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Abstract
The energetic bremsstrahlung photons up to 100 MeV produced in heavy ion collisions can be used as a sensitive probe 
for short-range correlation in atomic nuclei. The energy of the �-rays can be measured by collecting the Čerenkov light in 
the medium induced by the fast electrons generated in the Compton scattering or electromagnetic shower of the incident � 
ray. Two types of detectors based on pure water and lead glass as sensitive materials were designed for this purpose. The � 
response and optical photon propagation in the detectors were simulated based on electromagnetic and optical processes in 
Geant4. The inherent energy resolutions of 0.022(4) + 0.51(2)∕E

1∕2
�  for water and 0.0026(3) + 0.446(3)∕E

1∕2
�  for lead glass 

were obtained. The geometry sizes of the lead glass and water were optimized to 30 cm × 30 cm × 30 cm and 60 cm × 60 cm × 
120 cm, respectively, to detect high-energy �-rays at 160 MeV. The Hough transform method was applied to reconstruct the 
direction of the incident �-rays, providing the ability to experimentally distinguish the high-energy �-rays produced in the 
reactions on the target from random background cosmic-ray muons.
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1  Introduction

Bremsstrahlung high-energy photons produced in heavy-ion 
reactions have attracted increasing interest because of their 
relevance to the nuclear equation of state (nEOS) and their 
short-range correlation in nuclei. In nEOS studies, particu-
larly for nuclear matter with large neutron-to-proton asym-
metry, a variety of isospin probes have been identified to 
constrain Esym(�) (the density-dependent nuclear symmetry 
energy), including the pre-equilibrium n/p yield ratio [1], 
n/p differential flow [2, 3] and bremsstrahlung high-energy 

photons [4]. Among these probes, bremsstrahlung �-rays 
created by heavy ion collisions are clearly observable 
because of their rare interactions with the medium after 
they are produced. Very recently, it has been revealed that 
bremsstrahlung high-energy �-rays carry information on the 
high-momentum tail (HMT) of nucleons, giving rise to the 
short-range correlation effect in nuclei [5–8]. On the other 
hand, however, the experimental data in this direction are 
quite scarce.

Recently, the full � energy spectrum up to 80 MeV 
was measured in reactions 86Kr+124 Sn at 25 MeV/u with 
a 15-unit CsI(Tl) hodoscope mounted on a compact spec-
trometer for heavy-ion experiments (CSHINE) [9–13]. It has 
been demonstrated that the � energy spectrum above 20 MeV 
is reproduced fairly well by transport model simulations that 
incorporate � production from incoherent np scattering with 
an approximate 15% HMT ratio [14]. However, CsI(Tl) is a 
slow detector, and the microsecond response time of CsI(Tl) 
crystals makes it difficult to reconstruct the total energy from 
multiple firing units. Therefore, we are motivated to develop 
a fast and relatively cheap detector containing a sufficiently 
large-volume-sensitive material to detect high-energy �rays 
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in heavy-ion reactions. The Čerenkov radiation [15] detec-
tor is a favorable option because of its fast response time in 
the order of tens of nanoseconds and its ability to infer the 
incident direction information of the initial �-rays, the lat-
ter of which can be used to suppress the cosmic-ray muon 
background from random directions.

In this paper, we report the design of a Čerenkov � calo-
rimeter using water and lead glass as sensitive media. Based 
on Geant4 packages, the geometric size of the detectors was 
optimized. The energy resolution was obtained by tracking 
each Čerenkov photon before it arrived at the photomultiplier 
tube (PMT) for which the quantum response was modeled. 
The incident direction reconstruction was implemented using 
the Hough transform method. The remainder of this paper 
is organized as follows. Section 2 describes the simulations 
framework of the calorimeter. Section 3 presents the optimi-
zation of the detector size and the reconstruction of � direc-
tion. Finally, Sect. 4 concludes the paper.

2 � Simulation setup

In this study, Geant4 (version 4.10.05) [16] packages were 
used for Monte Carlo simulation and optimization of the 
detector. “QBBC” and “G4OpticalPhysics” are applied as 
the physical process list to describe the electromagnetic 
(EM) showers of � rays in materials, and to model the gen-
eration and transport of Čerenkov photons. For each event in 
the simulations, incident �-rays hit the front of the detector. 
Then, Čerenkov photons are generated if fast electrons are 
produced by Compton scattering or e−e+ generation. Each 
Čerenkov photon is tracked to its termination, either to be 
absorbed during propagation or to reach the surface of the 
PMTs, where the waveform pulse of the given parameters 
is generated with a certain quantum efficiency. The wave-
forms were recorded at intervals of 2 ns for digitization. The 
final data corresponding to each incident � ray are saved as a 
matrix of N1 × N2 dimensions, where N1 represents the num-
ber of fired PMTs and N2 represents the number of sampling 
points for the corresponding waveform.

2.1 � Detector geometry

The detector structure and locations of the PMTs are 
shown in Fig. 1 for lead glass and water as sensitive mate-
rials, defined as “G4_GLASS_LEAD"(left) and “G4_
WATER"(right), respectively. The water tank size was 
60 cm ×60 cm ×120 cm, and the size of the lead glass was 
30 cm ×30 cm ×30 cm. The PMTs were arranged in an 8 × 8 
array with a water configuration. In the lead glass configu-
ration, the PMTs were arranged in 4 × 4 arrays on the four 

sides of the detecting tank. The diameter of each PMT was 
51 mm, and the distance between each neighboring PMT 
pair was 70 mm, both vertically and horizontally.

2.2 � Optical process

Upon invoking the Čerenkov mechanism in Geant4, the 
energy and number of Čerenkov photons were sampled in 
each G4step according to [17].

where �c is the Čerenkov angle, � is the wavelength of the 
Čerenkov photon. The initial position of Čerenkov photons 
is uniformly distributed in every G4step, the emission angle 
is calculated according to the refractive index of materials 
and the speed of the charged particle, the outgoing azimuth 
is uniformly distributed within the range of 2 � , we set a 
maximum of 100 photons emitted in each step to ensure 
the detailed sampling. In the process of photon transport, 
the transmission characteristics of photons in a material and 
their behavior at the boundary between the two materials 
must be defined. In this simulation, we defined the scattering 
and absorption lengths between the Čerenkov photons and 
water molecules by referring to the test data of IceCube [18, 
19]. Owing to the lack of optical parameters for lead glass, 
we conservatively defined an attenuation efficiency of 70% 
for a 10 cm propagation. For the boundary characteristics 
[20, 21], we used UNIFIED model [22, 23] in Geant4 and 
selected “dielectric-dielectric" option to describe the inter-
face between the material and PMTs. In this model, Geant4 
determines the photon boundary behavior according to the 
Fresnel formula and the refractive index on both sides. For 
the remaining boundaries, we use the dielectric_LUT model 
[24] and select a polished Teflon_LUT boundary. Thus, 
Geant4 determines the reflection, refraction, and absorption 
of photons based on the built-in parameters.

(1)d2N

d�dL
=

2��Z2
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Fig. 1   (Color online) Detector configuration with two sensitive vol-
umes, lead glass (left) and pure water (right), respectively
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2.3 � PMT response

In the full case, photons are converted into photoelectrons 
with a certain quantum efficiency after hitting the PMT, and 
a pulse is formed after multiplication. A pulse formed by a 
single photon is described in [25]

where ti = thit + ttrans and thit represent the time at which a 
photon hits the PMT, ttrans = 29 ns represents the electron 
transit time of the PMT, � = 1.2 ns represents the transit 
time spread. The final waveform is generated by superimpos-
ing all single-photon waveforms when multiple photons are 
converted into photoelectrons, as shown in Fig. 2a. Based on 
the incidence of � rays, the waveform of each PMT within 
240 ns was recorded as the final data. Figure 2b shows 
the distribution of the time at which the optical photons 
reach the PMTs in the lead glass configuration, which was 
extracted by linearly fitting the rising edge of the waveform 
[26]. This illustrates that most photons reach the surface 
of PMTs between 26 ns and 31 ns after � emission, which 
means that we can distinguish between direct and scattered 
photons according to the distribution in the direction recon-
struction (see Sect. 3).

3 � Result and discussion

3.1 � Influence of detector size on energy resolution

We used the photoelectron peak number 
⟨
npe

⟩
 and the 

energy resolution, defined by �E
�

= �npe
= �npe

/⟨
npe

⟩
 , to 

optimize the detector design. In the simulation, such high-
energy � rays hit the center of the front surface of the detec-
tor perpendicularly. The shower electrons and positrons, if 
produced with a velocity exceeding the speed of light in the 
medium, will generate Čerenkov light propagating to the 

(2)Vpulse(t) =

{
G exp(−

1

2
(
t−ti

𝜎
+ e

−
t−ti
𝜎 )), t ≤ ti

G exp(−
1

2
((

t−ti

𝜎
)0.85 + e

−
t−ti
𝜎 ), t > ti

PMT, where the photoelectrons are generated. Owing to the 
statistical fluctuations, the number of photoelectrons varies. 
Figure 3a presents the distribution of the number of photo-
electrons for 50 MeV incident �-ray in the lead glass detector 
as an example. In the following analysis, the photoelectron 
peak number 

⟨
npe

⟩
 was considered as the average number of 

photoelectrons. Figure 3b presents the distribution of 
⟨
npe

⟩
 

as a function of incident � energy E
�
 for the two configura-

tions at their own optimized volumes (see below). For a 
detector of a given size, 

⟨
npe

⟩
 has a linear dependence on E

�
 . 

Thus, the �-ray energy can be measured using the number of 
photoelectrons.

We then optimized the detector size at a given maximum 
� energy of 160 MeV, which covered the range of interest for 
E
�
 in heavy-ion reactions at Fermi energies. For each event, 

the distribution of photoelectron number was analyzed to 
obtain 

⟨
npe

⟩
 and its standard deviation ( �npe ). If the detector 

medium is too small, much of the �-ray energy will leak 
outside the sensitive volume. However, if the detector 
medium is too large, Čerenkov photons are scattered many 
times and gradually absorbed, leading to a reduction in the 
number of photoelectron collected by PMTs. These two fac-
tors collectively determine the energy resolution. Figure 4a 
and c illustrates the energy resolutions �E

�

 and 
⟨
npe

⟩
 as func-

tions of the horizontal and longitudinal lengths of the lead 
glass configuration. Clearly, as the horizontal and longitudi-
nal lengths increased, �E

�

 reaches its lowest point at 30 cm, 
whereas 

⟨
npe

⟩
 decreases when the horizontal or longitudinal 

lengths exceed 30 cm. Thus, 30 cm × 30 cm × 30 cm is the 
optimal size of the lead glass. Figure 4b, d shows the same 
quantities for the pure water configuration. As the longitu-
dinal length increases, the energy resolution �E

�

 decreases 
gradually and converges to 6%, and 

⟨
npe

⟩
 first increases and 

then decreases because Čerenkov light attenuation becomes 
the main factor after the longitudinal length exceeds 80 cm. 
As the horizontal length increases, �E

�

 reaches its minimum 
at 60 cm, beyond which 

⟨
npe

⟩
 starts to decrease. Thus, 60 cm 

× 60 cm × 120 cm was the optimal size for water.
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Fig. 2   (Color online) a a typical waveform for PMT, b the distribu-
tion of the time when optical photons reach PMTs in lead glass detec-
tor
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Fig. 3   (Color online) a the spectrum of the photoelectron yield for 50 
MeV � rays in lead glass detector, b Linear response of the calorim-
eter
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Given the good linear response of the water and lead 
glass Čerenkov calorimeter to the � energy, as shown in 
Fig. 3b, one can reconstruct the � energy from the signal 
height equivalent to the number of photoelectrons. To test 
this ability, we simulated the detector response for 105 � 
events with an initial energy Einitial in an exponential dis-
tribution. The slope of the input exponential distribution is 
set to −0.05 , as shown in Fig. 5a. The reconstructed energy 
( Erec ) is plotted in panel (b) with the slope parameter fit-
ted at −0.049 . It is shown that the Čerenkov calorimeter 
of lead glass measures high-energy � in the range from 5 
MeV to 160 MeV. Figure 6 shows the resolution at various 
incident energies for the lead glass and water configurations. 
Inherent resolutions of 0.022(4) + 0.51(2)∕E

1∕2
�  for water and 

0.0026(3) + 0.446(3)∕E
1∕2
�  for lead glass were obtained by 

fitting the simulated data points. At high energies (above 
100 MeV), the resolutions were saturated at approximately 
7.3% and 4.7%.

3.2 � Direction reconstruction

It is well known that a definite angle exists between the 
Čerenkov photons and charged particles [17], which is the 
basis for direction reconstruction. In fact, � shower also par-
tially retains this feature. Figure 7 shows the angle distribu-
tion between the Čerenkov radiation direction and the initial 
direction of electrons ( � rays) in water (lead glass), which 
was obtained by the Geant4 simulation, where the ener-
gies of electrons and � were sampled evenly from 5 to 160 
MeV in the simulation. The refractive index of lead glass 
and water is 1.7 and 1.3, so the cosine of their Čerenkov 
angle are cos �c ≈ 0.58 and 0.77, respectively. According 
to Fig. 7, although the e+e− pair production and Compton 
effect may cause scattering, the emission angle distribution 
of the Čerenkov photons produced by the EM shower is still 
related to the initial direction of � rays. This suggests that 

Fig. 4   (Color online) Process of 
size optimization. a Relation-
ship between energy resolution 
and detector size for lead glass, 
b relationship between energy 
resolution and detector size for 
water, c relationship between ⟨
npe

⟩
 and detector size for lead 

glass, d relationship between ⟨
npe

⟩
 and detector size for water
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Fig. 5   (Color online) The initial (a) and reconstructed (b) � energy 
spectra in lead glass configuration
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the direction of � rays can be reconstructed by referring to 
the electron direction reconstruction method used in large 
experiments, such as the Super-Kamiokande and Sudbury 
Neutrino Observatory(SNO) [27−29]. It was found in our 
work that the Čerenkov photons experience scattering many 
times before reaching PMTs in water because of the over-
length of the medium, heavily smearing the initial direction 
information; therefore, we only reconstructed the � ray direc-
tion in the lead glass configuration.

3.2.1 � Vertex reconstruction

To reconstruct the direction of the electrons, it is usually 
assumed that the electrons emit Čerenkov light from a fixed 
point. According to the angle distribution in Fig. 7, it can 
be assumed that the � rays emit Čerenkov light from a fixed 
point with a specific Čerenkov angle; hence, the time taken 
for photons to reach the PMT can be expressed as [30, 31]

where t0 represents the moment when the Čerenkov light 
is generated, thit represents the moment when the photon 
hits PMTs, v is the velocity of light in lead glass, Xpmt and 
Xvtx are the coordinate of the PMT and the vertex, respec-
tively. In our analysis, the optimal estimation of the vertex 
coordinates is obtained by minimizing the �2 of fitting the 
time distribution with formula (3), in which the t0 and Xvtx 
are fitting parameters. For each � event, the timing of each 
PMT was extracted by linear fitting to the rising edge of 
the waveform, where the crossing point of the linear fitting 
and the zero baseline was taken as the timing signal of the 
PMTs [26]. The spatial coordinates of each firing PMT are 
used as Xpmt . Because the reflector layer is set in the simula-
tion, some Čerenkov photons are reflected before hitting the 
PMTs and the timing signals deviate from (3). So according 
to Fig. 2b, we only selected the PMTs with the hit time being 

(3)thit =
∣ Xpmt − Xvtx ∣

v
+ t0,

less than 1.5 ns before the peak and 1 ns after the peak of the 
time distribution. We define the coordinates of the center of 
the lead glass as (0 cm, 0 cm, 0 cm) . Figure 8 shows the �2 
distribution of the vertex coordinate fitting for a 10 MeV �
-ray incidence, indicating the optimal vertex coordinate at 
(1.29 cm,−1.11 cm,−6.34 cm).

3.2.2 � Hough transform

The Hough transform [32–34] has been successfully applied 
to identify Čerenkov rings that can map the vector space of 
the vertex-to-PMT direction to that of the electron incident 
direction. An example of this application is Super-Kamio-
kande [35]. Similarly, we can define the vector from the 
vertex of the � ray to the firing PMT and the initial direction 
vector of the � ray as Vp and V

�
 , respectively, where � rep-

resents the angle between the two vectors. The probability 
distribution of � is indicated by the red line in Fig. 7. The 
vector space of the incident direction of �-ray was divided 
by 100 × 100 according to ( cos �,� ), and the weight of each 
cell can be expressed as

V
�ij represents the central unit vector of the cell at row i 

and column j in the vector space of incident direction of � 
ray, Vpk represents the unit vector from the vertex pointing 
to the center of kth firing PMT, and function f represents 

(4)Wij =

k∑
1

f (cos �ijk), cos �ijk = V
�ij ⋅ Vpk

,

Fig. 7   (Color online) Čerenkov photon direction distribution for elec-
tron incidence in water and � ray incidence in lead glass, respectively

Fig. 8   (Color online) The �2 distribution contour in the coordinate 
space of the vertex fitting
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the Čerenkov angle distribution function of � rays (the 
red line in Fig. 7) in lead glass. Figure 9 shows the event 
display of Hough transform for an incident � event in the 
direction (0.068, 0.063,−0.995) . Figure 9a shows the hit 
PMTS position distribution for this event, where the color 
represents the signal amplitude in the corresponding PMT. 
Figure 9b shows the result of the Hough transform for the 
1st PMT, Fig. 9c shows the cumulative result of the Hough 
transform for all firing PMTs, and the brightest point in 
Fig.  9c represents the optimal estimate of the incident 
gamma direction. For example, the optimal estimates are 
(−0.077+0.12

−0.15
, 0.487+0.08

−0.08
,−0.87+0.05

−0.03
) , and the deviation from 

the initial incidence direction is 26.9+3.5
−4.4

◦ for this event.

Figure 10 shows the distribution of cosΔ� , where Δ� is 
the angle between the reconstructed direction and the initial 
direction of �-rays hitting the front of the lead glass uni-
formly from the target. The peak of the cosine values is close 
to cosΔ� = 1 , indicating that the detector can reconstruct the 
direction of the signal in the lead glass configuration. How-
ever, the cosine distribution broadens considerably because 
of the rough assumption that � rays emit Čerenkov light at a 
fixed point. In fact, according to the red line in Fig. 7, most 
� rays would generate Čerenkov light in a path whose length 
is comparable to the detector size, which contributes to the 
bias in the direction reconstruction. The antisymmetry of the 
locations of the PMTs also causes bias.

3.2.3 � Discrimination between 
 and cosmic ray muon

In a real beam experiment, only � rays from the reactions 
on the target are of interest. Because the direction of � rays 
from the reaction target is different from that of the cosmic 
rays, it provides a way to suppress the background. To test 
the ability to suppress the cosmic-ray background, we gener-
ated � rays with energies between 5 and 160 MeV at the front 
of the detector and mixed them with uniform �− emissions 
from the top of the detector. The �− energy E

�
 (in GeV) and 

zenith angle �
�
 were sampled using the Gaisser formula [36]

Considering that the threshold for �− to produce Čerenkov 
radiation in lead glass was 78 MeV, we set the sampling 
range to 80–1000 MeV. The physical quantity Θ denotes the 
angle between the reconstructed direction and vector from 
the reaction target to the fitted vertex vector. Figure 11 shows 
the two-dimensional distributions of cosΘ and 

⟨
npe

⟩
 for � 

rays from the target (a) and cosmic rays (b), respectively. 

(5)
dI

dE
�
d cos �

�

=
0.14

E2.7
�

⎛
⎜⎜⎝

1

1 +
1.1E

�
cos �

�

115

+
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1.1E

�
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�

850

⎞
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Fig. 9   (Color online) Event display of Hough transformation. a Is 
the position distribution of firing PMTs, there are four sides to place 
PMTs in lead glass configuration, top, left, right, and back, b is the 
result of Hough transform for the marked 1st PMT on the back sur-
face, c is the cumulative result of Hough transform for all firing 
PMTs in the time window. The cross indicates the optimized direction

Fig. 10   (Color online) The distribution of the angle between initial 
and reconstructed direction of � rays



Measurement of the high energy γ‑rays from heavy ion reactions using Čerenkov detector﻿	 Page 7 of 8  24

A very different feature between the reaction � rays and the 
cosmic-ray muon background is evident. The cosΘ of � rays 
is concentrated above 0.5, 

⟨
npe

⟩
 is relatively evenly distrib-

uted between 0 and 1000, whereas the cosΘ of �− is concen-
trated between 0 and 0.5, and 

⟨
npe

⟩
 is concentrated around 

200. Therefore, the directivity of the Čerenkov light provides 
new dimensional information to distinguish the signal from 
the background.

4 � Conclusion

In this study, we investigated the feasibility of using a 
Čerenkov calorimeter to detect bremsstrahlung � rays from 
heavy-ion reactions at Fermi energies. A full framework 
was established to simulate the response and performance 
of the Čerenkov gamma calorimeter based on Geant4 
packages, including �-induced EM shower, Čerenkov pho-
ton generation and propagation, and the parameterization 
of PMT waveform. The optimal volume, linear response, 
and energy resolution of the detector were obtained using 
water and lead glass as sensitive media. The inherent energy 
resolutions at 0.022(4) + 0.51(2)∕E

1∕2
�  level for water and 

0.0026(3) + 0.446(3)∕E
1∕2
�  level for lead glass were pre-

dicted. It was demonstrated that the initial direction of � 
rays can be reconstructed using the vertex fit and Hough 
transform method, showing the ability to distinguish the 
bremsstrahlung � rays produced in the reactions from the 
cosmic-ray muon background in a real beam experiment. 
The detector is built and applied briefly to measure the high-
energy � rays produced in heavy-ion reactions.
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