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Abstract
In the future, the Very Large Area gamma-ray Space Telescope is expected to observe high-energy electrons and gamma rays 
in the MeV to TeV range with unprecedented acceptance. As part of the detector suite, a high-energy imaging calorimeter 
(HEIC) is currently being developed as a homogeneous calorimeter that utilizes long bismuth germanate (BGO) scintilla-
tion crystals as both absorbers and detectors. To accurately measure the energy deposition in the BGO bar of HEIC, a high-
dynamic-range readout method using a silicon photomultiplier (SiPM) and multiphotodiode (PD) with different active areas 
has been proposed. A prototype readout system that adopts multichannel charge measurement ASICs was also developed to 
read out the combined system of SiPMs and PDs. Preliminary tests confirmed the feasibility of the readout scheme, which 
is expected to have a dynamic range close to 106.
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1  Introduction

The Fermi Large Area Telescope (Fermi-LAT) has been 
in orbit for more than a decade and is considered the most 
successful gamma-ray space-based detector to date [1]. The 
All-sky Medium-Energy Gamma-ray Observatory eXplorer 
(AMEGO-X) is being planned as a successor to Fermi-
LAT, with a primary focus on operating in the MeV energy 
band [2]. Another space-based gamma-ray telescope being 
developed is GAMMA-400 by Russia. Its main feature is 

unprecedented angular resolution at energies greater than 
30 GeV [3].

In China, the DArk Matter Particle Explorer (DAMPE) 
has made significant progress in the direct detection of cos-
mic and gamma rays since its successful launch in 2015 
[4–9]. However, its detector size limits the acceptance of 
gamma rays. The High-Energy cosmic-Radiation Detection 
Facility (HERD) is a large space mission under preparation 
that is scheduled for installation on the Chinese Space Sta-
tion (CSS) in 2027 [10]. HERD will significantly improve 
the ability to detect high-energy cosmic rays [11]; however, 
its low Earth orbit also limits gamma-ray observations.

Gamma-ray detection is vital for studying dark matter, 
astrophysics, and cosmic rays [12–14]. Therefore, the Very 
Large Area gamma-ray Space Telescope (VLAST) was 
proposed by scientists from the DAMPE collaboration to 
develop a world-leading detector for gamma rays. Compared 
with other space-based detectors, the effective acceptance of 
VLAST is significantly higher, which makes it more sensi-
tive to gamma photons and more precise in its measurements 
[15].

Figure 1 illustrates the initial design of the VLAST detec-
tor, comprising three subdetectors: an anti-coincidence 
detector (ACD), a silicon tracker, a low-energy gamma-ray 
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detector (STED), and a high-energy imaging calorimeter 
(HEIC). The ACD is composed of organic plastic scintillator 
tiles to distinguish charged particles from gamma photons 
and identify nuclides in cosmic rays [16]. The STED fea-
tures a multilayer structure consisting of double-sided sili-
con microstrip detectors [17] and alternating cesium iodide 
(CsI) crystals, which scatter low-energy gamma photons 
while converting high-energy photons into positron–electron 
pairs. The HEIC accurately measures the energy of electrons 
and photons and images the shape of the electromagnetic 
cascade shower in the calorimeter. The VLAST design com-
bines the advantages of DAMPE [18] and APT [19]. Its most 
significant innovation lies in the utilization of CsI crystals 
instead of traditional tungsten plates in the silicon tracker. 
This enables the measurement of MeV photons using the 
Compton effect and effectively improves the energy resolu-
tion of gamma rays below the GeV range. In combination 
with the calorimeter, the entire VLAST detector extends the 
detection range of gamma rays from MeV to TeV, substan-
tially improving observation sensitivity and accuracy.

The HEIC is a large area detector composed of 2 × 2 
calorimeter modules, each of which is composed of eight 
layers of long BGO crystals stacked orthogonally, with a 
planned crystal size of 120 cm × 2.5 cm × 2.5 cm . The calo-
rimeter measures the energy range of photons and electrons 
from 0.1 to 20 TeV, depending on the scientific require-
ments. When photons or electrons hit the detector, they 
deposit energy in the crystal units via an electromagnetic 
cascade shower. The calorimeter must accurately measure 
the spatial distribution of the shower to select high-energy 
photons and exclude protons from cosmic rays. Based on 
simulations, each crystal detector unit must read a minimum 

signal of 0.1 ∼ 0.2MIPs for the energy deposition, which 
can also generate the corresponding trigger decision signal. 
The maximum energy deposition of BGO crystals located 
at the center of the shower for photons and electrons with a 
maximum energy of 20 TeV is approximately 2 × 105 MIPs , 
where MIP represents the energy deposition by a minimum 
ionization particle (MIP) through a BGO crystal of 2.5-cm 
thickness, which is approximately 22.5 MeV.

In conclusion, achieving an extremely wide dynamic 
range of at least six orders of magnitude is the primary chal-
lenge in designing a VLAST calorimeter readout system. 
This paper proposes a readout scheme that utilizes a com-
bination of a silicon photomultiplier (SiPM) and multipho-
todiode (PD) to achieve high-energy resolution and a large 
dynamic range. Furthermore, a small calorimeter module 
was developed, and a corresponding readout prototype sys-
tem was designed to serve as a technical reference for future 
studies on the VLAST calorimeter.

2 � High‑dynamic‑range readout method

The readout of a calorimeter typically involves two compo-
nents: photodetectors and readout electronics. However, the 
dynamic range of a single readout device and measurement 
channel can be limited by various issues, such as interfer-
ence, noise, and saturation. To overcome these limitations, 
many international studies have used photodetectors or read-
out electronics with different gains to extend the dynamic 
range.

The calorimeters of Fermi-LAT [20], CALET-CAL [21], 
and HERD [22] adopt readout methods that involve either 

Fig. 1   (Color online) Archi-
tecture of the VLAST. (Color 
figure online)
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PD with PD or PD with avalanche photodiode (APD) com-
bination systems. PDs with different sensitive areas or APDs 
with different gains are responsible for different energy 
ranges. For the same readout electronic channel, PDs with 
larger sensitive areas and APDs with higher gains are used 
to measure signals in the low-energy range, whereas PDs 
with smaller sensitive areas are used to measure signals in 
the high-energy range. Each of their readout electronics is 
also equipped with two different gain readout channels to 
further expand the dynamic range.

The readout method of the BGO calorimeter of DAMPE 
utilizes identical electronic measurement channels con-
nected to three different dynodes of one photomultiplier tube 
(PMT). Three channels with different gains are responsible 
for detecting signals in different energy ranges, allowing for 
a larger dynamic range of measurements [23].

There are a few issues with the PMT multidynode read-
out scheme in terms of the design and requirements of the 
VLAST calorimeter. First, the resistance network between 
the PMT dynodes results in a longer recovery time for large 
signals. This can cause an accumulation of low-energy and 
high-flux signals, which can be problematic for large area 
detectors. Simultaneously, crosstalk occurs between the 
signals from different dynodes of one PMT. Second, PMT 
generally has a large volume and causes a relatively large 
dead zone when combined to form a large area detector for 
the VLAST calorimeter. It requires high voltage to operate 
and is sensitive to magnetic field.

Compared to PMT, semiconductor photodetectors offer 
several advantages, including smaller size, immunity to 
magnetic fields, and lower bias voltage. Consequently, they 
are highly suitable for the scintillation of the VLAST calo-
rimeter. To ensure the required measurement range of the 
VLAST calorimeter, using only PDs without gain requires 
an exceptionally low noise level in electronics for small sig-
nals. However, if an APD with a higher gain is employed to 
measure small signals, the output current of the APD will 
continuously increase as the measured light signal increases. 
This can potentially interfere with other channels even if the 
electronics are already saturated. Therefore, using SiPM is 
the most suitable option for measuring small signals because 
the saturation range of SiPM is solely determined by the 
number of pixels.

The preliminary readout scheme for VLAST calorimeter 
is shown in Fig. 2. A SiPM and a pair of PDs with different 
sensitive areas were selected to form a crystal detector unit 
coupled with a BGO bar end face. The SiPM is Hamamatsu 
S14160-3010PS with an effective photosensitive area of 
3x3 mm, 89,984 pixels, and a typical gain of 1.8 × 105 . The 
large PD (L-PD) is Hamamatsu S2744-08 with a sensitive 
area of 10x20 mm, whereas the small PD (S-PD) is Hama-
matsu S8729-10 with a sensitive area of 2x3.3 mm. The 
overall measurement range was divided into three sections. 

The SiPM with the highest gain was used to detect the lowest 
energy signals, whereas two PDs of different sizes were used 
to detect signals in the middle and highest energy ranges, 
respectively. Using the relative gain between the three detec-
tors, the dynamic range can be expanded.

Owing to the nonlinearity of SiPM, only a fraction of 
the pixels ranging from one-third to half was utilized. The 
light yield of the BGO crystals was estimated to be approxi-
mately 8000 photons/MeV [24, 25], resulting in a maximum 
measurable energy greater than 100 MIPs for SiPMs. This 
corresponds to an output charge of approximately 800 pC. 
The sensitive area ratio between the two PDs was 30, and 
their output charge ratio was also 30. When using the same 
electronic channel for readout, the gain in the middle- and 
high-energy ranges is also 30, and the corresponding out-
put charges are approximately in the range of tens of fC to 
15 pC.

3 � Architecture of the prototype readout 
system

Typically, the number of readout channels for imaging 
calorimeters is extremely high. However, both the space 
and power resources are strictly limited in space experi-
ments. Therefore, utilizing multichannel ASICs to design 
the readout electronics is the only viable option. Con-
sidering the dynamic range of the three photodetectors 
and the light decay time of the BGO crystal (approxi-
mately 300 ns ), three commercial ASICs (i.e., IDE3380, 

Fig. 2   Readout scheme of VLAST calorimeter. a Diagram of the 
detector unit. b Design concept of a large dynamic range
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VATA160, and VA160) developed by IDEAS Inc. in Nor-
way [26] were chosen for the readout of SiPM, L-PD, and 
S-PD, respectively. Notably, VATA160 and VA160 were 
already successfully implemented in the DAMPE BGO 
calorimeter. By utilizing these three ASICs, a readout 
electronics system was designed to verify the feasibility 
of the multiphotodetector readout scheme and the perfor-
mance of the SiPM and PD combined system.

The structure of the prototype readout system is illus-
trated in Fig. 3, which mainly consists of front-end elec-
tronics (FEE) and a data acquisition (DAQ) system. The 
DAQ system includes a DAQ module and DAQ software. 
The FEE is responsible for analog integration, filtering 
and shaping, and digitization of the signals from SiPM 
and PD. It also packages and transfers the acquired data 
to the DAQ system. The DAQ module can connect to 
four FEE boards, which are responsible for sending com-
mands to all FEEs and collecting and transmitting the 
data acquired by all FEEs. In addition, it integrates trig-
ger logic. Based on the hit signals from the FEEs, the 
trigger system generates trigger signals through a logical 
decision to control the data acquisition process of the 
FEEs. The DAQ software runs on a computer, provid-
ing a visualization operation program for controlling the 
entire system and processing and storing the acquired 
data. Figure 4 shows a photograph of the FEE board and 
DAQ module.

4 � Design of the FEE

The first version of the prototype readout system for the 
VLAST calorimeter uses one IDE3380, one VATA160, and 
one VA160 on each FEE board, which can connect 16 detec-
tion units. The bias voltage of the photodetector is sourced 
from a low noise power supply (Keysight B1962A) and fil-
tered through the circuitry of the FEE. Unlike SiPM, the 
bias voltage of PD usually remains constant during opera-
tion. Given that the L-PD and S-PD require differing bias 
voltages, a low dropout regulator (LDO) was incorporated 

Fig. 3   Block diagram of the prototype readout system

Fig. 4   (Color online) Photo of an FEE and DAQ module. (Color fig-
ure online)
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into the FEE design to provide a bias voltage specifically 
for them.

Additionally, there are calibration circuits on the FEE 
used for calibrating ASICs and circuits for monitoring ASIC 
power current and ambient temperature. The logic circuits 
in the FPGA were designed to control these circuits and 
process data.

4.1 � Charge measurement ASIC

The IDE3380 features a programmable dynamic range 
that can be adjusted to suit photodetectors with high gain, 
such as PMT and SiPM. The shaping times can also be set 

programmatically to match different scintillators. Figure 5 
shows a schematic of the IDE3380 chip.

The IDE3380 consists of 16 identical analog readout 
channels and a summation channel, which is used to sum 
16 input signals and primarily serves as a readout for multi-
channel detector arrays. Each analog readout channel com-
prises two circuits: slow and fast shaping. The slow-shaping 
circuit integrates the analog current pulse from the detector 
to measure its charge, whereas the fast-shaping circuit uti-
lizes a threshold comparator to screen over-threshold signals 
and generate a trigger signal [27].

Furthermore, the IDE3380 is equipped with a current-
mode input stage (CMIS) on the input end of each channel. 
The CMIS is designed to handle larger input signals through 

Fig. 5   (Color online) Schematic diagram of IDE3380. (Color figure online)
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adjustable attenuation multiples while also improving the 
input impedance of the electronics channel. This allows 
the channel to accommodate detectors with high capaci-
tive loads and leakage currents. The CMIS also includes 
an adjustable bias current source that compensates for the 
leakage current of the detector and a bias voltage source 
that fine-tunes the detector’s bias voltage to adjust its gain. 
In the presence of CMIS, the DC coupling connection mode 
between SiPM and IDE3380 is more suitable.

The structure and function of VATA160 closely resem-
ble those of IDE3380. As illustrated in Fig. 6, VATA160 
consists of two distinct components: the VA and TA parts. 
The left VA performs charge measurements, whereas the 
right TA generates trigger signals. The structure of VA160 
is identical to that of the VA of VATA160. However, the 
VATA160/VA160 has a fixed dynamic range and shaping 
time, which distinguishes it from IDE3380. They are also not 
equipped with CMIS; thus, L-PD and S-PD are connected to 
VATA160 and VA160, respectively, by AC coupling.

4.2 � Calibration circuit

Figure 7 shows a schematic diagram of the calibration 
circuit. The digital-to-analog converter (DAC) and opera-
tional amplifier (OPA) provide DC voltage. The single-
pole double-throw analog switch switches from R1 to 
R2 under the control of FPGA logic and generates a step 
voltage in the circuit. The amplitude of the step voltage is 
determined by the difference between the DAC and power 
supply voltages and can be set by adjusting the DAC. The 
step voltage generates current pulses that are injected into 
the calibration module of the charge measurement ASICs 

using high-precision capacitors. The charge of the cur-
rent pulse is determined by the product of the step volt-
age amplitude and capacitance. An analog multiplexer 
inside both IDE3380 and VATA160 is designed to select 
the calibration channels. By controlling the multiplexer to 
select each channel sequentially and scanning it to adjust 
the DAC, calibration pulse signals with different charges 
can be generated, and each channel can be calibrated 
accordingly.

The calibration circuit uses the method of switching the 
analog switch from the operational amplifier to the posi-
tive power supply to generate calibration charge pulses. 
With this design, the operational amplifier does not require 
a large bandwidth and slew rate to generate a current pulse 
signal with a fast-rising edge, which can be as close as 
possible to the time characteristics of the detector output 
signal. In the process of switching the analog switch back 
and forth, the charge and discharge speeds of capacitor C 
are determined by R1 and R2, respectively.

Fig. 6   (Color online) Schematic diagram of VATA160. (Color figure online)

Fig. 7   Block diagram of the calibration circuit
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4.3 � Current and temperature monitoring circuit

Figure 8 shows a schematic of the ASIC power–current 
monitoring circuit [28]. A separate LDO was used to supply 
power to the charge measurement chip. A sampling resistor 
is connected in series to the ASIC power supply to measure 
the voltage difference across it, which allows the monitoring 
of the working current of the ASIC. The voltage across the 
sampling resistor is collected using an integrated instrumen-
tation amplifier and an analog-to-digital converter (ADC). 
The instrumentation amplifier has a high input impedance 
and common-mode rejection ratio, minimizing the load and 
interference of the measurement circuit on the ASIC power 
supply current. In addition, it can measure even the slightest 
changes in the current with high accuracy. The FPGA logic 
runs a comparison algorithm that determines the working 
status of the charge measurement chip by comparing the 

value collected by the current monitoring with the preset 
threshold and subsequently takes corresponding measures.

The performance of semiconductor detectors can be eas-
ily affected by environmental temperature; therefore, it is 
necessary to monitor the working environment temperature. 
A high-precision digital temperature sensor, ADT7320, was 
used directly on the FEE board to measure the temperature. 
Its operating temperature range is −40 ∼ 150 ◦C , and the 
16-bit precision enables a temperature resolution of up to 
0.0078 ◦C . Simultaneously, ADT7320 can also generate an 
interrupt signal when the temperature exceeds the preset 
range, and its function and threshold can be programmed 
and configured.

4.4 � Control logic in FPGA

The main function block diagram of FPGA logic is shown in 
Fig.  9. The FPGA logic circuit is primarily responsible for 
managing the data transmission process. When triggered, it 
sequentially collects, packs, and verifies the charge measure-
ment data from all channels, along with trigger information 
and other relevant data. The compiled scientific data are 
stored in the cache and transmitted to the DAQ system in 
synchronous serial mode via the LVDS interface.

In addition to performing high-precision charge meas-
urements, another important function of the FEE is provid-
ing hit information to indicate whether the corresponding 
detection unit has been hit. The minimum trigger condition 
for the calorimeter is based on the hit state of a layer rather Fig. 8   Block diagram of the current monitoring circuit

Fig. 9   Functional block diagram of FPGA logic
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than a single crystal [29]. The raw hit signals from IDE3380 
and VATA160 are generated through the logical “OR” of 
all channels. By configuring the registers of ASIC, only the 
channels corresponding to a certain layer can be selected to 
generate hit signals. The hit and trigger processors in the 
FPGA process the raw hit signals from the ASIC, generate 
hit signals, and send them to the trigger system of the DAQ 
module. The trigger system generates trigger signals through 
logical decision and sends them back to the FEE to control 
the scientific data acquisition process. The hit and trigger 
signals are transmitted between the FEE and the DAQ mod-
ules through two RS-422 simplex interfaces.

The DAQ system also sends commands to FEEs to per-
form tasks such as configuring the ASIC and controlling the 
calibration circuits. In response to the DAQ’s commands, 
the FEE sends operational status information, such as cur-
rent and temperature data, to the DAQ for processing. To 
enable communication between the FEE and DAQ modules, 
an RS-422 half-duplex interface was used to transmit both 
the commands and state data.

5 � Performance of the prototype system

The VLAST calorimeter aims to create a large area detec-
tor using BGO bars with a length of 1.2 ms. Currently, the 
crystals are being prepared on a meter scale. However, 
for the purposes of this study, a calorimeter module was 
constructed using smaller BGO crystals with dimensions 
of 25mm × 25mm × 600mm . It comprises 15 BGO bars 
arranged in six layers orthogonal to each other, with two 
or three crystals per layer. A photodetector unit is installed 
at one end of each bar. Two FEE boards are responsible for 
reading all the detector units on the two sides of the calo-
rimeter module, with each FEE board connected to seven 
or eight detector units. A series of tests were conducted to 
evaluate the function and performance of the prototype read-
out system.

5.1 � Baseline noise

The equivalent input capacitance of the preamplifier is 
increased owing to the junction capacitance of the semicon-
ductor detector and the distributed capacitance of the signal 
cable. This increase in capacitance affects the noise level of 
the electronics system. Moreover, the signal cable between 
the detector and electronics may introduce electromagnetic 
interference. To evaluate the effect of the cable connection 
on the noise in the measurement circuit, we employed two 
methods, that is, using either single-core wires or coaxial 
cables to connect the photodetector to FEE. The outer layer 
of the coaxial cable connects the electronic ground with the 
mechanical ground of the detector module structure. The 

baseline noise of the eight channels connected to the detec-
tor on one FEE board was tested, and the results are shown 
in Fig. 10.

Because of the CMIS at the input end of IDE3380, it can 
effectively reduce the effect of the equivalent input capaci-
tance on the noise of the charge-sensitive amplifier. Conse-
quently, the baseline noise of each channel of IDE3380 does 
not significantly increase after connecting the SiPM. Moreo-
ver, no significant differences were observed when using 
either single-core wires or coaxial cables for the connection.

However, both VATA160 and VA160 exhibit an increase 
in channel noise upon connecting to L-PD and S-PD, respec-
tively. At this point, using coaxial cable has a certain effect 
on shielding interference compared to a single-core wire 
connection. Moreover, their noise levels are essentially the 
same under the same connection configuration.

5.2 � Electronic linearity

By using a signal source to generate a step pulse, a current 
pulse can be generated and injected into the electronic chan-
nel through a series-connected capacitor. The charge of the 
current pulse is determined by multiplying the amplitude 
of the step voltage by the capacitor value. To calibrate the 
linearity of the electronic channel, the amplitude of the step 
pulse can be adjusted by scanning to generate current pulses 
with varying charges.

Figure 11 shows the linearity test results for one of the 
readout channels for both IDE3380 and VATA160. The VA 
parts of the VA160 and VATA160 are identical, and their 
results are similar. According to the test results, the linear 
range, noise, and equivalent noise charge of the IDE3380 
channel are approximately 0 ∼ 800 pC , 1 LSB, and 0.21 pC, 
respectively, whereas the integral nonlinearity of the chan-
nel is less than 0.5%. By contrast, the linear range, noise, 
and equivalent noise charge of the VATA160 channel are 
approximately 0 ∼ 12 pC , 1.2 LSB, and 4.41 fC, whereas 
its integral nonlinearity is less than 1%.

5.3 � Gain ratio between photodetectors

Figure 12 shows an experimental device that utilizes a light-
emitting diode (LED) to calibrate the relative gain coeffi-
cients between each photodetector channel. The LEDs are 
installed at one end of the BGO crystal, and the signal source 
generates voltage pulses to drive the LEDs to produce light 
pulses, which can simulate the light pulses emitted by the 
BGO crystal. The signal source can generate an approximate 
exponentially decaying pulse signal through programming or 
alternatively replace it with a trapezoidal pulse signal. The 
light signal intensity of the LED can be altered by control-
ling the amplitude of the pulse signal [30].
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Fig. 10   (Color online) Test results of the baseline noise. a SiPM and IDE3380, b L-PD and VATA160, and c S-PD and VA160

Fig. 11   Test results of electronic linearity. a IDE3380 and b VATA160
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At the opposite end of the BGO crystal, a photodetec-
tor substrate comprising the SiPM, L-PD, and S-PD was 
mounted. To distribute the light signals from the LEDs to 
the detector face as evenly as possible, two layers of Teflon 
film were attached to each end of the BGO crystal. The rela-
tive gain coefficient between each detector and its respective 
readout channel was obtained by measuring the output at 
varying optical signal intensities.

The test results are shown in Fig. 13. Linear fitting of 
the data revealed a gain of 41 times between the SiPM 
(IDE3380) and L-PD (VATA160) channels and a gain of 
23 times between the L-PD (VATA160) and S-PD (VA160) 
channels. However, the luminescence of the LED is typi-
cally limited to a specific emission angle range, which differs 
significantly from the luminescence of high-energy particles 
in the scintillator that occurs at all angles. Consequently, 
the test results from the LED may not accurately reflect the 
actual situation. Thus, further beam experiments are neces-
sary to obtain more precise results.

5.4 � Ground‑based cosmic‑ray test

Muons in cosmic rays that reach the Earth’s surface tend to 
pass through the layers of crystals in the calorimeter in an 
approximately straight path, and the corresponding response 
of the detector unit is generally the minimum ionizing par-
ticle signal. Testing the prototype system of the calorimeter 
module using cosmic-ray muons can prove the collaborative 
performance of each module. Figure 14 shows a schematic 
of the experimental device for the ground-based cosmic-ray 
measurement of the calorimeter module. A plastic scintil-
lator detector (PSD) was used to generate the trigger signal 
during the test. The PSD was positioned directly above the 
overlapping areas of the six layers of crystals in the calo-
rimeter. The signal from the PSD was read by a PMT, and a 
constant fraction discriminator (CFD) was used to produce 
the trigger signal, which was connected to the external trig-
ger interface of the electronic system.

Fig. 12   Block diagram of the device that utilizes LEDs for measuring 
gain ratio

Fig. 13   Test results of the gain ratio between the photodetectors. 
a SiPM channel and L-PD channel and b L-PD channel and S-PD 
channel

Fig. 14   Block diagram of the test device of the calorimeter module
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The cosmic-ray experiment was performed for 48 h. 
Because the calorimeter must measure a higher range of 
energies and the energy of the cosmic-ray MIP is rela-
tively small, only the SiPM channel with the highest gain 
can detect a clear MIP signal. The energy spectra of the 
cosmic rays measured by all detector units in the calorim-
eter module were consistent. Figure 15 shows the MIP 
energy spectra measured by the SiPM channel in the 1st, 
3rd, and 5th layers. The spectra were fitted with a Landau 
convoluted Gaussian function, and their MPV peaks were 
approximately 10 ADC values (excluding the baseline). 
Based on the linearity calibration results for the readout 
channels, the input charge corresponding to the MIP signal 
was estimated to be approximately 2.6 pC.

According to the calibration of the absolute energy 
of the MIP in the cosmic-ray experiment and the gain 
between the photodetectors in the LED experiment, it can 
be estimated that the noise level of the SiPM channel with 
the highest gain is approximately 0.1 MIPs, and the upper 
limit of energy that the SiPM channel can measure exceeds 
200 MIPs. The entire crystal detector unit has an upper 

energy measurement limit close to that of 2 × 105 MIPs, 
and the dynamic range is as high as 106.

6 � Conclusion

This paper presents a high-dynamic-range readout scheme 
for the VLAST calorimeter and the design of a prototype 
readout system. Based on the currently selected photo-
detectors and readout electronics, the dynamic range of a 
single-crystal detector is expected to be close to 106 . To opti-
mize the dynamic range of the entire readout system, sev-
eral measures will be implemented to fine-tune the energy 
range covered by each photodetector in the future studies. 
For example, the optical wrapper of the scintillation crystal 
can be replaced to enhance the fluorescence collection effi-
ciency of SiPM, thereby enabling the detection of signals 
with lower energy. Furthermore, optical attenuators will be 
employed on the S-PD to facilitate the detection of signals 
with higher energies.

The calorimeter prototype system is also undergoing 
improvements by optimizing the connection between the 

Fig. 15   MIP spectra measured by the SiPM channel. a Layer 1, b layer 3, and c layer 5
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detector and the electronics, implementing a dual-end read-
out for each BGO bar, and planning beam experiments to 
further verify the readout scheme.
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