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Abstract: HERD is a future experiment for the direct detection of high energy cosmic rays. The
instrument is based on a calorimeter optimized not only for a good energy resolution but also for a
large acceptance. Each crystal composing the calorimeter is equipped with two read-out systems: one
based on wavelength-shifting fibers and the other based on two photodiodes with different active
areas assembled in a monolithic package. In this paper, we describe the photodiode read-out system,
focusing on experimental requirements, design and estimated performances. Finally, we show how
these features lead to the flight model project of the photodiode read-out system.

Keywords: cosmic rays; calorimeters; space instrumentation; large detector systems for particle and
astroparticle physics

1. Introduction

The direct measurements of high-energy cosmic rays are limited by the geometrical
acceptance of space experiments, since at high energy the flux is described by a power
law J~7 with a spectral index <y of about 2.7, strongly limiting the number of particles at
these energies. The HERD (High Energy cosmic-Radiation Detector) [1,2] experiment is a
new direct experiment planned to be installed on the Chinese Space Station in 2027, whose
aim is to improve and extend the current measurements at high energies. Indeed, the
experiment has been designed in order to directly measure protons and nuclei up to the
cosmic ray knee region at about 1 PeV, and electron+positron flux up to tens of TeV, at least
one order of magnitude higher than the current experiments. In addition, HERD will also
detect high-energy photons in order to look for cosmic ray sources. Furthermore, both
measurements of electron+positron flux and high energy photons are a valuable tool in
searching for indirect evidence of dark matter.

The main component of the HERD detector is a homogeneous, isotropic, 3-D, finely
segmented and deep (about 55 X and 3 Aj) calorimeter. As shown on the left side of
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Figure 1, the calorimeter will be composed of about 7500 LYSO cubic scintillating crystals
(with a side of 3 cm) assembled in an octagonal-based prism.

SPD LPD

Figure 1. On the left: scheme of the structure of the calorimeter, about 7500 LYSO cubic crystals are
assembled in an octagonal-based prism. In the center: picture of a LYSO crystal with WLSF and PD
read-out systems installed; the crystal is covered with a reflective coating. On the front side of the
crystal a monolithic package with photodiodes is glued to the crystal. The WLSFs are glued on the
top face of the crystal, but are covered by the reflective coating; however, we can see the fibers coming
outside of the reflective coating in the upper right corner of the image. On the right: an illustration of
an in-house-built prototype of a monolithic package for the PD read-out system.

Each crystal of the calorimeter is equipped with two different read-out systems: one
based on Wave Length Shifting Fibers (WLSF) coupled with Intensified scientific CMOS
cameras, the other one based on the use of two photodiodes with different active areas (PD
system). A picture of a crystal equipped with both read-out systems is shown in the central
panel of Figure 1. The use of two independent read-out systems is very important in order
to have strong control on the energy scale (two independent calibrations), two independent
triggers and redundancy. In this proceeding, the system requirements, the design and the
performances of the PD system are analyzed. Before going on, we briefly describe the WLSF
read-out system in order to give the reader a general view of the read-out system alternative
to the PD system. The WLSF read-out system consists of two fibers (with a diameter of
300 um each) for each crystal, that collect light and then emit it at their extremities in the
green wavelength region. The fibers are connected via a thin optical guide to a surface of
the crystal in order to collect LYSO scintillating photons. One extremity of each fiber is
connected to a CMOS camera: one high-gain CMOS and one low-gain CMOS. The use of
two CMOS with different gains is necessary in order to reach a very high dynamic range. In
addition, the remaining extremities of the fibers are connected to photomultiplier tubes that
collect and sum signals from different crystals in order to provide fast information on the
energy deposit in a certain region of the calorimeter that can be used for trigger purposes.

The HERD calorimeter is surrounded by other subdetectors for tracking, charge mea-
surement and anticoincidence purposes. In this way, HERD is able to detect particles
entering the detector not only from the zenith but also from the lateral sides. This design,
together with the calorimeter features, achieves an acceptance which is about three times
larger than that of typical calorimeters with the same volume and mass, as was demon-
strated by the CaloCube collaboration [3-8]. Indeed, HERD will have an effective geometric
factor (convolution of geometric acceptance and detection efficiency) about one order of
magnitude larger than that of current space experiments: about 2-3 m?sr for electrons and
about 1 m?sr for protons, instead of the0.3 m?sr and 0.1 m?sr of DAMPE experiment [9],
the largest effective geometric factors of currently in-orbit experiments. This is a key factor
for extending cosmic rays fluxes measurements at higher energies.

2. Design of the Photodiode Read-Out System

The main requirements for both WLSF and PD systems are low power consumption
and an exceptionally large dynamic range. The first is constrained by the limited power
availability on the space station, while the second is necessary to measure the deposit by
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high energy showers and, at the same time, to calibrate the detector with MIP (minimum
ionizing particles) protons and nuclei. Indeed simulations show that a shower induced by
a PeV proton can release up to 250 TeV in a single crystal. On the other hand, in-flight
calibration with MIPs requires measuring energy deposits of about 30 MeV, i.e., the energy
deposit of a minimum ionizing proton in a 3 cm LYSO cube. Thus, a very high dynamic
range of about 107 is needed for the read-out systems.

The PD system is based on pairs of photodiodes with different active areas: the large
photodiode (LPD, model VTH2110 produced by Excelitas) and the small photodiode (SPD,
model VTP9412 produced by Excelitas) with active areas, respectively, of 25 mm? and
1.6 mm?2. LPD and SPD are assembled in a custom monolithic package, as shown in the
right panel of Figure 1 (a new monolithic package developed with Excelitas is currently
under production as we will show in Section 5). Using two photodiodes with different
active areas allows for an increase in the dynamic range: LPD can detect signals smaller
than the SPD thanks to the larger active area, while the SPD signals saturate the front-end
electronics at higher energies than LPD ones. Multiple measurements of the ratio between
LPD and SPD gains at different test beams will be discussed in the next sections.

To satisfy the requirements on power consumption, noise and dynamic range, a
dedicated front-end chip has been developed specifically for this system. This chip is
called HiDRA?2, based on the CASIS ASIC [10], and is the principal component of the
front-end-electronics (FEE) for the PD system. The main characteristics of this chip are:
a low power consumption of about 3.75 mW per channel, a low noise with an Equivalent
Noise Charge (ENC) of about 2500 equivalent electrons and a high dynamic range from few
fC to 52.6 pC. The single read-out channel of the HIDRA2 chip is composed of two main
parts: a Charge Sensitive Amplifier (CSA) followed by a Correlated Double Sampling (CDS).
The CSA has two different gains. The gain is automatically selected for each channel on
an event-by-event basis; this allows it to reach a high dynamic range of the FEE without
doubling the number of channels. The ratio between high-gain and low-gain is about 20, and
laboratory measurements show that the uncertainty on this value is smaller than 1%.

Photodiodes are connected to the FEE via specifically designed Kapton cables. Every
cable can simultaneously connect up to 10 crystals (10 LPD-SPD couples) and is long about
26 cm. In the flight model Kapton cables will be longer and will connect up to 21 crystals.
A long Kapton cable extension (about 68 cm) has been produced in order to extend the
length of the current one and was used to estimate the noise for the flight model.

3. Performance of the Photodiode Read-Out System

In this section, we show the main performances of the PD read-out system measured
with several laboratory tests and test beams. In particular, we will focus on the noise
of the system, the measurement of cosmic muon MIP, and the ratio between LPD and
SPD gains. The noise of the system was estimated using the standard deviation of the
Gaussian fit performed on the pedestal distribution. These measurements were performed
in two different configurations: with the normal Kapton cable (as shown in the left peak of
Figure 2 left panel) and with the addition of the Kapton extension to simulate the flight
model length.

Furthermore, the noise was measured connecting photodiodes of several instrumented
crystals: the typical noise values were about 22.5 ADC channels without the extension and
27.5 ADC with the extension. Hence, in the flight model, an increase of noise of at least
20% with respect to the current configuration is expected due to the longer cables.

The energy released by an MIP is the minimum signal that we want to be able to
detect in a single crystal. We measured the typical MIP distribution by using cosmic
muons, as shown in the right peak of Figure 2 central panel for an LPD. LPD muon signal
distributions were fitted with the convolution of Gaussian and Landau distributions, while
for SPD signal distributions simple Gaussian distributions were used since the MIP values
for SPD were very small and the noise dominated the signal. MIP measurements were
performed with a few crystals. From these measurements we determined an average
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MIP pp = (110 £10) ADC, and MIPspp = (6 +2) ADC. Even considering a noise of
about 30 ADC (larger than the measured one due to possible degradation in the final
detector) the Signal to Noise Ratio is expected to be SNRypp > 3.5, while SNRgpp < 1.
Thus, LPD can be calibrated with MIP signals, whereas SPD can be calibrated by exploiting
the correlation with LPD.
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Figure 2. Left panel: MIP distribution of a LPD; the left peak is the pedestal peak while the one on

the right is the MIP events peak. Right panel: correlation plot between LPD and SPD measured with
a multiparticle beam of photons with a mean energy of 2 MeV.

The LPD/SPD gain ratio was measured at two test beams with multiparticle beams of
2 MeV protons at the Labec facility [11] and photons with a mean energy of 2 MeV with a
medical radiotherapy accelerator. In particular, beam multiplicities were varied in order
to scan a sufficiently large region of the dynamic range of the system. Then, correlation
plots between LPD and SPD signals were built and a linear fit was performed. The angular
coefficient resulting from the fit was the ratio between LPD and SPD gains. This is shown
in Figure 2 right for one of the few crystals tested. The resulting average LPD/SPD gain
ratio was 19.0 £ 1.5. Further measurements with different beams are foreseen to extend the
range of the energy scan and confirm these values.

4. Calibration of the Prototype Tested at Sps

After developing and testing the sensor system for a single crystal, a prototype of
the calorimeter was assembled. The prototype was composed of 525 crystals all equipped
with WLSF, with only 63 of them equipped with photodiodes due to mechanical and
procurement constraints. The prototype was tested at the CERN SPS in October 2021. In
this section, we show the calibration procedure of the PD system of the prototype as it was
performed with the data acquired at the test beam; other results of the ongoing analysis
will be the subject of a forthcoming paper.

The noise was estimated as in the previous section, performing Gaussian fits on
pedestal histograms. The noise mean value was about 18.5 ADC. This value was lower
than the one measured in laboratory tests (shown in Section 3).

LPDs were calibrated by measuring energy releases of MIP. In this case, a muon beam
with energy of 250 GeV was used. A typical histogram for MIP signals is shown on the left
side of Figure 3.

The distribution showed two peaks: the right peak was the main peak of MIP signals
and was fitted with the convolution of Gaussian and Landau distributions. The left peak
was due to triggered events in which the beam did not hit the crystal (i.e., pedestal events)
and was fitted with a Gaussian distribution. As we can see, the pedestal distribution was
not centered on zero because of a baseline recovery problem in case of high energy release.
Thus, the simultaneous fit of the two peaks was important to properly estimate the energy
deposit. This problem is currently being solved thanks to a firmware and electronic update,
and it will not be present in future tests. The mean value of the MIP for 250 GeV muons for
all crystals was equal to (126 +£4) ADC. This value was slightly larger than that measured
with cosmic muons. This was mainly due to the different energy of the muons considered,
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Entries

indeed cosmic muons have an energy distribution centered at a few GeV, while muons at
the test beam had 250 GeV energy.

Then the ratio between LPD and SPD gains has been measured with a correlation plot
and linear fit, in the same way, that was described in the previous section. A correlation
plot for a crystal is shown on the right side of Figure 3. Considering all the crystals, the
mean value of the LPD/SPD gain ratio was equal to 18.7 £ 0.9, compatible with the value
reported in the previous section. In the next section, these parameters will be used to
determine the dynamic range of the PD read-out system.
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Figure 3. (Left side): MIP distribution of an LPD. (Right side): correlation plot between LPD and
SPD signals for a crystal.

5. Results

In the previous section, the MIP values and LPD/SPD gain ratio values for multiple
crystals have been measured. In addition, from simulations, we know that the muon MIP
releases are about 30 MeV in the single crystal. From the saturation level of the HIDRA2
chip it is possible to estimate the saturation levels for LPD and SPD: about 190 GeV for
LPD and 3.5 TeV for SPD. However, the system should be able to measure up to 250 TeV
energy releases in a single crystal, thus the SPD input signal should be attenuated in order
to shift the saturation level to higher energies. In doing this we must be careful in keeping
an overlapping region between the operative ranges of LPD and SPD since their correlation
is the only possible method to calibrate the SPD gain.

It has been decided to cover the SPD surface with an optical filter with a transmittance
of 1.5%. In this way, the new saturation level is about 250 TeV, while the SNR of SPD at the
LPD saturation level is bigger than 15, which permits the SPD calibration. In Figure 4 a
scheme of the dynamic range of the system with both normal and optically filtered SPD
is shown.

SNR ~ 60

SNR>15 SPD
l | SPD + optical filter |
7 1

I ; | v

~3.5 TeV ~250Tev E

]

Overlap region

Figure 4. Scheme of the dynamic range of the system. The absolute energy scale is depicted in blue,
the LPD dynamic range in green, the SPD dynamic range in red, the SPD optically filtered dynamic
range in grey, and the overlapping region between LPD and SPD in purple.
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The new project of the monolithic package with the optical filter on the SPD surface
has already been developed in collaboration with Excelitas. The new packages are in
production and the first 1000 packages will be ready at the beginning of 2023. They will be
characterized and mounted in a new calorimeter prototype of 1000 crystals, that will be
tested at SPS at the end of 2023.

6. Discussion

In this paper, we have shown the developments and the tests of the photodiode
read-out system of the calorimeter of the HERD experiment. The performances of the
system and the developments of the monolithic package for the flight model, which is now
under production, have been illustrated. Finally, it is planned to equip a new calorimeter
prototype with 1000 new monolithic packages and to test it at SPS at the end of 2023.
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