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A B S T R A C T

An array of 128 CsI(Tl) charged particle detectors providing nearly 4π coverage has been developed at Simon
Fraser University (SFU) and commissioned at TRIUMF, Canada’s particle accelerator center. The new CsI ball
array replaces a previous 24-detector array and offers improved charged particle detection efficiency and
discrimination between reaction channels due to its increased angular coverage. A technical overview of the CsI
ball array, as well as commissioning data including measurements of the charged particle detection efficiency,
is presented.

1. Introduction

The TIGRESS Integrated Plunger device (TIP) [1] has been em-
ployed in Doppler shift lifetime measurements for the study of nuclear
structure as an ancillary system for the TRIUMF–ISAC Gamma-Ray
Escape Suppressed Spectrometer (TIGRESS) Compton-suppressed high
purity germanium (HPGe) array [2] at TRIUMF’s ISAC-II facility [3].
The TIP device facilitates nuclear lifetime measurements in the pi-
cosecond and femtosecond range using the recoil distance method
(RDM) [4,5] and the Doppler-shift attenuation method (DSAM) [4],
respectively.

A key component of the TIP system is the ability to identify reaction
channels using an integrated array of CsI(Tl) charged particle detectors.
By taking advantage of the scintillation properties of CsI(Tl), charged
particles interacting with these detectors may be identified via pulse-
shape analysis using the method described in Ref. [1]. A 24-element
‘‘wall’’ array of CsI(Tl) scintillators has successfully been deployed
in multiple experiments using TIP and TIGRESS [6–8], however the
charged particle detection efficiency of this array is limited by its small
angular coverage.
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This paper describes the development and commissioning of a new
128-element CsI(Tl) detector array, providing nearly 4𝜋 coverage in the
lab frame. The increased sensitivity of this array compared to the previ-
ous ‘‘wall’’ array will allow for experiments utilizing increasingly exotic
reaction channels and the radioactive beams available at TRIUMF.

2. The CsI ball array

2.1. Design and characteristics

The CsI ball array consists of 10 axially symmetric detector rings,
covering an angular range of 3.2◦ to 157.65◦ (in comparison to the
16◦ to 42◦ covered by the 24-element wall) corresponding to 96% of
the solid angle. Although arrays exist with larger angular coverage – for
instance Microball which covers up to 172◦ [9] – the large upstream
opening of the CsI ball was designed to allow operation of the array in
conjunction with the TIP RDM plunger device [7] while still using all
channels of the array. This design is advantageous when considering
the envisioned TIP experimental program of electromagnetic transition
rate measurements in nuclei far from stability, which are accessible via
the exotic radioactive ion beams available at ISAC-II.
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Table 1
Design dimensions and angular coverage of the CsI ball array. Each ring contains 𝑁𝑑𝑒𝑡
detectors with a CsI(Tl) crystal of thickness 𝛥𝑡 at a radius 𝑟 defined as the distance
from the center of the array to the CsI(Tl) - light guide interface. Maximum energies of
stopped protons and alpha particles 𝐸𝑝,𝑚𝑎𝑥 and 𝐸𝛼,𝑚𝑎𝑥 are calculated using the ELAST
code [10]. Light guide thickness is 16.0 mm in the radial direction for all rings. For
each ring of the array, 𝜃𝑚𝑎𝑥 = 2𝜃𝑎𝑣𝑔 − 𝜃𝑚𝑖𝑛.

Ring 𝑁𝑑𝑒𝑡 CsI(Tl) 𝑟 𝜃𝑚𝑖𝑛 𝜃𝑎𝑣𝑔 𝛺𝑑𝑒𝑡 𝐸𝑝,𝑚𝑎𝑥 𝐸𝛼,𝑚𝑎𝑥
𝛥𝑡 (mm) (mm) (deg) (deg) (msr) (MeV) (MeV)

0 4 5.0 92.0 3.2 8.0 36.6 35.2 136.9
1 6 2.6 57.2 9.75 17.5 84.9 24.1 93.4
2 12 2.3 57.2 25.25 33.0 76.9 22.4 86.9
3 16 2.0 57.2 40.75 48.5 79.3 20.7 80.0
4 20 1.7 57.2 56.25 64.0 76.2 18.9 73.3
5 18 1.5 57.2 71.75 79.5 92.6 17.4 67.5
6 18 1.3 57.2 87.25 95.0 93.8 16.0 62.0
7 14 1.2 57.2 102.75 111.9 132.4 15.3 59.1
8 12 1.2 57.2 121.05 130.2 127.2 15.3 59.1
9 8 1.2 57.2 139.35 148.5 130.5 15.3 59.1

Detector segmentation in the CsI ball (in terms of solid angle per
detector 𝛺𝑑𝑒𝑡) is increased at forward angles in order to reduce the
count rate per detector and avoid pileup of detector signals, which
is necessary for forward detectors since products are boosted towards
forward angles in the lab frame based on the center of mass motion of
the beam–target system. When designing the array, the maximum pos-
sible segmentation at forward angles was achieved by maximizing the
radius of the array and the number of detectors per ring. The radius of
the array was constrained by the vacuum chamber dimensions (which
was designed to fit within the fully populated TIGRESS array) and the
number of detectors per ring was constrained by the photodiode size,
which defined a minimum surface area of 10 × 10 mm for each detector
in the array. Detector rings at backward angles were designed with
reduced segmentation compared to the forward rings, taking advantage
of the reduced count rate at backward angles obtained in the in-beam
reactions studied using TIP and TIGRESS. Here the increased position
resolution associated with increased segmentation is not preferable to
the higher count rate per detector and the reduced number of detectors
allowed by reducing the segmentation.

Design dimensions of the CsI ball array are listed in Table 1. Design
drawings of the CsI ball array in the TIP reaction chamber are shown
in Fig. 1.

2.2. Detector construction and testing

Each detector in the array contains CsI(Tl) scintillator material
(purchased from Hilger Crystals) with a Thallium doping concentration
of ∼1000 ppm as in Ref. [1] and a thickness of 1.2 to 5 mm. Each
CsI(Tl) crystal is coupled to a silicon PIN diode (Hamamatsu S3590-
08) via an acrylic light guide. The thickness of CsI(Tl) material used
depends on the detector ring as listed in Table 1, with downstream
ring detectors using thicker material to allow for stopping of charged
particles boosted to high energy by the center of mass motion of
the beam–target system. Detectors were constructed at Simon Fraser
University (SFU) in a process adapted from Ref. [1] as detailed below:

• For each detector, a light guide was machined from UV plastic
material (Saint-Gobain BC-800). The purpose of the light guide
is to funnel the light produced in the CsI(Tl) scintillation process
to a photodiode which produces the detector signal. The shape of
the light guide is related to the specific geometry of the detector,
and depends on the relative size of the CsI(Tl) crystal used with
respect to the photodiode. The shape of detectors (and therefore
light guides) is different for each ring in the array. A typical light
guide for the CsI ball is shown in Fig. 2.

Fig. 1. Top: Breakaway view of various components of the CsI ball array within the
TIP reaction chamber. A 3D printed structure supports 124 detectors organized into 9
axially symmetric rings. An additional 4 detectors are positioned further downstream.
Bottom: Schematic drawing of the array inside the TIP chamber.

• Light guides were coupled to the CsI(Tl) crystals and photodiode
using optical-grade epoxy (Saint-Gobain BC-600) at room tem-
perature. Special care was taken to ensure the epoxy was free of
bubbles, typically by placing mixed epoxy under vacuum for 1 h
prior to application.

• The coupled CsI(Tl) crystal assemblies were machined to the
correct thickness and geometry, matching the crystal shape to the
light guide. When fly cutting the surface of the CsI(Tl) crystals,
special care was taken as it was found that the choice of cutting
direction impacted the brightness/dullness of the surface finish
due to the orientation of the cutter with respect to the crystal
structure. Additional care was taken when machining the crystal
shapes as the soft CsI(Tl) material is significantly more prone to
cracking and/or fracturing than the light guide plastic.

• Exterior detector faces were painted using reflective paint (Saint-
Gobain BC-620), in order to increase light collection via the light
guide. The paint causes light produced in the scintillation process
to be reflected from the edges of the detector rather than escape
it, increasing the light collected by the photodiode and therefore
the signal-to-noise ratio of the detector.
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Fig. 2. Left: Machined CsI ball light guide (from array ring 8). Right: Finished individual CsI ball detectors (from array ring 7).

Fig. 3. Assembled CsI ball array, opened to show a view of all detectors. The front
face of each detector is wrapped using a lead absorber foil as discussed in Section 3.

• Detectors were wrapped in aluminized mylar. The conductive
outer surface of the mylar was connected to the ground pin of the
photodiode in order to prevent charge buildup on the surface of
the detector. Following mylar wrapping, the sides of the detector
were wrapped in Teflon tape to prevent tearing of the mylar. The
white Teflon tape also acts as a further reflective layer for any
light which leaks through the reflective paint layer.

Fig. 2 shows an example of the detectors which result from the
above construction process. The detectors may be further wrapped in
absorber material for experiments where it is necessary to prevent
scattered beam and/or heavy ions from entering the detectors — for
instance, fusion–evaporation with heavy ion beams where the channel
of interest is identified by detection of protons or alpha particles.

2.3. Array construction

Completed detectors were assembled into the final array using a
3D-printed frame as support. As the spatial tolerance between detector
rings in the original design of the array (∼ 0.5 mm between individual
detectors) was found to be larger than necessary due to high precision
achieved in the machining process, Kapton tape wrapping was used to
increase the outer diameter of the individual detectors to fill the gaps.
This was necessary as each detector in the array provides mechanical
support for neighboring detectors in the same ring.

Space constraints in the TIP target chamber necessitated the closing
of the array and cabling of individual detectors prior to mounting the
array in the chamber. A view of the detectors assembled in their support
frame is shown in Fig. 3 prior to insertion into the target chamber.
Fig. 4 shows the closed array following cabling and insertion into the
TIP target chamber.

2.4. Electronics

The major challenges for readout of signals from the CsI ball array
were the high number of channels and poor signal-to-noise properties

Fig. 4. Cabled CsI ball array, before (top) and after (bottom) insertion into the TIP
chamber.

of CsI(Tl) scintillators. To address these issues, purpose-built pream-
plifier boards were designed and developed at SFU. High density NIM
modules were produced with 16 preamplifier channels per module,
allowing the full CsI ball readout to be achieved using 8 modules. The
design of the 16-fold preamplifier boards is shown in Fig. 5 alongside
a finished module. CR-110 charge sensitive preamplifier modules by
Cremat [11] were used. Following preamplification, a bandpass filter
with bandwidth 1 kHz–12 MHz was used for noise reduction, and
the resulting signal was subsequently amplified and output from the
module. A detailed schematic of the signal processing stage is shown
in Appendix B. Three copies of the amplified output signal are available
from the rear panel of each preamplifier module, in order to facilitate
additional signal processing.

Coaxial cables were fabricated to carry signals from the detectors
to a feed-through in the TIP chamber, and from the external side of
the feed-through to the preamp modules. Internal cables were vacuum
rated. Cables and feed-throughs were designed such that individual
detector signals did not share a common ground, as this was identified
as a significant source of noise during the design process.

2.5. Integration with TIGRESS

The CsI ball is designed to be operated in conjunction with the
TIGRESS array at ISAC-II/TRIUMF, and as a result is tightly integrated
with the existing TIGRESS digital DAQ discussed in Ref. [12]. The decay
time constant of the CsI ball preamplifiers discussed in Section 2.4
was set to 50 μs in order to obtain a count rate similar to that of
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Fig. 5. Top: Block diagram of 16-fold preamplifier board developed at SFU for use
with the CsI ball array. Bottom: Rendered image of board design.

the TIGRESS array. This decay constant sets an upper limit on the
rate of TIGRESS–CsI coincident events obtainable in an experiment
without pileup. With a longer time constant the maximum CsI ball
count rate would be reduced, possibly resulting in missed coincidences
with TIGRESS. A shorter time constant would not be of practical benefit
in this configuration, as the maximum rate of TIGRESS–CsI coincident
events would still be limited by the TIGRESS count rate. Furthermore,
the shorter time constant would result in increased distortion of the
pulse shape, with some impact on the waveform fitting used for particle
identification (PID). In particular, a longer time constant is preferable
for experiments using radioactive beams. In that case, pileup is a lesser
concern since the count rate is limited by the smaller beam currents
available for species far from stability, and obtaining long undistorted
waveforms is a higher priority.

Processed CsI(Tl) detector signals provided by the NIM preamplifier
modules are passed to the TIGRESS digital DAQ, which is capable
of evaluating complex trigger conditions containing signals from both
detector arrays. Due to the slower timing response for CsI(Tl) scin-
tillators compared to the HPGe clovers used in TIGRESS, a timing
window on the order of 1 μs width must be used, causing some time-
random background events to enter the data stream. Typical analysis
of TIGRESS–CsI data includes separation of time correlated events,
reducing this background contribution.

In the near future, the TIGRESS DAQ will be replaced by a system
developed by the GRIFFIN collaboration at TRIUMF [13]. The increased
data throughput provided by the GRIFFIN DAQ will allow for less
complexity in the online trigger condition and will bias the event
reconstruction procedure toward offline analysis. It will also be possible
to increase the maximum count rate of the CsI ball by lowering the
preamplifier time constant for future experiments in order to take
advantage of the high data rate allowed by the GRIFFIN DAQ.

2.6. Detector testing

Signals from finished CsI ball detectors were verified using a 241Am
source, which emits alpha particles at 5485.56 and 5442.80 keV energy
during its decay to 237Np [14]. A source–detector distance of 51.7 mm
was used for all detectors, which were tested individually using a
common preamplifier channel, analog spectroscopy amplifier, and data
acquisition system. Due to the intrinsic low energy resolution of CsI(Tl)

Fig. 6. Resolution and peak centroid of each of the 128 CsI ball array detectors. As all
detectors were measured on the same preamplifier channel, the peak centroid represents
a relative measure of light collection and photodiode response. Statistical uncertainties
are on the order of 1 channel for the peak centroid values and 0.1% for the resolution
values.

detectors, a single peak was visible in the resulting energy spectra. Typ-
ical width/centroid resolution of the peak (used as a relative measure of
signal quality) ranged from 7%–20% depending on the detector tested,
with an average value of 12.1%. A plot of resolution and peak centroid
values for each detector is shown in Fig. 6. The peak centroid repre-
sents a relative measure of the photodiode response of each individual
detector, and is strongly affected by the light collection efficiency
of the detector. Various factors can affect the resolution and light
collection characteristics, including the geometry of the light guides
(which depends on the detector ring) and/or optical imperfections in
the interfaces between the CsI(Tl) crystal, light guide, and PIN diode.

3. Commissioning experiments

The CsI ball array was commissioned in a series of experiments at
ISAC-II using TIP and TIGRESS in order to test its properties including
particle detection efficiency and the ability to identify particles via
waveform fitting. The charged particle detection efficiency of the CsI
ball array was measured in two separate experiments, with the first
employing a 196Pt(𝛼, 𝛼)196Pt* Coulomb excitation reaction using a
2.0 mg/cm2 enriched 196Pt target and variable 4He beam energy (see
Section 3.1), and the second employing a 58Ni(36Ar, 𝑥p𝑦n) fusion–
evaporation reaction using an enriched 0.3 mg/cm2 58Ni target and
36Ar beam at 170 MeV (see Section 3.2). During the fusion–evaporation
run, a 10.1 mg/cm2 181Ta catcher foil was placed 2 mm downstream
from the target to degrade the 36Ar beam scattered into the CsI ball
array. The individual detectors were also wrapped in lead absorber
foils (shown in Fig. 3) during this group of experiments in order to
stop any remaining 36Ar beam. Absorber thicknesses used in these
experiments allowed detection of alpha particles with energy ∼6.5 MeV
or higher, and protons ∼3.6 MeV or higher. Absorber thicknesses and
corresponding minimum detectable particle energies calculated using
the ELAST [10] code are listed in Table 2. Due to the energy loss of
charged particles in the absorbers, a charged particle energy calibration
of the array can only be valid for the specific set of absorbers used in the
same experiment, which is of importance for calorimetry experiments
where good energy calibration is necessary in order to reconstruct the
momenta of detected particles.

The aforementioned experiments were designed to allow for de-
tection of alpha particles and protons in both the downstream and
upstream rings of the CsI ball array, in order to obtain a good estimate
of the charged particle efficiency of the full array. For this reason, ex-
periments using inverse kinematics were avoided when commissioning
the array. The charged particle efficiency of the array depends on both
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Table 2
Lead absorber thicknesses used for each ring of the array and the associated transmis-
sion (Trans.) and detection (Det.) thresholds in MeV (calculated using the ELAST code
[10]), assuming a 3 MeV minimum energy for charged particle detection. All energy
values are in the lab frame.

Ring Pb thickness 𝑝 threshold 4He threshold 36Ar threshold
(mg/cm2) Trans. Det. Trans. Det. Trans. Det.

0 18 1.38 3.70 5.38 7.25 94.5 129
1 17 1.32 3.67 5.15 7.05 86.5 122
2 17 1.32 3.67 5.15 7.05 86.5 122
3 16 1.26 3.63 4.92 6.85 78.5 114
4 16 1.26 3.63 4.92 6.85 78.5 114
5 16 1.26 3.63 4.92 6.85 78.5 114
6 15 1.20 3.59 4.67 6.65 70.4 106
7 15 1.20 3.59 4.67 6.65 70.3 106
8 14 1.14 3.56 4.42 6.44 62.5 97.6
9 14 1.14 3.56 4.42 6.44 62.5 97.6

the convolution of the array geometry shown in Section 2.1 with the
angular distribution of charged particles, and the signal processing de-
scribed in Sections 2.4 and 2.5, with the latter effect being independent
of the reaction kinematics. The charged particle detection efficiency of
the array for a reaction of interest can therefore be accurately predicted
using simulations to determine a kinematic correction with respect
to either of the reactions used to commission the array. To assist in
experiment planning, kinematic corrections may be computed using
GEANT4-based codes implementing fusion–evaporation and Coulomb
excitation reaction processes, described in Refs. [6] and [7].

3.1. Coulomb excitation data analysis

In the Coulomb excitation experiment the data acquisition system
was set to trigger upon single gamma-ray detection, and the efficiency
of the CsI ball was taken as the ratio of the number of events con-
taining a gamma ray at 355 keV corresponding to Coulomb excitation
of 196Pt and a hit in the CsI ball array to the number of events
only containing a 355 keV gamma ray. The CsI ball array efficiency
was measured at 4He beam energies of 18.8, 14.6, and 10.2 MeV in
order to determine the energy dependence of the detection efficiency
for scattered alpha particles. Fig. 7 shows gamma-ray energy spectra
obtained with and without the time coincidence condition for 18.8 MeV
beam energy, using timing gate widths of 350 ns and 100 ns without
background subtraction. As the ungated spectrum shown, lines from
room background are unsuppressed when using a single gamma ray
trigger, with a rate of 6.32(3) counts per second observed for the
strongest line at 1461 keV from 40K decay. The degree to which this
time-random background is suppressed depends strongly on the timing
gate width, and as such the contribution of time-random gamma rays at
355 keV affects the measured efficiency 𝜖𝑚𝑒𝑎𝑠 as a function of the gate
width. The true efficiency of the CsI ball array was determined under
the assumption that the time-random background contribution to the
efficiency is linear with gate width. This linear contribution was fitted
and extrapolated, with the value at zero width representing the true
efficiency 𝜖𝛼 in the absence of background.

3.2. Fusion–evaporation data analysis

In the fusion–evaporation experiment an online 2 particle — 2
Compton suppressed gamma ray trigger was used to separate back-
ground events from fusion–evaporation events. Channels observed at
high intensity included 89Mo and 89Nb, corresponding to 4𝑝1𝑛 and
5𝑝 evaporation from the compound nucleus 94Pd, respectively. Fig. 8
shows the particle identification histogram obtained in this experiment,
alongside an equivalent histogram for the Coulomb excitation exper-
iment. Fig. 9 shows the gamma-ray spectra obtained from TIGRESS
before and after gating on the 5𝑝 channel corresponding to 89Nb.
To avoid the need for Doppler correction of the data, stopped lines

Fig. 7. Gamma-ray energy spectra from the Coulomb excitation experiment with
18.8 MeV 4He beam energy, summed over TIGRESS detectors before (top) and after
(bottom) gating on events in coincidence with a CsI ball hit, using 350 ns and
100 ns timing gate widths without background subtraction. The 40K peak at 1461 keV
represents a time-random background contribution in each spectrum, which is further
quantified as a function of the timing gate width in Fig. 10.

corresponding to depopulation of isomers in 89Mo and 89Nb with 𝑡1∕2 ≈
1−10 ns and their daughters were used in the subsequent analysis. These
isomeric states decay after the nucleus of interest has been stopped in
the 181Ta catcher foil downstream of the target.

In the fusion–evaporation experiment, the proton detection effi-
ciency 𝜖𝑝 of the CsI ball array was determined by examining gamma
rays corresponding to known particle evaporation channels under dif-
ferent particle gating conditions. The number of counts observed for a
specific transition under a specific particle gate depends on 𝜖𝑝 and a
‘gating efficiency’ 𝜖𝑔 which indicates the proportion of particles which
are properly identified by the particle gate. For gamma rays belonging
to the 𝑛p evaporation channel, the number of counts 𝐶𝑛,𝑥 in a given
peak in the gamma-ray spectrum obtained when setting an 𝑥p gate is:

𝐶𝑛,𝑥 = 𝐴𝑛,𝑥

𝑛
∑

𝑦=𝑚

(

𝑛
𝑦

)

𝜖𝑦𝑝 (1 − 𝜖𝑝)𝑛−𝑦 ⋅
(

𝑦
𝑥

)

𝜖𝑥𝑔 (1 − 𝜖𝑔)𝑦−𝑥, (1)

where 𝑚 is the minimum number of particles detectable in a single
event (𝑚 ≥ 𝑥), and 𝐴𝑛,𝑥 is a scaling factor. For the data presented here,
a triggered event required detection of 2 particles, so 𝑚 ≥ 2. The two
multiplicative terms of Eq. (1) indicate the probability of detecting 𝑦
particles if 𝑛 were emitted, and the probability of 𝑥 particles falling
into the particle gate if 𝑦 were detected. In the case where 𝑚 = 𝑥, the
series in Eq. (1) simplifies to a single term:

𝐶𝑛,𝑥 = 𝐴
(

𝑛
𝑥

)

𝜖𝑥(1 − 𝜖)𝑛−𝑥, (2)

where 𝜖 = 𝜖𝑝𝜖𝑔 . A proof is given in Appendix A. Since Eq. (2) only
contains the product of 𝜖𝑝 and 𝜖𝑔 , the values of 𝜖𝑝 and 𝜖𝑔 cannot be
uniquely determined under the condition 𝑚 = 𝑥, where Eq. (2) is
valid. Therefore data with 𝑚 > 𝑥 (𝑥 < 2) was examined to determine
the proton and gating efficiency. A 𝜒2 minimization was performed to
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Fig. 8. Particle identification (PID) histograms for a ring 3 detector from the 196Pt(𝛼,
𝛼)196Pt* Coulomb excitation experiment (top) and the 58Ni(36Ar, 𝑥) fusion–evaporation
experiment (bottom), with particle gates drawn over top. 𝐴𝑆 and 𝐴𝐹 refer to the slow
and fast components of the pulse shape, as defined in Ref. [1]. Features outside of the
particle gates do not have sufficient statistics to be rigorously identified.

Fig. 9. Gamma-ray energy spectra summed over TIGRESS detectors before (top) and
after (bottom) gating on events in coincidence with 5 protons. Following gating, the
58Ni(36Ar,5p)89Nb reaction channel is isolated. Data is not Doppler corrected, stopped
peaks correspond to depopulation of long-lived isomers and their daughter states.

determine the global best fit values of 𝐴𝑛,𝑥, 𝜖𝑝, and 𝜖𝑔 :

𝜒2 =
∑

𝑛,𝑥

(

𝑂𝑛,𝑥 − 𝐶𝑛,𝑥

𝜎𝑂𝑛,𝑥

)2

, (3)

where 𝑂𝑛,𝑥 is the observed number of counts in a peak of interest be-
longing to the 𝑛p channel when setting an 𝑥p gate on the experimental
data, with 1𝜎 uncertainty 𝜎𝑂𝑛,𝑥

determined from the peak fit.

Table 3
Measured alpha particle detection
efficiencies 𝜖𝛼 for the CsI ball ar-
ray in the 196Pt Coulomb excitation
experiment.
4He energy (MeV) 𝜖𝛼
18.8 0.688(4)
14.6 0.65(1)
10.2 0.566(1)

MeV.png MeV.png

Fig. 10. Measured efficiency 𝜖𝑚𝑒𝑎𝑠 of the CsI ball array in the 196Pt Coulomb excitation
experiment with 18.8 MeV 4He beam energy, as a function of timing gate width. The
true alpha efficiency 𝜖𝛼 is obtained by extrapolating the linear background contribution
to zero gate width (extrapolation outside of the fit region is indicated by a dashed line).
The ratio of counts in the 355 keV (from 196Pt Coulomb excitation) and 1461 keV (from
40K decay) peaks is also plotted as an indication of the signal-to-background ratio.

4. Results

Table 3 lists alpha particle detection efficiencies 𝜖𝛼 for the CsI ball
array obtained in the 196Pt Coulomb excitation experiment as a function
of 4He beam energy. As is further discussed in Section 5, the extracted
alpha particle detection efficiency has a clear energy dependence, with
larger values obtained at higher beam energies. Fig. 10 shows the
extraction of 𝜖𝛼 for the data corresponding to 18.8 MeV 4He beam
energy.

Also shown in Fig. 10 is the ratio of counts in the 355 keV peak
from 196Pt Coulomb excitation to the background line at 1461 keV as
a function of timing gate width. It is evident that smaller gate widths
result in increased background suppression at the expense of detection
efficiency for time coincident events. Wider gate widths may be used to
increase this efficiency, however as shown in Fig. 10 for widths larger
than 400 ns any further increase in the number of counts in the 355
keV peak results entirely from random background events with the
desired energy rather than true time coincidences. Using the fractional
uncertainty of the number of true time coincidences as a figure of
merit, an optimal gate width of 350 ns is obtained for TIGRESS–CsI ball
timing (see Appendix C). This optimal gate width is significantly longer
than the digitization time of the TIGRESS DAQ (10 ns), and results
from the time resolution of the individual detection systems and signal
processing. The aforementioned figure of merit may not necessarily be
suitable for all experiments — as Fig. 7 shows, the signal-to-background
ratio is improved for gate widths shorter than 350 ns at the expense of
detection efficiency. In experiments where suppression of background
is a priority, a narrower gate width below 200 ns may be preferable to
obtain a superior signal-to-background ratio.

The proton detection efficiency parameters determined in the
58Ni(36Ar, 𝑥p𝑦n) fusion–evaporation experiment via minimization of
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Table 4
Measured proton detection and gat-
ing efficiencies for the CsI ball
array in the 58Ni(36Ar, 𝑥p) fusion–
evaporation experiment.
Quantity Value

𝜖𝑝 0.635(2)
𝜖𝑔𝑎𝑡𝑒 0.909(2)

the 𝜒2 defined in Eq. (3) are reported in Table 4. Fig. 11 shows
the global fit to the data. The goodness-of-fit statistic was 𝜒2∕𝜈 =
5.22, indicating some underestimation of counting errors in the gated
spectra. This can result from overcounting due to the presence of
background peaks from other channels with similar energy to the peak
of interest. However as indicated in Table 4 the efficiency parameters
were well constrained by the fit.

5. Discussion

The charged particle detection efficiencies 𝜖𝛼 = 0.688(4) and 𝜖𝑝 =
0.635(2) measured in the two experiments vary in part due to the dif-
ferences in reaction kinematics. In particular, the thermal distribution
of particle energies following fusion–evaporation reactions will always
contain a fraction of particles below the detection threshold, which
negatively impacts the detection efficiency.

The effect of the particle energy distribution on the proton detection
efficiency was investigated using the GEANT4-based code described
in Ref. [6] to simulate the 58Ni(36Ar,4p)90Mo reaction incorporating
realistic geometry for the 58Ni target, TIGRESS, and the CsI ball ar-
ray. Using the proton center-of-mass energy distribution obtained for
this reaction from the PACE4 code [15] and no energy threshold for
proton detection, a proton efficiency 𝜖𝑔 = 0.9682(1) was obtained from
the GEANT4 simulations based on the geometry of the target (with
appropriate target thickness and density, but no target holder) and the
detector arrays. When using a 3.56 MeV proton detection threshold (the
lowest detectable proton energy from Table 2), a reduced geometric
proton efficiency 𝜖𝑔,𝑟𝑒𝑑 = 0.8920(3) was obtained, a reduction of 7.6%
compared to the full geometric efficiency. The observed efficiency 𝜖𝑝 =
0.635(2) is approximately 71% of this reduced geometric efficiency.
A large contribution to this difference is shadowing from the TIP
target holder. In the configuration used during the commissioning
experiments, the target holder geometry shadows the angular range
82.6◦ ≤ 𝜃 ≤ 102.8◦. When incorporating this shadow into the GEANT4
simulations (by vetoing detection of charged particles emitted at an-
gles within the shadow) along with the proton detection threshold,
a realistic simulated efficiency 𝜖𝑠𝑖𝑚 = 0.7425(6) is obtained and the
observed efficiency is 85% of this simulated efficiency. The remaining
15% difference is understood to arise from losses incurred during data
acquisition and signal processing.

Simulations were also performed for the Coulomb excitation ex-
periments using GEANT4 code described in Ref. [7], using the target
holder shadow correction and an alpha particle detection threshold of
6.44 MeV. For the data using 18.8 MeV alpha particles, the ratio of
observed and simulated efficiencies was approximately 85%, consistent
with the fusion–evaporation experiment. This consistency between sim-
ulations of different experimental conditions indicates that the charged
particle efficiency of the array can be predicted for arbitrary reactions
of interest. However, the GEANT4 simulations further over-predict the
array efficiency for the Coulomb excitation data using lower alpha
particle energies of 14.6 and 10.2 MeV. These alpha particles were well
above the energy thresholds listed in Table 2, indicating that this effect
is not related to the detection threshold resulting from energy loss in the
absorbers. The reduction of charged particle detection efficiency due to
data acquisition and signal processing is therefore energy dependent,
with approximately 15% reduction in efficiency for charged particles

Table 5
Comparison of CsI ball charged particle detection efficiencies obtained from the
experiments described in Section 3 and the GEANT4 simulations described in Refs.
[6] and [7]. Simulated efficiencies 𝜖𝑠𝑖𝑚 were computed using a correction for the TIP
target and using proton and alpha particle energy thresholds of 3.56 and 6.44 MeV,
respectively (taken from Table 2).

Reaction 𝜖𝑒𝑥𝑝𝑡 𝜖𝑠𝑖𝑚 𝜖𝑒𝑥𝑝𝑡∕𝜖𝑠𝑖𝑚
58Ni +36Ar fusion–evaporation 0.635(2) 0.7425(6) 0.855(3)
196Pt Coulex, 𝐸𝛼 = 18.8 MeV 0.688(4) 0.8190(13) 0.840(5)
196Pt Coulex, 𝐸𝛼 = 14.6 MeV 0.65(1) 0.817(3) 0.795(13)
196Pt Coulex, 𝐸𝛼 = 10.2 MeV 0.566(1) 0.8078(18) 0.6908(19)

far above the detection threshold, and 30% or larger reduction in
efficiency for charged particles near the detection threshold, as shown
in Table 5. This effect arises from a combination of factors including
the time response of the CsI(Tl) scintillators (particularly time walk as
a function of signal amplitude) and the communication latency between
DAQ subsystems.

For the purposes of planning experiments, it is advisable that
raw simulated efficiencies based on the array geometry and detection
thresholds be reduced by a factor of 20% for intermediate energy (10–
15 MeV) and 15% for high energy (> 15 MeV) charged particles, to
obtain a realistic estimate which takes all of the aforementioned effects
into account.

In summary, the TIP CsI ball array has been built and commissioned
at SFU and TRIUMF. Future planned experiments with the array include
studies of proton rich 𝑁 = 𝑍 nuclei using fusion–evaporation reactions
on 40Ca targets, as well as studies of neutron rich species produced in
fusion–evaporation reactions via proton gating. When combined with
plunger lifetime measurements utilizing radioactive beams available at
TRIUMF/ISAC-II and the upcoming TRIUMF/ARIEL facility, the CsI ball
array will provide a unique opportunity for high precision transition
strength measurements in nuclei far from stability.
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Appendix A. Particle gating combinatorics

Take the special case of Eq. (1) where 𝑚 = 𝑥:

𝐶𝑛,𝑥 = 𝐴𝑛,𝑥

𝑛
∑

𝑦=𝑥

(

𝑛
𝑦

)

𝜖𝑦𝑝 (1 − 𝜖𝑝)𝑛−𝑦 ⋅
(

𝑦
𝑥

)

𝜖𝑥𝑔 (1 − 𝜖𝑔)𝑦−𝑥. (A.1)

The binomial coefficients may be combined:
(

𝑛
𝑦

)(

𝑦
𝑥

)

= 𝑛!
𝑦!(𝑛 − 𝑦)!

⋅
𝑦!

𝑥!(𝑦 − 𝑥)!

= 𝑛!
𝑥!(𝑛 − 𝑥)!

⋅
(𝑛 − 𝑥)!

(𝑛 − 𝑦)!(𝑦 − 𝑥)!

=
(

𝑛
𝑥

)(

𝑛 − 𝑥
𝑦 − 𝑥

)

.

(A.2)
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Fig. 11. Eq. (1) fitted to fusion–evaporation data for various transitions in 89Nb and 89Mo, as a function of the number of particles in the proton gate 𝑥.

Fig. B.1. Schematic of signal processing stage of CsI ball array preamplifier boards. From left to right: the raw signal is passed through a CR-110 charge sensitive preamplifier
module, high pass and low pass filters for noise reduction, and is amplified prior to output.

Eq. (A.1) may then be written:

𝐶𝑛,𝑥 =𝐴𝑛,𝑥

𝑛
∑

𝑦=𝑥

(

𝑛
𝑥

)(

𝑛 − 𝑥
𝑦 − 𝑥

)

𝜖𝑦𝑝𝜖
𝑥
𝑔

(1 − 𝜖𝑝)𝑛−𝑦(1 − 𝜖𝑔)𝑦−𝑥

=𝐴𝑛,𝑥

(

𝑛
𝑥

)

𝜖𝑥
𝑛
∑

𝑦=𝑥

(

𝑛 − 𝑥
𝑦 − 𝑥

)

(1 − 𝜖𝑝)𝑛−𝑦

𝜖𝑦−𝑥𝑝 (1 − 𝜖𝑔)𝑦−𝑥.

(A.3)

where 𝜖 = 𝜖𝑝𝜖𝑔 . From the binomial theorem:
𝑗
∑

𝑖=0

(

𝑗
𝑖

)

𝑎𝑗−𝑖𝑏𝑖 = (𝑎 + 𝑏)𝑗 . (A.4)

substituting 𝑖 = 𝑦 − 𝑥, 𝑗 = 𝑛 − 𝑥 with 𝑗 − 𝑖 = 𝑛 − 𝑦, 𝑎 = 1 − 𝜖𝑝, and
𝑏 = 𝜖𝑝(1 − 𝜖𝑔), Eq. (A.3) may be re-written:

𝐶𝑛,𝑥 = 𝐴𝑛,𝑥

(

𝑛
𝑥

)

𝜖𝑥(1 − 𝜖𝑝 + 𝜖𝑝 − 𝜖𝑝𝜖𝑔)𝑛−𝑥

= 𝐴
(

𝑛
𝑥

)

𝜖𝑥(1 − 𝜖)𝑛−𝑥.
(A.5)

Hence the sum of Eq. (1) collapses to a single term under the
condition 𝑚 = 𝑥.

Appendix B. Preamplifier signal processing stage

Fig. B.1 shows a detailed schematic of the signal processing stage
used in the CsI ball preamplifier boards.

Appendix C. Figure of merit for timing gate

The optimal TIGRESS–CsI ball timing gate width was chosen as
the width for which the fractional uncertainty 𝛥𝐶∕𝐶 on the number
of true time-correlated events 𝐶 is minimized. The total number of
events 𝑇 falling within a time coincidence gate is the sum of events
corresponding to true coincidences 𝐶 and random background events
B, therefore:

𝐶 = 𝑇 − 𝐵

𝛥𝐶 =
√

(𝛥𝑇 )2 + (𝛥𝐵)2.
(C.1)

The number of random background events 𝐵 is not directly mea-
sured, but may be calculated:

𝐵 = 𝑚 ⋅ 𝑡𝑔𝑎𝑡𝑒, (C.2)

where 𝑚 is the number of random background events which are ob-
served per unit gate width, and 𝑡𝑔𝑎𝑡𝑒 is the timing gate width. Assuming
that the time-random background contribution to the count rate is
linear with gate width, the value of 𝑚 may be extracted by fitting this
linear contribution as shown in Fig. C.1 (similar to the fit shown in
Fig. 10). From the slope of the fit line, the best fit value of 𝑚 was
determined to be 6.9(4) × 10−1 ns−1 for the TIGRESS–CsI ball system
(i.e. 𝛥𝑚 = 0.4 × 10−1 ns−1).

The error on the total number of counts 𝛥𝑇 was directly extracted
from the data, and the error on the number of uncorrelated events
𝛥𝐵 = 𝛥𝑚 ⋅ 𝑡𝑔𝑎𝑡𝑒 was calculated to obtain the uncertainty on the number
of correlated events 𝛥𝐶 using Eq. (C.1). The minimum value of the
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Fig. C.1. Left: Measured total number of events 𝑇 in the 355 keV gamma ray from 196Pt Coulomb excitation. The fitted line shows the time-random background contribution to
the observed peak, similar to Fig. 10. Right: The timing gate figure-of-merit 𝛥𝐶∕𝐶 as a function of gate width. A cubic fit function is shown with a local minimum at 𝑡𝑔𝑎𝑡𝑒 =
354 ns. In both plots, dashed lines indicate extrapolation of fit functions beyond the fitting range.

fractional uncertainty 𝛥𝐶∕𝐶 was used to determine the optimal timing
gate width of approximately 350 ns, as shown in Fig. C.1.
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