length. The strips of one layer are displaced with
respect to the strips of the other layer so that there are
no rectilinear slits in the system. The TOFS—time-
of-flight system, consists of hodoscope of four ori-
ented perpendicularly layers of 1-cm thickness, 10-
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cm width, 100-cm (top) and 80-cm (bottom) length
BC-408 plastic scintillation counters combined in
two detector planes S1 and S2 located at the dis-
tance of 50 cm between the convertor-tracker C' and
calorimeter CC. The TOFS provides a fast trigger to
gamma-ray telescope readout electronics by measur-
ing the particles charge, crossing time and position,
and separates upward from downward gomg particles
within 1073 level. The CC is an 80 x 80 cm?, ~16X
thick coordinate-sensitive calorimeter to measure the
incoming particles energy with resolution of ~2% for
gamma-rays with E, > 100 GeV and separate e*

and photons from hadrons at ~5 x 1075 level. The
CC includes preshower CCl1 (consists of two CsI(TI)
planes with total thickness of ~2Xj, two layers of
double (z,y) tracking coordinate detectors and fast
plastic scintillation detector S3), the total-absorption
calorimeter CC2, based on the set of CsI(Tl) crystals
~16X thick, the anticoincidence LD and leakage S4
plastic detectors. Four fast plastic detectors ACS,
TOFS, S3 and S4 are included in fast trigger logic
in the main telescope aperture.

The space-based gamma-ray telescope must ef-
fectively separate photons from charged particles of
instrumental background and cosmic rays. The anti-
coincidence system (ACS) of gamma-ray telescopes
is suffered from the self-veto (backsplash) effect when
the products of the high-energy photon interactions
in the instrument’s calorimeter, mainly low-energy
electromagnetic shower particles moving in the direc-
tion opposite to the direction of the detected photons,
cause a veto signal in the ACS, resulting in the degra-
dation of the efficiency for high-energy (>5 GeV)
gamma rays. One method of this seli-veto effect re-
duction is segmenting the ACS into tiles and vetoing
an event only if the pulse appears in the tile through
which the reconstructed event trajectory passes [4].
Further improvement is time-based backsplash re-
jection technique [5] based on ignoring the veto sig-
nals in appropriate segments of ACS within the time
interval in which backsplash particles hit the ACS.
This time interval start moment and duration depend
on the detector geometry and for the GAMMA-400
telescope averages out from 3 ns to 12 ns after TOFS
triggering. It requires the intrinsic time resolution
of TOFS and ACS segments better than 500 ps for
effective self-vetoing suppression. In this case the
proton impurity in the selected gamma rays and the
loss of useful events do not exceed 1075 and 10%
respectively [6].

2. EXPERIMENTAL SETUP

The tested detector presents two strips of polyvinyl-
toluene scintillator BC-408 with dimensions of 1280 x
100 x 10 mm3, wrapped with one layer of Tyvek
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Fig. 1. Sketch of the GAMMA-400 gammaray tele-
scope.

reflective material and placed into 1.5-mm thick
aluminum cover. At the middle of each strip the
FC-type fiber optic adapters are situated for optic
cables’ connection from laser monitoring system.
Each strip is viewed at the opposite shortest ends
by two photo-sensor blocks which consist of four
6 x 6 mm? silicon photomultipliers (SiPM) of the
type SenslL MicroFC-60035-SMT [7] connected in
parallel and frontend electronics. Only “slow” SiPM
outputs were used in this prototype variant. The
amplified and shaped signals from both sides of the
detector are split into two paths: the first signal
goes directly to the LeCroy WaveRunner 6Zi digital
oscilloscope, for amplitude and charge analysis, and
the second signal goes through the constant fraction
discriminator (CFD) ORTEC Model 935 for timing
analysis. Threshold of CFD was set at about 25%
of the most probable energy deposited by minimum-
ionizing particles crossing the whole thickness of the
scintillator (10 mm). The bias voltage for SiPMs was
set at 29.5 V level (~5 V above SiPM breakdown
voltage).

The primary beam of the synchrotron C-25P
“PAKHRA” of Lebedev Physical Institute consists
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Fig. 2. The functional diagram of experimental setup. The dash—dotted line represents the positron beam line. The NIM and

TTL signatures mark type of logical signals.

of 300—850 MeV electrons with particle intensity
up to 2 x 102 s=! and repetition frequency of
50 Hz. Bremsstrahlung photon beam is formed
by the interaction of accelerated electrons with an
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Fig. 3. Logarithmic ratio of amplitude of signals from
the left and right ends of prototype detector. The inverse
slope of the linear fit indicates the attenuation length A =
91 & 1 cm of scintillation light in the scintillator strip.

internal tungsten target with a thickness of 0.22X
(Xo—radiation length) placed inside the accelerator
vacuum chamber. This beam is used to create a sec-
ondary positron beam by e+ pair production on cop-
per converter with 0.1—5 mm thickness. Secondary
positrons with particle momentum of 300 MeV /c and
intensity up to ~100 s™' em™2 are selected using
dipole magnet. The studied detector was installed
on a remote controlling platform which allows hor-
izontally and vertically moves of the detector with
respect to the beam position in the range of £40 cm
with the accuracy of 1 mm. A beam monitor for
secondary positrons’ selection installed behind the
10-mm diameter lead collimator consists of four
15 x 15 x 3 mm? polystyrene (IHEP_SC-301) scin-
tillation counters M 1-M4 wrapped with aluminized
mylar film and coupled with silicon grease BC-630
from one side with two 3 x 3 mm? SensL. MicroSB-
30035-X13 SiPMs connected in parallel. These
counters are installed on high-precision horizontal
and vertical slide positioners for finely positioning of
the monitor counters with respect to the positron
beam (range £6.5 mm with 10-pm accuracy). The
signals from each SiPM pair are amplified by two-
stage broad-band shaper-amplifiers with pole-zero
cancellation circuits based on fast AD8000 opera-
tional amplifiers, produced output signals with rise-
time of ~3.5 ns and width of Tygg ~ 10 ns. The
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Fig. 4. The distributions of the ratio R for positron beam position in the center of tested prototype detector. Full thin
and thick lines match the amplitude and charge measurements respectively, dash—dot lines—to corresponding Gaussian
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Fig. 5. Average total number of photoelectrons registered
perincident positron at each end of the prototype detector
strip as a function of the beam impact position relative to
the detector centre. The squares present data for the left
strip end, circles—forthe right end, triangles—for left and
right end sum. Error bars are smaller than the points on
the plot.

amplified and shaped signals are fed into the four-
channel CFD (ORTEC Model 935). The CFD
outputs are connected through the set of delay lines to
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Fig. 6. Straight line fit to the semi-resultant of times of
scintillation light arriving at the strip ends at different
beam positions relative to the detector centre. The inverse
slope of the fit gives the effective scintillation light velocity
v =13.1 £0.1 cm ns~ ! in the prototype detector strip.

the coincidence the logic unit (CAEN Model N405)
which generates the reference start time pulse M =
M1 A M2 AN M3 AN M4 for the positrons’ registration.
Two quad scalers are used for counting M 1—M4
and M pulses. The beam monitor time resolution
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Fig. 7. The time resolution measured at each end of the
prototype detector strip as a function of the beam impact
position relative to the detector centre. The squares
are data for the left strip end, circles—for the right end,
triangles—combined time resolution oy, at both ends ob-
tained as 1/10%. = 1/0? 4 1/02. Error bars are smaller
than the points on the plot.

was measured as 104 £ 2 ps. The beam monitor
functional diagram is shown in Fig. 2.

3. STUDIES OF THE PROTOTYPE
DETECTOR

To characterize the prototype detector, the mea-
surements of the following parameters defined its time
resolution were carried out: attenuation length, pho-
tostatistics, effective light velocity and intrinsic time
resolution. The statistics at each data point is about
10* for all results presented. The measurements of
the absolute detection efficiency require much greater
beam intensity to reach suitable accuracy in a rea-
sonable accelerator time than the defined above sec-
ondary positron beam intensity and are in prepara-
tion now at the primary beam of synchrotron C-25P

“PAKHRA”.

3.1. Attenuation Length

Assuming that the light attenuation can be ap-
proximated by a single exponential function, we can
formulate the following relations for light attenuation
in the scintillator:

Al(a;):C’lexp —2 ) (1)
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Here, L and A represent the length and attenuation
length of the scintillator; = denotes the hit position
from the center of the scintillator; A; and A, are mea-
sured signal amplitudes from the left and right scin-
tillator ends. Appropriate proportionality constants
(' and C, depend on the stopping power of charged
particles, light attenuation due to optical couplings
between the scintillator and photosensor block, etc.
Taking the ratio of the above two equations, the at-
tenuation length A can be expressed as:

A1 C
0.5In A )\ZL‘—I—O.5ID c (2)
which is a straight-line equation of the variable
y (x) = 0.51n (A;/A,) with the inverse slope param-
eter of \. The measured A;/A, distributions for
different x positions were fitted with a Gaussian. The
mean values of the Gaussian distributions for the
prototype detector are plotted in Fig. 3. A least-
square ?t to a straight line gives A = 91 + 1 cm, which
is approximately one fourth of the attenuation length
for a bulk scintillator [8].

3.2. Photostatistics

The measurement of charge or amplitude of the
detector output signals allows estimating the lower
limit of the total number of photoelectrons produced
by the particles into the scintillator. Assuming g;—
gain and g;—efficiency of the photosensor blocks (i =
I, r—left and right counter sides’ indexes) are equal-
ized, i.e. g; X g; = const; Nppe = NllDhe + Nppe is the
total number of photoelectrons collected at both sides
of the counter; Q); and A; are the measured charge and
amplitude of signals and Q; = const x 4; = gisiNf)he
one can write:

R:Ql_Qr:Al_Ar:NIthe_N;he (3)
Q+@Qr  A+A NN
_ N;l)he _Nghe _ 2Nyl)he .
Nphe Nphe

Supposing that Néhe follows a binomial distribution,

Nphe and standard deviation on R are given by:

2 1
OR = \/N p(l—p) = , 4
Nphe phe ( ) \/Nphe ( )
1 1
p= 5 and  Nppe = o2
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In Fig. 4 the distributions of the ratio R for the
positron beam impact in the center of the tested
prototype detector are shown. The corresponding
total photoelectron numbers 203 4+ 3 for amplitude
measurements and 209 + 6 for charge measurements
match the statistical errors. In Fig. 5 the average
photoelectron yield per incident positron is presented
as a function of the beam position.

3.3. Timing Measurements

For studying the prototype detector timing proper-
ties the distributions of three time intervals for the set
of positron beam positions along the strip were ana-
lyzed: (t; — tar), (¢ — tar), and (t; — ¢,.). Here ¢; and
t, are the measured signal arriving times from each
end of the strip and ¢y is the trigger reference signal
M moment from the positron beam monitor. The
measured distributions were fitted by the Gaussian
function and the resulting mean values and standard
deviations were used for further analysis.

The positron position x along the strip is deter-
mined as x = 0.5v (¢; — t,;). The effective speed of
scintillation light propagation v along the strip is cal-
culated by linear fitting of expression 0.5 (t; — ¢,) =
x /v as inverse value of the fit slope. The correspond-
ing result is presented in Fig. 6. The time resolu-
tions o7 and o, for each end of the scintillator strip
are shown in Fig. 7 together with combined resolu-

tion oy, = alar/\/af + 02 as a function of the beam

position along the strip relative to the strip centre.
All resolutions shown represent the fitted Gaussian
standard deviation of the corresponding distributions,
corrected for the resolution of the beam monitor and
uncertainty due to finite size of the positron beam
(~1 cm). As expected, the time resolutions o; and
o, worsen with the increase in distance of the beam
position from respective SiPMs block. The combined
time resolution is the worst (~230 ps) at the centre of
the strip due to the less light collected by SiPMs.

4. CONCLUSION

The prototype detector on the base of 1280 x
100 x 10 mm?® BC-408 polyvinyltoluene scintillator
strips with readout at both ends by photosensor
blocks consisting of four SiPMs of the type SensL
MicroFC60035-SMT was developed for carrying out
a series of experiments in order to study amplitude,
triggering and timing characteristics of the antico-
incidence system of the GAMMA-400 gamma-ray
telescope. The properties of the prototype are mea-
sured using 300-MeV/c secondary positron beam
of the synchrotron C-25P “PAKHRA” of Lebedev
Physical Institute. The intrinsic time resolution
of the prototype detector is found to be not worse
than 230 ps which is enough for reliable suppression
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of the backsplash events. The measured effective
scintillation light velocity is 13.1 £ 0.1 cm ns~!. The
measured attenuation length is 91 £+ 1 c¢m, which
is one quarter of the corresponding length of a bulk
scintillator. This value is about 1.5 times less than
the one expected and can be explained by degradation
of the scintillator strip (the microcracks net was
disclosed on the scintillator surface after thorough
inspection). For further improvement of the prototype
parameters the defective strip was replaced, the num-
ber of SiPMs at each detector end was increased up to
8 instead of currently used 4 SiPMs and the new type
of silicon photomultipliers Sensl. MicroFJ-60035-
TSV with enhanced photon detection efficiency and
lower dark count rate were employed for obtaining the
better photoelectron statistics and time resolution.
The “fast” SiPM outputs were used as a source of
signal for timing measurements too.
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