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The HERD calorimeter Lorenzo Pacini

The High Energy cosmic-Radiation Detection (HERD) is a future space experiment which will
be installed on the China’s Space Station around 2027. The main goal of the experiment is the
measurement of cosmic rays up to energies which are not explored by the instruments currently
operating in space, in particular protons with energies up to PeV, nuclei up to hundreds of TeV
per nucleon and electrons up to tens of TeV. HERD will consist of silicon charge detectors,
anti-coincidence scintillators, scintillating fiber trackers, a transition radiation detector and a
calorimeter. The latter is a homogeneous, deep, 3D segmented calorimeter made of about 7500
LYSO cubic crystals: thanks to this innovative design, it will achieve large acceptance, good
energy resolution and excellent electron/proton discrimination. In order to increase both energy
calibration capabilities and redundancy of the instrument, the LYSO scintillation light will be
read-out by two independent systems: the first is made of wave-length shifting fibers coupled with
imaged intensified CMOS cameras, and the second one consists of photodiodes with different
active areas connected to a custom front-end electronics. Both read-out systems are designed
to have a large dynamic range, up to 107, and a low power consumption. The design of the
calorimeter is validated by several Monte Carlo simulations and beam test results obtained with
detector prototypes. In this paper we describe the anticipated performances of the calorimeter and
the current status of the double read-out system, and we discuss the recent developments of both
the HERD prototype and the flight model design.
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1. Introduction

Observations of cosmic ray (CR) fluxes provide unique information regarding several physics
phenomena, e.g. the acceleration and propagation of particles inside the Galaxy and the nature of
dark matter. Typical simplified models based on experimental results up to 2010 foresee single
power law spectra from tens GeV per nucleon up to the "knee" region (around 1015eV). Recent CR
measurements have shown several unexpected behaviors of charged particle fluxes: e.g. a hardening
at around 250 GeV per nucleon of nuclei spectra was observed by several experiments[1][2][3]. A
softening of proton spectrum above 10 TeV was also reported[4]. Those results have large impact
on our understanding of propagation of CR in the Galaxy; furthermore the observation of cosmic
electrons and positrons up to the TeV region provides information to constrain the properties of
nearby astrophysical source and of models for indirect dark matter production.
The High Energy cosmic-Radiation Detection (HERD) is a China-led international space mission
in collaboration with several European institutes. The detector will be installed aboard the Chinese
Space Station (CSS) around 2027. The main goal of the experiment is to extend the measurement
of cosmic ray spectra up to the knee region thanks to a large geometrical factor, which will be one
order of magnitude larger than that of current space experiments. The HERD instrument will also be
capable of accurate electron+positron (from now on it is indicated as "electron") flux measurement
up to tens TeV and detection of gamma-rays coming from several sources.

2. The HERD instrument

Figure 1: Simplified image of the HERD design.

All operating high energy CR detectors in orbit can properly measure particles which enter
from the top of the detector. In order to increase the geometrical factor, the HERD instrument
is designed to accept particles from top and lateral faces of the detector. A simplified design of
HERD is shown in fig. 1: starting from the outer layers, Silicon Charge Detectors (SCD), Plastic
Scintillator Detectors (PSD), FIber Trackers (FIT) and a Calorimeter (CALO) are present. The
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Figure 2: Simplified images of few components of the CALO.

charge of incoming particles is measured by the SCD with several layers of silicon micro-strip
detectors. The PSD consists of plastic scintillators read-out by Silicon PhotoMultipliers (SiPM)
and it is mainly employed as anti-coincidence detector for the gamma rays analysis. The track of
both charged particles and photons is reconstructed with the FIT: it is made of scintillating fibers
read-out by SiPM. A Transition Radiation Detector (TRD) (which is not shown in fig. 1) will also
be added to a lateral face as the outer detector: it will be calibrated with ground electron beams at
the GeV scale and it will be employed during the mission to cross-check the CALO energy scale
for protons at ∼ TeV.

3. Design and read-out system of Calorimeter

The CALO is the main detector of HERD instrument: it is a homogeneous, isotropic, 3D
segmented calorimeter which can accepts particles coming from each surface. The performance
of a detector based on these ideas was accurately studied by the CaloCube R&D project[8]. By
exploiting those results, the baseline design of the CALO consists of about 7500 LYSO cubes with
edge length of 3 cm, corresponding to about 2.6 radiation lengths (X0) and 1.4 Molière radius. The
CALO external envelope is similar to an octagonal prism and the crystals are arranged on vertical
layers with different dimension (fig. 2). The total depth of the CALO for vertical particles is about
55 X0 and 3 interaction length (λI).
The scintillation light of each crystal is read-out by two independent systems: the first one consists
of WaveLength Shifting fibers (WLS) coupled to image Intensified scientific CMOS (IsCMOS)
cameras[5], the second one is made of photo-diodes (PD) connected to custom front-end elec-
tronics chips named HIDRA[9]. This design, here named "double read-out system", achieves the
capability of cross-calibrating the scintillation light measurement. Recent articles by calorimet-
ric CR experiments speculated about the energy scale calibration as a possible source of unknown
uncertainty[6][7], particularly for the electron fluxmeasurement. Both the "double read-out" system
and the TRD detector will strongly increase the understanding of HERD calorimeter energy scale
with respect to previous CR detectors. Furthermore, bothWLS and PD systems provide independent
fast trigger information which will be employed to improve the HERD trigger capabilities.

WLS-IsCMOS TwoWLSs are attached to a face of each cube. Both ends of the each fiber is used
to read-out the scintillating light, fig. 3a. Two fiber ends are routed to a high range IsCMOS and a
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Figure 3: 3a shows the design of WLS fibers read-out at both ends and a picture of fiber prototype assembled
on a transparent elastometer. 3b represents the relevant components of IsCMOS.

Figure 4: Starting from the left: a preliminary version of the monolithic package including a LPD and a SPD,
a LYSO crystal with WLS fibers and PDs, wrapped with an Enhanced Specular Reflector, and a simplified
scheme of HIDRA.

low range IsCMOS, while the other ends are connected to a trigger system. IsCMOS consists of an
Image Intensifier (II) followed by a scientific CMOS camera, as shown in fig. 3b. The light from
WLS fibers is focused on a Micro Channel Plate (MCP) that converts photons into electrons. The
latter are converted again into light by a phosphor and it is focused on a CMOS camera by a rear
taper. A good material for the phosphor is "P24" since it achieves a high acquisition rate, by having
a decay time of about 200 μs. The CMOS camera is developed by the Xi’an Institute of Optics and
Precision Mechanics of the Chinese Academy of Sciences: it is a high frame rate (> 800 frames per
second), and low read-out noise (< 1.5 electrons) image sensor. The pixel side dimension is 40 μm
and the power consumption is about 40 W for each camera. About 30 pixels are coupled to the light
of a single fiber. By properly selecting the gain of IIs, a good signal noise (S/N) ratio, of about 10
for MIP signals, and a large dynamic range, of about 107, can be achieved.
The fibers dedicated to the trigger systems are grouped in order to give information about the total
energy deposit in a specific CALO region. The fiber groups are coupled with an optical system to
several Photo Multiplier Tubes (PMT) which provide fast trigger information regarding the specific
region. The read-out of both fiber ends allows redundancy inside the trigger system.

PD-HIDRA The configuration of the HERD PD read-out system takes advantage of the results of
the CaloCube project[9]. A pair of PDs with different active areas are glued to cubes on the opposite
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Figure 5: CALO performance for electrons obtained with GEANT4 MC simulation. 5a and 5b show the
effective geometrical factor for electrons at 1 TeV and the electron energy resolution as a function of the
minimum track length inside LYSO crystals respectively.

face with respect the one with WLSs. The sensors are a Large PD (LPD), the VTH2110, and a
small one (SPD), the VTP9412, which have an active area of 25 mm2 and 1.6 mm2 respectively.
The two sensors are assembled in a single monolithic package: a preliminary version of the package
is shown in fig. 4. In addition to the different active areas, for the flight detector, an optical filter
with a transmittance of about 1.5% will be applied on the SPD active area: the ratio between
LPD and SPD signals will be of about 1500. The main component of the front-end electronics
is the HIDRA chip, developed by INFN for space experiments: it features low noise (about 2500
electrons), low power consumption (2.8 mW/channel), and large dynamic range (from few fC to
52.6 pC). A simplified scheme of the chip is reported in fig. 4. The dynamic range is obtained
using a charge sensitive amplifier with an automatic double-gain selection and a correlated double
sampling circuit: the gain ratio is about 20. Even if the integration window is about 10 μs, the
HIDRA chip provides fast trigger information which can be used as self-trigger for the CALO.
LPD and SPD are connected to independent HIDRA channels by using kapton cables developed by
INFN. The expected saturation level for the SPD is about 250 TeV per channel, which is enough
to measure hadronic showers at PeV region without sizable degradation of the CALO performance.
The SPD S/N ratio is about 10 when scintillation light saturates the corresponding LPD channel: it
achieves a large overlap between the two sensors, which is needed for the energy scale calibration.
Finally the S/N corresponding to a MIP signal read-out by LPDs is ≥ 4.

4. Expected CALO performance: simulations and beam tests

The innovative CALO design achieves excellent performance for CR measurements. One of
the main parameters is the large acceptance: the effective geometrical factor (GF), i.e. the geo-
metrical factor multiplied by the selection efficiency, is larger than 2 m2sr for electrons and 1 m2sr
for protons. Those results are obtained with Monte Carlo (MC) simulations based on GEANT4.
A preliminary HERD geometry has been implemented: it includes both active materials and me-
chanical structures for each sub-detector. Fig 5a shows the effective acceptance for 1 TeV electrons:
this result is obtained by employing few minor cuts which select properly developed showers and a
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(a) Corrected energy deposit. 5b: (b) Energy resolution vs effective GFs.

Figure 6: MC simulation results for protons and nuclei. 6a: corrected energy deposit for protons at 1 TeV.
This correction takes into account the longitudinal leakage and allows the distribution mean to be similar to
the primary energy. 6b: energy resolution as a function of the effective GF for 10 TeV hadrons.

(a) Electron energy resolution with WLS (b) Electron energy resolution with PD

Figure 7: Performance of the read-out systems for electrons. 7a: energy resolution obtained with a prototype
made of LYSO cubes read-out WLS-IsCMOS system. 7b: energy resolution obtained by a prototype made
of CsI crystals read-out by PD-HIDRA system.

major selection on the minimum length of the primary track (named "minimum track length cut"
or MTL) traversed inside the LYSO crystals. For a MTL of about 30 cm (∼ 26 X0) the GF is
> 2 m2sr. For this computation only down-going particles are accepted, to avoid interaction with
space station structures. By using these cuts, the energy resolution of electrons up to 10 TeV is
2% if a MTL of 30 cm is applied, e.g. fig. 5b. Thanks to the 3D imaging capabilities, the CALO
can also provide independent information on the primary particle track direction. Regarding the
electron/proton discrimination power, by using a preliminary version of selection algorithm based
on Boosted Decision Tree (contained in TMVA-ROOT package), a residual proton contamination
of few percent for high energy electrons is anticipated.
Thanks to the CALO depth, the performance for protons and nuclei is excellent for a space calorime-
ter. In order to improve the energy resolution for hadronic showers, a correction of the energy deposit
based on the longitudinal development of the shower is applied. By applying selections which reject
showers with large leakage from the CALO, the effective GF for protons and nuclei up to hundreds
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TeV is ≥ 1 m2sr: the energy resolution is better than 30%. Fig. 6 shows the corrected energy
deposit for protons at 1 TeV and the energy resolution as a function of the effective GF at 10 TeV;
the latter is obtained by applying cuts on the shower length in CALO using different thresholds.
In order to validate the CALO performance obtained by MC simulations, tests with high energy
beams are done. A prototype made of 5x5x20 LYSO cubes read-out with theWLS-IsCMOS system
was tested in 2017 at the CERN SPS. The energy resolution for electrons is shown in fig. 7a: it
is better than 2% above 100 GeV and it is consistent with the MC simulation predictions. The
energy deposit and energy resolution of protons obtained with beam test data are also consistent
with the MC expected one, better than 30% at 400 GeV. The PD-HIDRA system was tested by the
CaloCube collaboration. The energy resolution obtained with a prototype made of ∼ 400 CsI(Tl)
crystals is shown in fig. 7b: few LPD channels saturate with electrons above 150 GeV. By using
combined information of LPD and SPD a energy resolution better than 2% is confirmed. More
details regarding the several beam tests of PD system are reported in: [10][11][12].

5. Conclusion

The innovative design of theHERDcalorimeter allows a large effective geometrical factorwhich
is about one order of magnitude larger than the one obtained by previous cosmic ray calorimetric
experiments. In parallel, a good energy resolution is expected by Monte Carlo simulations and
confirmed by beam tests both for leptons and hadrons. Furthermore, the double read-out scheme
will strongly improve both the calibration and trigger capabilities, which usually have large impact
on the systematic errors of flux measurements. Finally, a new calorimeter prototype including both
WLSs and PDs is under construction and will be tested at the CERN SPS in November 2021.
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