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Abstract: HERD is a space-borne calorimetric experiment that aims to extend current direct
measurements of cosmic rays to the PeV energy range. The main feature of the instrument is its ability
to measure particles coming from all directions, with the main detector being a deep, homogeneous 3D
calorimeter. A large prototype of the calorimeter was tested at CERN in 2023 as part of an extensive
beam test campaign. This paper describes the data analysis and performance of the calorimeter
prototype for high-energy nuclei. Several important information and parameters for the calibration
of the HERD calorimeter are reported.

Keywords: Calorimeters; Large detector systems for particle and astroparticle physics; Particle
detectors; Ion identification systems
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1 The HERD mission

Recent experiments dedicated to direct measurements of cosmic rays (CR) have made numerous
observations that have led to the discovery of several unexpected features in CR spectra [1]. These
results have significantly improved our understanding of CR acceleration and propagation. Although
these experiments have provided excellent information on CR physics, the energy range of current space
experiments is limited. For example, the AMS-02 [2] spectrometer Maximum Detectable Rigidity
is a few TV, while the limited acceptance of space calorimeters like CALET [3] and DAMPE [4]
allows for the observation of particles up to a few hundred TeV per nucleon.

The High Energy cosmic-Radiation Detection (HERD) project [5, 6] is a space-based experiment
scheduled to be installed on the Chinese Space Station (CSS) around 2027. This initiative is a
partnership between various Chinese and European academic and research institutions. With its
innovative design, HERD will push the boundaries of CR spectrum direct measurements into regions
previously unexplored by space-based instruments. The experiment aims to detect protons and nuclei
up to the PeV region, where a change in the spectral index of the total particle spectrum is observed
with ground experiments. These ground detectors perform indirect measurements of CR by exploiting
their interaction with the Earth’s atmosphere. As a result, they suffer from significant systematic
errors and are unable to distinguish unambiguously the charge of the different incoming particles.
Furthermore, HERD will make the first direct observation of the electron+positron flux up to tens of
TeV, it will measure the photon spectrum ranging from 500 MeV to 100 TeV and it will also monitor
the gamma-ray sky with a wide field of view [7].

To achieve the HERD’s goals, a large acceptance is required, so the experiment is designed
to correctly reconstruct particles entering the detector from each side, in contrast to typical CR
experiments, which are usually designed like telescopes and only accept particles coming from the top
side. This innovative design was first studied in detail by the CaloCube R&D project [8–10] and then
adapted and improved by the HERD collaboration. An image of the possible design of the detector is
shown in figure 1. HERD consists of several sub-detectors: starting from the outside, Silicon Charge
Detectors (SCD) [11], Plastic Scintillator Detectors (PSD) [12–14], and Fiber Trackers (FIT) [15] are

– 1 –



2
0
2
5
 
J
I
N
S
T
 
2
0
 
P
0
8
0
3
4

PSD and SCD

PSD and SCD FIT TRD

FIT

CALO

Figure 1. Expanded 3D image of HERD: the arrows indicate some of the sub detectors.

present on each detector face, excluding the bottom one. These detectors reconstruct the absolute
value of particle charge and particle directions, and allow gamma-ray observation [7]. Furthermore,
on a single lateral face, a small Transition Radiation Detector (TRD) [16] is present; this provides an
independent measurement of TeV proton and GeV electron primary energy.

The core of the instrument is the calorimeter (CALO): it is briefly described in the next section
while details about the expected performance of this sub-detector are well described in ref. [17].

2 The HERD calorimeter and its large prototype

The HERD CALO will consists of about 7500 cubic scintillating crystals, 3 × 3 × 3 cm3, made of
Lutetium-yttrium oxyorthosilicate (LYSO). This material has been selected among other scintillators
due to its good light yield and high density, which significantly improve the CALO performance for
protons and nuclei. A detailed comparison of calorimeter performance made of different materials is
well described in ref. [8]. The 3 cm side length of a single LYSO cube corresponds to 0.14 interaction
length 𝜆𝑖 , 2.73 radiation length 𝑋0, and to an amount of traversed material of 21.75 g/cm2. The design
is also compliant with the requirements of the HERD mission: a weight of about 4 metric tons, a
maximum volume of a few m3, and a maximum power consumption of 1.5 kW. The total depth of
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Table 1. PD parameters for a bias voltage of about 50 𝑉 .

Part number Active area Junction cap. Dark current Response @ 420 nm Rise time
Large PD 25 mm2 < 30 pF < 0.2 nA ∼ 0.15 A/W ∼ 15 ns
Small PD 1.6 mm2 < 6 pF < 7 nA ∼ 0.2 A/W ∼ 15 ns

the CALO for vertical particles is about 55 radiation lengths and about 3 proton interaction lengths.
This allows for total absorption of electromagnetic showers up to tens of TeV and a high interaction
probability for protons and nuclei.

The effective geometric factor is better than 2 m2sr for electrons and 1 m2sr for protons and
nuclei [17]. The energy resolution at 10 TeV is about 2% for electrons, 30% for protons, and 22%
for carbon nuclei. Thanks to the 3D sampling of the shower, electrons are clearly separated from
the proton background: the residual proton contamination is a few percent up to the 10 TeV region.
By reconstructing the shower using only the CALO, the shower axis is identified with an angular
resolution better than one degree for TeV particles.

The HERD collaboration is assessing the feasibility of reading out the LYSO cubes with two
independent systems: the advantages of having this “double read-out system” are described in
ref. [18] and [19]. In summary, two systems will decrease the systematic errors related to the energy
scale calibration. The first system [19] is based on Wavelength Shifter Fibers (WLF) connected to
Intensified scientific CMOS. The second one is used for acquiring the data discussed in this paper:
the details of the system configuration are reported in ref. [18, 20, 21]. This system consists of
photo-diodes (PDs) coupled with custom front-end electronics: this configuration was first studied and
validated by the CaloCube collaboration [9, 22]. A custom sensor is glued to each LYSO cube. The
scintillation light detector consists of two PDs with different active areas assembled in a monolithic
package, developed by INFN in collaboration with Excelitas Technologies. The large area PD (LPD)
detects small energy deposits in LYSO while the small one (SPD) detects high signals. Table 1
includes important parameters of the PDs. The SPD active area is covered by an optical filter with
a transmission of about 5% at the LYSO wavelength (∼ 420 nm) in order to further increase the
LPD/SPD signal ratio. The main component of the front-end electronics is the HiDRA3.0 chip,
which is an updated version of the CASIS [23] chip. Thanks to the unique design of a double-gain
charge-sensitive amplifier, HiDRA features low noise (about 2500 equivalent electrons), low power
consumption (3.75 mW/channel), and a large dynamic range (from a few fC to 52.6 pC). The chip
also has self-trigger capabilities and anti-saturation circuitry. Custom kapton cables are used to
connect each PD to a dedicated HiDRA channel.

To evaluate the HERD CALO performance and calibrate its response to high-energy beams, a
prototype calorimeter composed of 7 × 7 × 21 LYSO crystals was assembled during 2023. All the
crystals are equipped with both read-out systems, i.e., WLF and PDs. The 3D design and two images
of the prototype are shown in figure 2 and 3, respectively. The PDs are connected to the front-end
boards with custom kapton cables accurately designed for the HERD experiment [18]. The main
components of the front-end boards are: 12 HiDRA (version 3) chips, 3 ADC chips, and 1 FPGA.
Finally, a back-end board is assembled on top of the CALO. The main goals of this board are to
acquire data from the front-end, handle the fast trigger information, communicate with the main PC,
and configure the front-end parameters for the current acquisition run.
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Figure 2. Mechanical design of the prototype main components, LYSO crystals, back-end board, front-end
boards and kapton cables.

Figure 3. Photographs of the bottom face of a horizontal 7x21 layer (here disposed in vertical position) and the
back of the CALO, where the readout and power cables are connected to front-end boards.

3 The beam test campaign

The prototype described in the previous section and several other HERD sub-detectors were tested
during an extensive campaign at CERN with PS (east area, EA) and SPS (north area, NA) secondary
beams. In this paper, we will present the results obtained with high-energy nuclei acquired in the NA.
The beam consists of ions produced by the fragmentation of a 129Xe primary beam of 150 GeV/A
kinetic energy hitting a 40 mm Be target. A magnetic spectrometer placed downstream the interaction
point allows to select fragments with 330 GV magnetic rigidity (𝑅 = 𝑝𝑐/𝑍𝑒).

Several sub-detectors were placed in front of the CALO, including different prototypes of PSD,
SCD, FIT, a trigger box made of plastic scintillator, and an additional charge detector named Charge
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Tagger [24] used for heavy ion tagging. The Charge Tagger consists of 6 photo-diodes, each one
featuring a 9.2 × 9.2 mm2 active area. The photo-diodes are mounted one above the other along the
beam direction and perpendicular to it, so that the particles cross all of them. The PDs are blinded and
measure the ionization induced by charged particles within the diode itself. The Charge Tagger is
positioned in front of the CALO at a distance of 16.6 cm along the beam direction. The CALO and
the Charge Tagger are aligned so that the beam first crosses the Charge Tagger and then enters the
CALO exactly in the center of the central cube of its 7 × 7 face. The beam path then continues along
the central axis of the CALO traversing 21 layers of 7 × 7 cube each. For the analysis described in this
paper, data from Charge Tagger and CALO (read-out by PDs system) were employed to determine
the particle charge and analyze the calorimeter response.

4 Data analysis

The analysis of muon data acquired in the EA and its use for calibration is described in [25].
The data of high-energy nuclei acquired in the NA have been analyzed in three subsequent steps.
First the different nuclei are discriminated, then the first nuclear interaction point in the CALO is
determined and lastly the correlation between the energy deposited in the CALO and the position
of the interaction point is studied.

4.1 Charge discrimination

The energy deposited in each PD of the Charge Tagger by non interacting ions is due to ionization and
is expected to scale with 𝑍2 where 𝑍 is the charge expressed in atomic number. The data analysis
of the Charge Tagger follows the subsequent scheme:

• Signal amplitude evaluation in ADC for each of the six PDs, ensuring it exceeded three times
the noise threshold.

• Signal conversion from ADC to Minimum Ionizing Particle (MIP) units using prior calibration.
The conversion parameters from ADC to MIP were obtained for each PD by analysing the
carbon peak in the fragmented SPS beam.

• Conversion of the signal from MIP to atomic number (𝑍).

• Consistency of all the six PDs signals is requested and the mean value calculated. The
consistency requirement is defined as a signal difference of less than 1.5 charge units.

Figure 4 is reports the correlation of the Charge Tagger signal with the energy deposited in the
CALO entrance cube (First Cube). The clusters due to the ionization signals of non-interacting nuclei
are clearly visible. The events with high energy release in the first cube when the Charge Tagger signal
is 𝑍 ≤ 2 are probably due to ions interacting before the Charge Tagger. By requesting consistency
between the Charge Tagger and the First Cube ionization signals, ions with 𝑍 ranging from 2 to 14 that
do not interact in the first cube are resolved very well with negligible contamination. For 𝑍 greater than
14, the low statistics do not allow for clean identification, so these nuclei are not considered in this paper.
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Figure 4. Scatter plot of Charge Tagger signal versus energy deposited in the First cube.

4.2 Determination of first nuclear interaction

Since the First Cube is used for charge selection of non-interacting ions, the events selected for the
analysis are those whose nuclear interactions occur in the second layer or even deeper inside the
CALO. Once the first nuclear inelastic interaction (here simply called “first interaction”) occurs, it
fragments the nucleus, secondaries are produced and a hadronic shower begins to dissipate the ion
energy in the CALO. The deeper the position of the first interaction, the less material remains for the
shower to develop and the less energy is deposited in the CALO. For this reason, a correct energy
reconstruction must take into account the actual position of the first nuclear interaction that gives
rise to the hadronic shower. The point of first interaction is reconstructed by looking at the first cube
above a certain threshold among those belonging to the central column of 21 cubes through which
the beam passes. Starting from the entrance of the beam into the CALO, if a cube with signal above
the threshold is found and the successive neighbouring cube has an even greater signal, the center
of this former cube is taken as the point of first interaction. In order to determine the value of the
threshold to be used for each nuclear species, we look at the correlation between the signal of two
adjacent cubes in the column when no interaction has occurred before, for example the second cube
(Cube 2) in the column versus the third (Cube 3). Figure 5 shows the correlation for Carbon. The
cluster around 1 GeV corresponds to ionization release without interaction in both cubes while higher
signals outside the blob indicate the presence of a nuclear interaction happened in the cube or before it.
However, the figure is not symmetrical with respect to the two cubes, since if there is an interaction in
Cube 2, Cube 3 must also be involved, whereas if there is no interaction in Cube 2, Cube 3 can have
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Figure 5. Scatter plot of Cube 2 signal versus Cube 3 signal for Carbon (see text).

both typical ionization or interaction signals. Moreover, we can conclude that the lower threshold
for interaction in Cube 2 should be the smaller of the values that select events without signals in the
ionization region for both Cube 2 and Cube 3. For carbon, this value is around 1.5 GeV. Such a
value, determined for Cube 2, can be generalized to hold for any cube in case no interaction has been
found before it in the central column, and thus be used in the proposed algorithm for determining the
point of first interaction. For each nuclear species the same procedure is applied to determine the
threshold. The point of first interaction has been determined for each shower event and some results
are reported in figure 6 for what concerns the distribution of such variable. The validation of the
methodology and the thresholds is done by Monte Carlo simulation [8] and “a posteriori” based on
the correct behavior of the resulting probability distribution, which must be well represented by an
exponential law. Deviations from the expected exponential distribution, mainly for the first cube, are
indeed observed when the thresholds are varied with respect to the reference values (figure 6).

4.3 Analysis of energy deposition

Even if showers begin in the second 7 × 7 cube layer, the depth of the calorimeter (≈ 2.8 𝜆𝑖 for 20
layers) is not enough for complete containment. Figure 7 shows the average shower profile measured
for nuclei interacting in the second layer and clearly shows the presence of longitudinal energy leakage.
In contrast, the lateral profiles of the showers in figure 7 show quite good lateral containment. The
outer lateral shell contains about 5% of the total energy released, and the steep trend of the profiles
suggests that the lateral energy leakage is less than 5%. The longitudinal energy leakage will also
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Figure 6. Distribution of layers where the point of first interaction occurs. The layers are numbered from the
entrance to the end of the CALO. One layer corresponds to 3 cm (21.75 g/cm2) of LYSO. The left figure is for
Helium and the right figure is for Carbon. The blue distributions, fitted by an exponential law, are for reference
values of the thresholds. The distributions in magenta are obtained by scaling the threshold by a factor of 0.7,
while those in green are scaled by a factor of 1.6. The interaction length obtained by fitting the distributions is
3.53 layers for Helium and 2.27 layers for Carbon.
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Figure 7. The left figure shows the normalized distribution of the average energy deposited in the subsequent
layers of CALO for showers initiated in the second layer. The blue histogram is for 𝑍 = 2, the magenta histogram
is for 𝑍 = 6, and the green histogram is for 𝑍 = 14. The right figure shows the normalized distribution of the
average energy deposited in the shells of cubes surrounding the central column. The shell 1 corresponds to the
sum of the cubes of the central column, the shell 2 corresponds to the sum of the cubes adjacent to the central
column, the other shells follow the same criteria going towards the outer part of the CALO. The blue histogram
is for 𝑍 = 2 and the magenta histogram is for 𝑍 = 6. The result for 𝑍 = 14 follows exactly the same distribution
and is omitted. All histograms are normalized to show a unit integral.

affect the detection of cosmic ray nuclei in the full HERD calorimeter. In this context, since the
calorimeter aims to detect particles coming from all directions, many nuclei will, for geometrical
reasons, cross an amount of LYSO that is considerably less than the maximum depth of ≈ 3𝜆𝑖 . Since
the HERD calorimeter allows the determination of the shower axis and the point of first interaction,
this information can be used to infer the energy of the nucleus using the appropriate average ratio of
energy released in the CALO to the true energy of the particle [8]. Such a ratio, which is expected
to vary with the effective length (the distance from the point of first interaction to the end of the

– 8 –



2
0
2
5
 
J
I
N
S
T
 
2
0
 
P
0
8
0
3
4

0 2 4 6 8 10 12 14 16 18 20

Effective Length (Layers)

0

0.1

0.2

0.3

0.4

0.5

D
ep

os
ite

d 
E

ne
rg

y 
/ T

ru
e 

E
ne

rg
y

Figure 8. The left figure shows for Helium the scatter plot of the ratio between the deposited energy and the
true energy versus the effective length measured in layers of LYSO cubes. To convert to other units, keep in
mind that one layer corresponds to 3 cm (21.75 g/cm2) of LYSO. The right figure shows the average value of the
same ratio as a function of the effective length (see text). The blue points refer to 𝑍 = 2, the magenta points to
𝑍 = 5 and the green points to 𝑍 = 11. The points are fitted with a second degree polynomial; for 𝑍 = 5 and
𝑍 = 11 only the zero degree term is varied to fit the points, while the other two terms are fixed to the results
obtained for 𝑍 = 2.

CALO), can be calibrated for each nucleus using Monte Carlo simulations and data analysis from
test beam campaigns. A fraction of the events in the HERD experiment will also pass through a
TRD, allowing for in-flight calibration.

In figure 8 the total energy detected in the prototype CALO (normalized to the true energy of the
nucleus) is plotted against the effective length for Helium in the form of a scatter plot for all events. For
the maximum value of the effective length, the average value of the energy deposited in the CALO (and
thus detected as the sum of the signal of all cubes) corresponds to about 50% of the true energy of the
nucleus. Part of the total missing energy is due to the “invisible energy” (always present in hadronic
showers) and part to the longitudinal leakage of the showers. As the effective length decreases, the
average value of the deposited energy decreases, as expected. The distribution of the values of the
effective length is here dominated by higher values due to the fact that the depth of the calorimeter
traversed by the beam always has the maximum value of 21 LYSO-cubes. The same is not true for
HERD CALO, because when uniformly illuminated by cosmic rays, several particles cross only part
of it, so the distribution of effective length for HERD is expected to be much more populated by small
values [8]. However, this does not invalidate the possibility of extrapolating the results of the present
test beam to HERD, since the average of the deposited energy for a fixed value of effective length is
the same for both, as long as the calorimeter composition is the same. The plot on the right hand
side of the figure 8 shows the average values of the fraction of true energy deposited in CALO as
a function of effective length for 3 different nuclei. The trend is very similar for all the nuclei (and
energy = 𝑍 · 330 GeV) considered in this paper, all the dependence can be well approximated by a
second degree polynomial 𝐹 (𝑥) = 𝑎 + 𝑏𝑥 + 𝑐𝑥2, where 𝑥 is the effective length measured in layers. The
polynomial approximation is not motivated by any physical reason and is not valid for unimportant
very small effective length, but has been adopted for simplicity. For all the nuclei with 𝑍 > 2 only
the zero degree term is varied in the fit, while the other two terms are kept constant. For nuclei with
higher 𝑍 , the smaller values of the effective length are not sufficiently populated and the corresponding
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points are not used for the fits. As a consequence, for each nucleus, only in a limited range of
effective length values the approximation by the polynomial is validated. The three terms 𝑎, 𝑏, 𝑐 of the
second degree polynomial, have been fitted to the points relative to Helium (figure 8); the results are
𝑎 = −4.1 ·10−3±3 ·10−4 , 𝑏 = 3.71 ·10−2±3 ·10−4 and 𝑐 = −5.4 ·10−4±1 ·10−5. The curves relative
to other nuclei have been fitted with the same polynomial, varying only the zero degree term a. The
results for all nuclei are reported in table 2, together with the range of effective length used in the fit.

Table 2. Fit results for zero degree term 𝑎 of the polynomial approximation of deposited Energy fraction vs.
effective length (see text).

Charge (Z) 𝑎 min effective length max effective length
2 −4.1 · 10−3 ± 3 · 10−4 2 Layers 20 Layers
3 −2.6 · 10−2 ± 1 · 10−3 4 Layers 20 Layers
4 −3.7 · 10−2 ± 2 · 10−3 7 Layers 20 Layers
5 −4.4 · 10−2 ± 1 · 10−3 5 Layers 20 Layers
6 −4.7 · 10−2 ± 1 · 10−3 9 Layers 20 Layers
7 −5.3 · 10−2 ± 1 · 10−3 10 Layers 20 Layers
8 −6.0 · 10−2 ± 1.5 · 10−3 11 Layers 20 Layers
9 −6.7 · 10−2 ± 1.5 · 10−3 11 Layers 20 Layers
10 −6.4 · 10−2 ± 1.5 · 10−3 11 Layers 20 Layers
11 −7.0 · 10−2 ± 1.5 · 10−3 12 Layers 20 Layers
12 −7.1 · 10−2 ± 1.5 · 10−3 12 Layers 20 Layers
13 −8.2 · 10−2 ± 1.5 · 10−3 13 Layers 20 Layers
14 −7.7 · 10−2 ± 1.5 · 10−3 14 Layers 20 Layers

Once the effective length dependence of the average deposited energy is known, it can be used to
correct the results event by event on the basis of the reconstructed effective length.

Figure 9 shows the distribution of the deposited energy with and without the correction. The
effective length correction here consists in the rescaling of the energy deposited by each event by a
factor 𝐹 (20)

𝐹 (effective length) . The correction allows to eliminate the event by event leakage fluctuations due

Figure 9. The figures show the distribution of energy deposited and then detected in the calorimeter for
Helium (left figure) and Carbon (right figure). The green lines correspond to the energy deposited without the
effective length correction, while the blue lines include the correction. The red lines show a gaussian fit to the
blue distributions.
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Figure 10. The figure on the left shows the energy resolution for energy measured with the effective length
correction. Red markers correspond to a sample of all events, while green markers correspond to events with an
effective length greater than 18 layers. The right figure shows the fraction of energy deposited for all nuclei after
the effective length correction.

to the variation of the depth of the calorimeter seen by the showers, but the intrinsic fluctuation of
the leakage remains also for constant depth. This latter fluctuation is more important for showers
with smaller effective length, and therefore it is possible to improve the energy resolution by cutting
out events with too small value of the effective length. Figure 10 reports the energy resolution after
effective length correction for all events and for a selection of events with more than 18 layers of
effective length. The energy resolution values are compatible with those expected for HERD like
missions [8, 17], thus validating the expected performances. The improvement in resolution due
to the selection is visible, but it is not as important as it should be for the whole HERD [8] due to
the different distribution of effective length already discussed in this paragraph. The improvement
in energy resolution with increasing atomic number is mainly due to the superposition of showers
induced by each nucleon, which reduces overall fluctuations. Finally, the right plot in figure 10 shows
the dependence of the fraction of energy deposited (including the effective length correction) on the
charge of the nucleus. As the atomic weight increases at fixed value of energy/particle, the shower
is expected to shrink and the longitudinal energy leakage to decrease, but the opposite effects are
expected for increasing energy, the net results here is a decrease in the fraction of energy deposited
in the prototype CALO with increasing atomic number.

5 Conclusions

The response of a large scale calorimeter prototype of the HERD project to high energy nuclei has
been studied using data collected at the CERN-SPS accelerator at energies of 330 · 𝑍 (GeV).

The tested prototype, read out by the photo-diodes system, had a depth of 2.94𝜆𝑖 along the beam,
which is close to that foreseen for HERD. The data analysis focused on the reconstruction of the first
interaction point, which allows the determination of the effective length seen by the showers. The
energy deposition of nuclei from 𝑍 = 2 to 𝑍 = 14 is then analyzed in correlation with the effective
length and calibration curves useful for the HERD mission are computed. The performances of
the prototype calorimeter demonstrate the capability of the HERD apparatus to reveal the energy
of nuclei with resolutions well below 20% for 𝑍 > 4.
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