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Abstract—An active collimator has been designed to
replace the heavy metal collimator of the BGO anti-
Compton shield to improve the performance of the hybrid
Indian National Gamma Array (INGA) at TIFR, Mumbai.
The active collimators of the 24 clover detectors, along with
the BGO anti-Compton shields and 18 LaBr3(Ce) detectors,
can act as a y-ray multiplicity filter. This configuration will
be beneficial for studying weak band structures decaying by
high y-ray multiplicity events. In addition, the energy
deposited in all the detectors can be added to get the sum
energy for certain measurements aiming to use the hybrid
array for calorimetric application. We have characterized
an active collimator coupled with one of the anti-Compton
shields and an HPGe clover detector with various
radioactive sources. The peak-to-total ratio for the active
collimator configuration is similar to the standard design
with the heavy metal configuration with the ®Co source.
Additionally, we have evaluated the Compton cross-talk
between the clover HPGe detector and the anti-Compton
shield/active collimator. The total multiplicity distribution
for a cascade of eleven y-rays with an energy range of 70-
2000 keV has been obtained through GEANT4 simulation.
The simulation results indicate the possibility of conducting
a meaningful study of decay chains with a multiplicity of
twelve.

Keywords — y-ray detector development, design and
characterization of an active collimator; benefits for higher
multiplicity decay study in INGA; GEANT4 simulation

|. INTRODUCTION

Gamma-ray spectroscopy continues to give new insight
into the nuclear structure and remains a topic of interest
over the decades [1-5]. The High Purity Germanium
(HPGe) detector, having very good energy resolution is a
powerful instrument for discrete y-ray spectroscopy and
remains the best apparatus for nuclear structure and
astrophysics studies by making of HPGe array [6-11]. A
hybrid array of Compton-suppressed Clover HPGe detectors
and Cerium doped Lanthanum Bromide (LaBr3(Ce)) based
scintillator detectors is operational in the BARC-TIFR

Pelletron Linac Facility at TIFR Mumbai for nuclear
structure studies [12-15]. The array has been designed to
have a maximum of 24 Compton-suppressed clover detectors
and 18 LaBr;(Ce) detectors. A combination of clover HPGe
and LaBr3(Ce) detectors array can extend the lifetime
measurement from 100 pico-second to a few nano-second by
the triple-fold y-ray coincidence [16]. A heavy metal
collimator made of tungsten has been placed in front of the
BGO anti-Compton shields to prevent the direct hit of the y-
rays emitted from the target positions during the experiment.
This heavy metal collimator reduces the false vetoes arising
from an event in a reaction with high y-ray multiplicity,
where one y-ray strikes an HPGe crystal giving a full-energy
pulse, and another hits the BGO shield detector. But, the
main concern of the HPGe detector is, it suffers from low
peak-to-total ratio. A mono-energetic y-ray spectrum
consists of a narrow full-energy peak and a slowly varying
background arising from the Compton scattering in the
HPGe crystal of its surroundings. The Compton
background of all the y-rays makes it difficult to hunt for
low energy y-rays sitting on the accumulated Compton
backgrounds from high-energy peaks. The Compton
background is generally reduced by placing an escape-
suppression shied around the Ge detector [17,18]. Events
were vetoed when scattered gammas escaped from the Ge
crystal and were detected in the surrounding scintillation
BGO detector providing a signal. Even with a large Ge
crystal and active Compton suppression, there will be
residual background from incomplete suppression plus
photons scattered from adjacent materials to the Ge crystal
[19]. The resolving power is the overall capacity of the
array to permit the identification of weak cascades of y-rays
in a complex spectrum. In order to increase the detection
inefficiencies for the study of weak band structures having
high multiplicity gamma decay events, the replacement of
heavy metal to active collimator is our main interest for the
present work.

In this work, the heavy metal collimator of the BGO
anti-Compton shield of a clover detector has been replaced
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by an active collimator of BGO crystal to improve the
performance of the hybrid Indian National Gamma Array
(INGA) at TIFR, Mumbai. We have designed and tested one
of the anti-Compton shields coupled with the active
collimator and an HPGe clover detector with various
radioactive sources. The benefits of the use of active
collimators for higher multiplicity events in INGA setup
have been demonstrated through GEANT4 simulation.

I1. INSTRUMENTATION AND EXPERIMENTAL SETUP

The active collimator detector consists of Bismuth
Germanium Oxide (BGO) crystal and has been
manufactured by SCIONIX [20]. The choice of BGO
crystal as an active collimator is because of its high density
(712 gm/cm®), very good radiation hardness (the
parameters remain stable for high radiation dose [21]), high
scintillation efficiency, cost-effectiveness, non-
hygroscopic, and mechanically strong. The BGO crystal
produced ~9000 photons per 1 MeV gamma energy
deposition. The crystal emits scintillation photons of a
wavelength range of 375-650 nm with a peak at 480 nm
[21]. The active collimator consists of 8 BGO crystals,
which are coupled with same type of Photo Multiplier
Tubes (PMT: Hamamatsu R9880-10) fabricated by
SCIONIX, Holland [20]. Each BGO crystal has a cross-
sectional dimension of 3.35 cm x 1.7 cm. The whole
assembly of the BGO crystals and PMTs of the active
collimator are encapsulated within an aluminum encasing
having a thickness of 0.5 mm. A schematic diagram of the
cross-sectional, side view, with Al housing and actual
image, have been shown in Fig. 1.

BGO crystal (8x)

Reflector
Semi flexible interface

@ 14 Photomultiplier
Hamamatsu R 9880-10

Built-in Voltage divider

Doorsnede: B-8

b)

Q /
71

Fig. 1. Schematic of active collimator: a) cross-sectional middle
view, b) one side view, c¢) with Al housing. d) Ensembles active
collimator used in the experiment.

The detector has 8-channel outputs, which are further
converted to one from OR condition. The BGO crystals
have a small self-activity caused by minor contamination of
the ?’Bi. However, few BGO crystals incidentally have
higher internal radioactive background with activity up to
10 Bg/kg [22]. This background contribution is because of
the #°Po contamination and has a technological origin. The
Clover HPGe detector has been surrounded by BGO anti-
Compton shield. A collimator made of heavy metal in front
of each BGO anti-Compton shield has been placed to stop
the direct hit of y-rays in the BGO crystal. In this
experiment, the set-up has been made with two
configurations, one is with heavy metal collimator, and
other one is with a BGO active collimator detector. The
geometry of the setup with HPGe clover, active collimator,
and BGO anti-Compton shield detectors has been shown in
Fig. 2. The PMTs of the active collimator have been biased
at +900 V through a voltage divider. The gains of all the
photo-multiplier tubes within the BGO annulus are
matched identically by adjusting the high voltage of each
individual PMT. This is accomplished by placing a mono-
energetic y-ray source (**’Cs) on each side of the BGO
annulus. We have used the standard radioactive source like
2Am, ¥'Co, *¥'Cs, and **Mn for energy calibration of the
BGO anti-Compton shield and active collimator. A ®°Co
source has been used for further characterization of the
active collimator. We used weak sources to avoid pile-up
and other count rate dependent effects. The detector noise
has also been checked for the BGO element by using a
#IAm source which emits a primary y-ray at 59.4 keV and
the threshold is safely set at 15-20 keV. The experimental
raw signals have been processed and digitized with a XIA-
LLC based Digital Data Acquisition System with a 12-bit,
100 MHz, PIXIE-16 module connected in a PCI/PXI crate.
The y-ray energy and time information have been extracted
by pulse processing through DAQ and were transferred to a
host PC by a controller module connected in the same
PCI/PXI crate. The experimental data have been acquired
by a software, TIFR Digital Data Acquisition Software for
Nuclear Structure Studies (TIDES) [23].

I1l. GEANT4 SIMULATION

The GEometry ANd Tracking 4 (GEANT4, version
4.10.05) simulation toolkit has been used for making the
geometry and Monte-Carlo calculation [24]. G4Sphere,
G4Box, G4Tubs, GA4Trd, G4Polycone, G4Polyhedra,
G4UnionSolid, and G4SubtractionSolid classes have been
used to construct the different parts of the detector and the
set-up. The GEANT4 geometry of one of the HPGe clover
detectors with active collimator and BGO shield has been
shown in Fig. 2. The simulation of the INGA with 24
Compton-suppressed HPGe clover detectors has been
thoroughly studied by Saha, et al [14]. Later on, the
simulation code has been extended by adding 18 LaBrs(Ce)
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detectors with INGA to make it hybrid. The placement of
LaBr;(Ce) and clover HPGe detectors can be found in the
Ref. [15,25]. The 24 BGO-shielded HPGe clover detectors
have been arranged at different angles with respect to the
beamline along with the 18 LaBrs(Ce) detectors (2" x 2" ) in
4w geometry. We have simulated the responses of a
Compton-suppressed clover detector with an active
collimator. In the simulation code, we have replaced all the
heavy metals with the active collimators in order to study the
combined performance of the hybrid INGA. In PhysicsList
of GEANT4 simulation, we have included the classes of all
possible interaction mechanisms of y-ray, electron and
positron with matter. The y-ray photons, electrons, and
positrons are expected to be produced on the path of y-ray
while interacting with the matter. The considered interaction
mechanisms for the y-photons are photoelectric effect,
Compton scattering, pair production, and Rayleigh
scattering. The electrons and positrons which produced
during interaction can undergo multiple scatterings,
ionization, and emit Bremsstrahlung radiation. In addition,
the positron can undergo annihilation with the material’s
electrons. For y-ray interaction with matter, the considered
process classes have been used in physics list are
G4PhotoElectricEffect, G4ComptonScatte-ring, G4Gamma-
Conversion, and G4RayleighScattering.

HPGe crystal
of Clover

AC + BGO shield + HPGe Clover

Fig. 2. GEANT4 Geometry of one of the HPGe clover detectors with
an active collimator and BGO anti-Compton shield (left), and the same
with one BGO slab taken out to show the internal part of the detector
setup.

IV. ANALYSIS AND RESULT

The characterization of the BGO as an anti-Compton
shield of HPGe clover detector in INGA setup has been
studied in our previous work [14]. Here, we have studied
the effect of y-ray detection performance while replacing
the heavy metal collimator with an active collimator. Also,
how this replacement will be effective for a large array of
HPGe clover detectors has been simulated. The
experimental data have been sorted by a MultipARameter
time-stamped based COincidence Search (MARCOS)
[12,26] code, developed at TIFR, and used to generate the
matrix. The energy calibration of the BGO anti-Compton
shield and active collimator has been done with the single
y-ray energy emitting radioactive sources. The photo-peak

energies were plotted against their corresponding channel
numbers and then fitted with a quadratic function. The
calibration fits are depicted and the calibration parameters
are tabulated. The responses of the crystals have been
found almost linear with the y-ray energy. The energy
resolution of the active collimator has been found to be
~18.8 % at 662 keV. We have tested the performance of the
HPGe clover detector with three different configurations, i)
HPGe+BGO Compton shield, ii) HPGe + BGO Compton
shield + heavy metal, and iii) HPGe + Compton shield +
active collimator. The y-ray energy spectrum of ®Co in the
third configuration has been shown in Fig. 3. The Peak-to-
total ratios have been obtained (Table-1) in anti-coincidence
mode along with the BGO annular shield.
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Fig. 3. Measured y-ray spectrum of ®°Co in the HPGe Clover detector
(shown in black). In inset, y-ray spectrum of: BGO anti-Compton
shield (blue) and active collimator (red).

Table-I: The performance of the different configurations of
the setup with *°Co point source has been placed at the
target position.

Configuration P/T ratio
HPGe (no veto) 0.224
HPGe + BGO (without HM) 0.343
HPGe + BGO + HM 0.429
HPGe + BGO + AC 0.439

The table demonstrates that the replacement has not had an
impact on the detection capability of the HPGe clover
detector in single-mode measurements. However, it does
prove effective in coincidence measurements for improving
detection efficiency, especially in scenarios involving
higher-order multiplicity events or cascade gamma decay.
This enhancement results in an increased coincidence
efficiency. Figure 4 displays the coincidence spectrum of
60Co using an HPGe clover detector configuration in
conjunction with one active collimator/BGO shield. The
coincidence spectrum of °°Co obtained between active
collimator/BGO anti-Compton shield and one HPGe clover
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detector configuration has been shown in Fig. 4(inset). This
indicates that there is an impact of active collimation in the
coincidence measurements.
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Fig. 4. The ®Co y-ray spectrum of HPGe clover detector (shown in black).
In inset, the HPGe clover y-ray spectrum in coincidence with Active
Collimator (blue), in coincidence with BGO anti-Compton shield (red).

In the simulation, we have generated a cascade of 11 y-rays
in the range of 70 keV to 2 MeV. The multiplicity has been
obtained from the simulation in INGA setup consisting of
24 Compton suppressed HPGe clover,18 LaBr;(Ce)
detectors with 24 active collimators has been shown in
Fig.5.
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Fig. 5. Simulated multiplicity of the hybrid INGA consisting 24 HPGe
clover, 24 BGO anti-Compton shield, 18 LaBr3(Ce), and 24 active collimator.

V.CONCLUSIONS

The performance of an active collimator with a HPGe
clover detector surrounded by BGO Compton-shield has
been designed and tested experimentally. The
characterization of the active collimator has been done. The
benefits of the presence of active collimators instead of
heavy metal collimators has been discussed through
GEANT4 simulation for a hybrid array consisting of 24
Compton-suppressed clover detectors and 18 LaBrs(Ce)
detectors. With an inner layer of BGO shield detectors, we
can not only use it as a veto circuit but also it allows a
measure of the total y-ray energy and the efficiency in
higher order multiplicity of the y-rays. The active
collimator will be efficient for those nuclear y-ray

spectroscopy experiment where higher-order multiplicity
gate is the matter of concern. We can use the inner active
collimator to select events associated with long cascades of
y-rays, which are generally the cascades involving high
spin states and increases the detection efficiency. The
limitation of using the active collimator is the detection of
y-ray events in lower multiplicity of high energy, where
there is a chance of Compton scattering of the y-ray from
active collimator and to HPGe clover crystal and hence the
Compton background increases.
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