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Abstract
In this study, we constructed two annular detector arrays comprising 24 wedge-shaped CsI(Tl) crystals, and tested them using 
an � source and radioactive beams of 14−16 C on a CD

2
 target. We compared the properties of a CsI(Tl) crystal encapsulated 

with various reflectors, revealing that using the 80-μm-thick ESR film to pack the CsI(Tl) crystal yielded the largest light 
output with the smallest non-uniformity in light output ( ΔLO). For the 24 CsI(Tl) detectors with the 80-μm-thick ESR films, 
the average energy resolution improved as the average light output increased; however, it deteriorated as the ΔLO value 
increased. To form two annular Si-CsI(Tl) telescopes for identifying the light-charged particles, the ΔLO value and energy 
resolution of each CsI(Tl) detector were maintained under 20% and 7.7%, respectively. These telescopes were tested for the 
first time in a direct nuclear reaction experiment using 14−16 C + d. The results demonstrated that the Z = 1 and Z = 2 charged 
particles were adequately discriminated by the telescopes using the standard ΔE-E method.
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1  Introduction

Thallium-activated cesium iodide (CsI(Tl)) detectors have 
been widely applied in nuclear and particle physics experi-
ments owing to their several advantages. Primarily, CsI(Tl) 
is noted for its malleability and softness, which allows it to 
be manufactured into several irregular shapes, as required 
by physical experimental conditions at a relatively low cost. 
In addition, CsI(Tl) is not hygroscopic, which facilitates its 
storage. Furthermore, it can deliver a considerable stopping 

power owing to its high density ( � ≈ 4.5 g/cm3 ). Therefore, it 
is commonly used to collect the residual energies of charged 
particles after punching through silicon (Si) strip detectors. 
Combining Si-CsI(Tl) forms an effective approach for iden-
tifying charged particles using the telescope technique with 
the standard ΔE-E method. LASSA  [1], MUST2  [2], FAR-
COS [3, 4], and HiRA  [5–7] are examples of such com-
binations. A similar detection array is displayed in Fig.  1, 
dedicated to the kinematically complete measurement of 
charged particles produced from the direct nuclear reactions 
of radioactive ion beams with a CH

2
 or CD

2
 target. This was 

developed at Peking University [8–10].
As depicted in Fig. 1, the array comprised several tel-

escopes. To measure the projectile-like particles, telescope 
T0 was installed at approximately 0 ◦ relative to the sec-
ondary beam direction, while T1 was placed close to 90◦ 
to detect the recoil protons or deuterons from the elastic 
or inelastic scattering of the radioactive beams on the CH

2
 

or CD
2
 targets. A set of annular telescopes, referred to 

as TA-upstream, is positioned upstream of the physical 
target to detect the protons produced from the (d, p) reac-
tion [11–13]. Another set of annular telescopes, called TA-
downstream, is installed downstream to identify 3He/4He, 
p, d, and t from the (d, 3He/4He), (p, p′ ), (p, d)(or (d, d′)), 

This work was supported by the National Natural Science 
Foundation of China (Nos.12275007, U1867214, 11775004), the 
funding from the State Key Laboratory of Nuclear Physics and 
Technology, Peking University, China (No. NPT2021ZZ01) and 
funding from heavy Ion Research Facility, Lanzhou, China (No. 
HIR2021PY002).

 *	 Jian‑Ling Lou 
	 jllou@pku.edu.cn

1	 School of Physics and State Key Laboratory of Nuclear 
Physics and Technology, Peking University, Beijing 100871, 
China

2	 Institute of Modern Physics, Chinese Academy Sciences, 
Lanzhou 730000, China

http://orcid.org/0000-0002-8246-4807
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-023-01319-8&domain=pdf


	 H.-Y. Zhu et al.

1 3

159  Page 2 of 8

and (p, t) (or (d, t)) reactions, respectively  [10, 14–20]. 
The TA-upstream and TA-downstream have similar struc-
tures, comprising six annular double-sided silicon strip 
detectors (DSSDs) and 12 wedge-shaped CsI(Tl) detec-
tors. For the DSSDs, two distinct thicknesses, namely, 150 
and 400 μ m, were selected. Each DSSD was segmented 
into 6.4-mm-width rings on one side directed to the physi-
cal target and into eight fan-shaped regions on the other 
side. The inner and outer radii of the TA-upstream were 
set at 3.25 and 13.5 cm, respectively, to encompass the 
angles ranging from 135 to 165 ◦ in a laboratory frame for 
a typical (d, p) experiment [12, 13]. The inner radius and 
the covered angular span of the TA-downstream, which 
closely surrounds T0, can be readily adjusted based on 
variations in T0 for various experimental purposes. For 
instance, let us consider the 15C(d, 3He) experiment [16]: 
the inner radius of the TA-downstream was 6.0 cm, and 
it covered angles from 25 to 55 ◦ in the laboratory frame. 
Two CsI(Tl) detector arrays were positioned behind the 
DSSDs in the TA-upstream and TA-downstream, to form 
two annular Si-CsI(Tl) telescopes.

In this study, we focus on the construction and inves-
tigation of the properties of two annular CsI(Tl) detector 

arrays. The experimental details and results of the CsI(Tl) 
detector are described in Sect. 2. The properties of the two 
annular arrays, including the light output and nonuniformity, 
are discussed in Sect. 3. The particle identification (PID) 
spectra of the annular Si–CsI(Tl) telescopes measured in 
a direct nuclear reaction experiment of 14−16 C + d are pre-
sented in Sect. 4. Finally, a brief summary is provided in 
the last section.

2 � Details and experimental results of one 
wedge‑shaped CsI(Tl) detector

2.1 � Details of one wedge‑shaped CsI(Tl) detector

Two CsI(Tl) detectors were assembled into a single unit and 
positioned behind a unit of annular DSSD to form a typical 
ΔE-E telescope. The geometric size and the photodiode (PD) 
position (dark-brown rectangle) of the CsI(Tl) detector are 
illustrated in Fig.  2. This crystal shape was selected owing 
to its superior properties observed in Geant4 simulations 
as well as the experimental results with an � source and a 
radioactive beam of 15C [16]. However, the nonuniformity 
in light output of this long-tapered CsI(Tl) crystal decreased 
the energy resolution of the crystals and further affected 
the particle identification (PID) capability of the ΔE − E 
method, which was regarded as nonnegligible. In addition, 
the detection thresholds for the Z = 1 and Z = 2 isotopes 
were observed to be slightly higher, probably because of 
the low light output of the CsI(Tl) crystal, as well as the 
low sensitivity and large electronic noise of the preamplifier. 

Fig. 1   (Color online) Schematic of the detection array developed at 
Peking University, which is designed to detect charged particles pro-
duced from direct reactions induced by a radioactive beam impinging 
on a CH

2
 and CD

2
 target. Two sets of annular telescopes named TA-

upstream and TA-downstream are installed upstream and downstream 
of the physical target, respectively, to detect light-charged particles 
from different reaction channels

Fig. 2   (Color online) a Front and b side view of a CsI(Tl) detector. 
Scan positions along its height and length are labeled as black and 
yellow numbers, respectively. In (a), the red-solid circles represent 
collimators with a diameter of 12  mm, while the dark-brown rec-
tangular at the bottom of the isosceles trapezoid represents the PD. 
Center of collimators 0 through 5 were at an approximate distance of 
11, 9, 7, 5, 3, and 1 cm from the PD, respectively. Vertical distance 
between the center of each collimator along the longer side of the 
isosceles trapezoid and the PD is identical (1 cm)
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Thus, these properties should be improved before construct-
ing CsI(Tl) detector arrays.

As illustrated in Fig. 2, the entrance and exit surfaces of 
the charged particles were the same isosceles trapezoid with 
the longer side tapering from 69.5 to 13.2 mm, while the four 
peripheral surfaces were rectangular. Each CsI(Tl) exhibited 
a height of 110 mm, which was slightly greater than the 
radius of the annular DSSD to prevent oblique penetration 
of the CsI(Tl) crystal by charged particles incident on the 
DSSD edge. The thickness of each crystal was designed to 
be 31 mm, which was adequate for ceasing the protons with 
energies up to 80 MeV. All surfaces of each crystal were 
polished nominally. The entrance surface directed toward 
the DSSD was covered with a 2-μm-thick aluminized Mylar 
film to facilitate the passage of charged particles and par-
tially prevent the leakage of the scintillation light from the 
crystals. All other surfaces were encapsulated with reflec-
tors to reflect the scintillation light back into the crystals. 
The scintillation light propagated within the crystal and was 
reflected on the reflectors several times until it was collected 
by the readout device.

Because of their low operational voltage, compact vol-
ume, insensitivity to magnetic fields, and adequate optical 
response with CsI(Tl), PDs and SiPMs are usually used for 
readouts [21]. In this study, a PD with an active area of 28 × 
28 mm (S3584-08, Hamamatsu Photonics) [22] was selected 
as the photon-detection device for the CsI(Tl) crystal owing 
to its larger active area and lower temperature dependence. 
The PD was coupled to the CsI(Tl) readout surface using 
optical silicone grease.

2.2 � Experimental results

A CsI(Tl) detector was initially tested using an 241 Am source 
that emitted � particles with an energy of 5.486 MeV and an 
absolute intensity of 85.2% . The source was collimated by a 
circular hole with a diameter of 1.2 cm and placed approxi-
mately 1.0 cm from the entrance surface; the source and col-
limation holes exhibited a similar size. As depicted in Fig. 2, 
six and five points were scanned with an equal interval of 2.0 
and 1.2 cm along the height and length of the CsI(Tl) crystal, 
respectively, to measure the light output nonuniformity. In 
Fig. 2, the collimators are depicted as red circles and the 
scan positions are labeled with black and yellow numbers 
denoting their height and length, respectively. The center of 
each position (0, 1, 2, 3, 4, and 5) was approximately 11, 9, 
7, 5, 3, and 1 cm away from the PD, respectively, and the 
vertical distance between the center of the positions (11, 12, 
13, 14, and 15) along the longer side of the crystal and the 
PD was identical (1 cm). The scan position labeled 5 (black 
number) corresponds to that labeled 12 (yellow number).

A charge-sensitive preamplifier with an adjustable sen-
sitivity was used to acquire the electronic signals produced 

by the PD. A shaping amplifier (ORTEC 572A)  [23] closely 
followed the preamplifier. The unipolar signal from the 
amplifier was subsequently inputted into a Multichannel 
Analyzer (MCA). A voltage supplier, preamplifier, ampli-
fier, and MCA were installed outside the vacuum chamber. 
To reduce the electronic noise, the cables connecting the 
PD, flange, and preamplifier were shielded with a weav-
ing copper mesh and maintained as short as possible. To 
increase the signal amplitude and decrease the threshold of 
the CsI(Tl) detector, the sensitivity of the preamplifier was 
adjusted to approximately 6 mV/MeV for the � particles.

The typical energy spectrum measured at scan posi-
tion 2 is illustrated in Fig.  3. The spectrum was fitted with 
only one Gaussian peak, indicated by the solid red curve in 
Fig.  3. The peak was asymmetric, primarily because of the 
low-energy � particles (5.443 MeV) emitted from the 241 Am 
source with a relatively small intensity (12.8%). The asym-
metry of this peak could also be attributed to fewer unknown 
wrinkles on the Mylar film, although we attempted our best 
to smoothen these wrinkles. The centroid of the fitted Gauss-
ian peak was proportional to the light output.

Energy resolution was determined by evaluating the ratio 
of full width at half maximum (FWHM) to the centroid of 
the fitted Gaussian peak. To enhance the properties of the 
CsI(Tl) detector, we attempted to enhance the light output 
and reduce the energy resolution, i.e., to increase the cen-
troid and decrease the FWHM of the Gaussian peak under 
the same test conditions.

As reported in Ref. [16], the amount of light output and 
its nonuniformity rely on the intrinsic properties (e.g., Tl 
doping level), surface roughness (polished or rough), geo-
metric shape (tapering angle), PD size, reflector (wrapping 
materials), and optical coupling materials of the CsI(Tl) 
detector. In this study, 24 polished CsI(Tl) crystals with 
identical shapes (Fig.  2) and a definitive amount of Tl 

Fig. 3   Typical energy spectrum measured by one CsI(Tl) detector 
using an 241 Am source, which was positioned at scan position 2 with 
the collimator
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doping were produced by the Institute of Modern Physics. 
To improve the performance of detectors, only the reflectors 
or PDs can be altered during fabrication.

Based on our experience with cubic CsI(Tl) detectors, 
we initially selected Tyvek paper as the reflector [24] in an 
experiment with a radioactive beam of 15C [16]. Tyvek paper 
is neither purely specular nor diffuse. An enhanced specular 
reflector (ESR) film [25], which is the latest reflector used 
for CsI(Tl) scintillators, is mostly a specular reflector [26, 
27]. According to the simulation results for the CsI(Tl) crys-
tal displayed in Fig.  2, the light output with ESR film is 
the highest among several reflectors, including Tyvek paper, 
ESR film, and Teflon tape. Therefore, we compared the light 
output of a CsI(Tl) crystal covered with these reflectors 
using an 241 Am source. The results are presented in Fig.  4. 
For each reflector, we packed the same crystal thrice, and 
the average light output is plotted in Fig.  4. The protective 
coating on each ESR film was eliminated before encapsu-
lating the crystals. Using the ESR film with a thickness of 
80 μ m (red squares), the light output was larger than using 
Tyvek paper (blue stars), and the resolutions were nearly 
equivalent. The 80-μm-thick ESR film outperformed the 
65-μm-thick film, probably because of its varying hardness 
values, which produce various reflectance effects at the 
edges of the crystals.

As displayed in Fig. 4a, the light output decreases as 
the scan point becomes more proximate to the PD or the 
longer side of the entrance surface, regardless of the reflector 
type used. This result demonstrates that the variation trend 
is nearly independent of the reflectors, which was consist-
ent with the results for tapering CsI(Tl) crystals reported in 

Refs. [16, 28–30]. The non-uniformity in the light output ( Δ
LO) recorded herein is defined as [16, 29]

where N = 4 denotes the number of measurement points, 
Ci refers to the centroid of the Gaussian peak in the energy 
spectra measured at different scan positions, and C

max
 and 

C
min

 represent the maximum and minimum values of Ci , 
respectively. The ΔLO values were 13.9, 16.2, and 15.5% for 
the 80-μm-thick, 65-μm-thick ESR films, and Tyvek paper, 
respectively.

In summary, the light output as well as the ΔLO value of 
the 80-μm-thick ESR film were superior to those of the other 
two reflectors. Therefore, it was selected as the final reflector 
for the CsI(Tl) array.

3 � CsI(Tl) detector arrays

Two annular arrays of 24 CsI(Tl) detectors were manufac-
tured to match the annular DSSDs and formed two sets of 
ΔE − E telescopes. Images of the two arrays are depicted in 
Fig.  5. The light output, its variation along the height and 
length of each crystal, and the energy resolution were inves-
tigated for each CsI(Tl) detector using an 241 Am source. If 
the source was placed at scan position 2, the typical signal-
to-noise ratio after preamplifier was 7:1 as measured using 
an oscilloscope.

Among the 24 crystals, Figs.  6 and  7 display vari-
ous typical light output variations and the corresponding 
energy resolutions along the height and length, respectively. 
In Fig. 6a, along the height of the crystal, the decreasing 
(Trend1, black square), the increasing (Trend2, red point), 
and the nearly unchanging (Trend3, blue triangle) trend are 
observed for crystals from the same batch using the same 
reflectors (ESR film) and PDs. Among the 24 crystals, 13, 
8, and 3 exhibited decreasing, increasing, and unchanging 

(1)ΔLO =
C
max

− C
min

1

N

∑N

i=0
C
i

× 100%

Fig. 4   (a) Light output and (b) energy resolution of a typical wedge-
shaped CsI(Tl) detector wrapping with varying reflectors as a func-
tion of the scan positions. Four points along the height of the entrance 
surface covered by a 2-μm-thick aluminized Mylar film were meas-
ured using an 241 Am source. Gray rectangle denotes the PD, which is 
most proximate to position 4 and farthest away from position 1 Fig. 5   Image of two annular CsI(Tl) detector arrays
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trends, respectively. The variation trend is independent of 
the reflector and PD, but relies on the intrinsic properties 
of the bare crystals, such as uneven Tl doping and surface 
roughness. Owing to their softness, the CsI(Tl) crystal sur-
faces can be facilely damaged during polishing, producing 
moderate variation in roughness, even when nominally 
polished. The phenomenon of light-output nonuniformity 
caused by uneven Tl doping has been observed in HIRA 
and CALIFA  [7, 31, 32]. However, dopant variation along 
the crystals used in this study has not yet been measured. 
In future, these two factors should be quantitatively and 
carefully investigated to improve the properties of CsI(Tl) 
detectors. As illustrated in Fig. 6b, regardless of the type of 

trend, the resolution worsens at both ends of the crystals but 
alters slightly in the middle. The resolution decreased with 
the light output and the worst resolution occurred when the 
scan position was most proximate to the PD.

As displayed in Fig. 7a, the light output varied across 
multiple positions along the longer side (in the vicinity of 
the PD). Nonetheless, the overall trend remained consistent. 
The light output remained nearly constant at the scan posi-
tions in the regions covered by the PD (middle-three posi-
tions, grey region in Fig.  7), whereas it decreases rapidly 
in the regions uncovered by the PD (positions at both ends). 
If the PD size can cover the entire readout surface of the 
crystal, a more improved resolution can be achieved at both 
ends. However, this study employed the largest active area 
of the PD. The SiPM array can cover the entire readout sur-
face of our CsI(Tl) crystal and has been designed to upgrade 
the performance of the CsI(Tl) arrays. A high-gain SiPM is 
beneficial for enhancing the light output and further improv-
ing the energy resolution. The variation trend of the energy 
resolution is similar to that observed in Fig.  6b, where the 
resolution deteriorated as the light output decreased.

Two-dimensional correlation histograms between the 
average energy resolution and either the average light 
output or ΔLO values along its height are summarized in 
Fig.  8. The energy resolution and light output were averaged 
using the values measured at four middle-scan positions. 
The results at both ends were not considered because they 
varied rapidly with the scan positions and were not care-
fully controlled. The test results for the two CsI(Tl) detec-
tors with energy resolutions worse than 8% are not plotted 
in Fig.  8. As indicated by the dashed lines in Fig.  8, the 

Fig. 6   Along the height of the CsI(Tl) scintillator, several typical 
kinds of a light output variation and b energy resolution over various 
scan positions. Grey rectangle represents the PDs

Fig. 7   Similar to Fig. 6 but along the length of the CsI(Tl) scintilla-
tor; gray rectangle represents the region covered by PDs

Fig. 8   Average energy resolution verse: a average light output and 
b ΔLO values. The average values were averaged across the val-
ues measured at scan positions along its height of the crystals. Red 
dashed lines aim to improve and guide visualization. Thin black dot-
ted lines denote the final acceptance criterions for energy resolution 
( ≤7.7%), light output (>650), and ΔLO ( ≤20%)
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average values of the energy resolution decrease as the light 
output increases and increase as the ΔLO values increase.

The nonuniformity in light output can diminish the 
energy resolution of the CsI(Tl) detector, and eventually, 
affect the particle identification (PID) capability of annular 
telescopes. Therefore, the ΔLO value was limited to 20% . 
To ensure PID capability, we restricted the average energy 
resolution to less than ≤7.7% and a light output higher than 
650 channels. Based on these criterions, two CsI(Tl) detec-
tors were remanufactured.

4 � Particle identification of the annular 
Si‑CsI(Tl) telescope

Two annular Si-CsI(Tl) arrays, TA-upstream and TA-down-
stream, were employed for the first time in a direct nuclear 
reaction experiment of 14−16 C + d performed at the Radioac-
tive Beam Line in Lanzhou (RIBLL) in 2022. The experi-
mental setup is illustrated in Fig.  1. The beam purities of 
14−16 C exceeded 97% with beam intensities of approximately 
8.8 × 104 , 3.0 × 104 , and 3.3 × 104 particles per second. A 
CD

2
 target with thickness of 9.53 mg/cm2 was used. For 

the 14−16 C beam, the full width at half maximum (FHWM) 
values of the beam spot size in the horizontal direction were 
18.0, 19.0, and 20.0 mm, respectively, while they were 13.5, 
16.0, and 22.0 mm in the vertical direction, respectively.

Typical PID spectra are illustrated in Figs.  9. p, d, t, 3He, 
and 4 He can be prominently identified if a strip is employed 
as a ΔE detector, depicted in Fig.  9a. A small number of 
3 He particles were faintly observed in Fig.  9a; however, 
they cannot be accurately identified as they do not form an 

evident band. In this case, we must sum all the strips in a 
DSSD as a ΔE detector to increase the statistics. However, 
the different thicknesses and gain deviations in the electron-
ics of each strip, as well as the light output nonuniformity 
of the CsI(Tl) detector, should be carefully reviewed before 
summing them up. First, the DSSD is positioned perpendic-
ular to the beam line instead of being directed in the outgo-
ing direction of the charged particles emitted from the physi-
cal target. Therefore, the real punching through thickness 
of the charged particles in the DSSD is dependent on their 
outgoing angles. This variation can be corrected strip-by-
strip using the function d/cos� , where d denotes the nominal 
thickness of the DSSD (150 or 400 μ m) and � indicates the 
outgoing angle of a straight line defined by the center of each 
annular strip and the target relative to the beam line. Sec-
ond, the gain deviation in the electronics can be normalized 
using energy calibration or the normalization method given 
in Ref.  [33]. Third, the various trends of nonuniformity in 
light output of the wedge-shaped CsI(Tl) detector (Fig.  7) 
can be extracted and normalized using particles with preset 
energies such as an � source, 15-MeV protons, or 30-MeV 
4 He particles  [16]. After correcting the above three factors 
and completing the energy calibrations, the PID spectra of 
one DSSD and one CsI(Tl) detector are displayed in Fig.  9b, 
p, d, t, 3He, and 4 He can be distinctly discriminated, and the 
3 He band is more evident after adding all strips in a DSSD.

5 � Summary

In summary, we constructed two annular CsI(Tl) detector 
arrays comprising 24 wedge-shaped crystals, and tested 
them using an 241 Am source and radioactive beams. A sin-
gle crystal encapsulated with various reflectors was tested. 
As observed, both the amount and nonuniformity of the light 
output were the best if an 80-μm-thick ESR film was adopted 
as the reflector. Therefore, all 24 wedge-shaped crystals were 
packed with 80-μm-thick ESR films. The energy resolution, 
light output, and variations in the height and length of each 
CsI(Tl) detector were carefully investigated. The energy 
resolution improved and deteriorated as the light output and 
ΔLO value increased, respectively. For the first time, two 
annular Si-CsI(Tl) telescopes were tested in a direct nuclear 
reaction experiment using 14−16 C + d. The Z = 1 and Z = 
2 charged particles were sufficiently discriminated using 
the entire DSSD as a single ΔE detector. In the future, we 
should enhance the light output and reduce the ΔLO value 
of the wedge-shaped CsI(Tl) detector as much as possible 
to further improve the PID capability. For instance, this can 
be achieved by adopting SiPMs with larger active areas and 
higher gains as photon detection devices and improving the 
intrinsic properties of the CsI(Tl) crystal.

Fig. 9   Particle identification spectra of the annular Si-CsI(Tl) tel-
escope measured in the direct nuclear reaction experiment of 14−16 C 
+ d, when using a single annular strip (a), a piece of DSSD after nor-
malizing the punching through thickness strip-by-strip as a ΔE detec-
tor (b) and one CsI(Tl) as an E detector
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