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Abstract: The High Energy cosmic-Radiation Detection (HERD) facility has been proposed as one
of the main experiments on board the Chinese space station. HERD is scheduled to be installed
around 2027 and to operate for at least 10 years. Its main scientific goals are the study of the cosmic
ray spectrum and composition up to the PeV energy range, indirect dark matter detection, and
all-sky gamma-ray observation above 100 MeV. HERD features a novel design in order to optimize
its acceptance per weight, with a central 3D imaging calorimeter surrounded on top and on its
four lateral sides by complementary subdetectors. A dedicated trigger, dubbed the ultra-low-energy
gamma-ray (ULEG) trigger, is required to enable the detection of gamma rays down to ~100 MeV.
The ULEG trigger design is based upon the search for energy deposition patterns on the tracker and
the anticoincidence shield, compatible with the conversion of a gamma ray within the tracker volume
and resulting in enough tracker hits to allow for a good-quality gamma-ray direction reconstruction.
Ef;eéigtfg; We describe the current status of the design of the ULEG trigger system. We also characterize its
o - ) performance in detecting gamma rays as inferred from Monte Carlo studies.
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HERD. Instruments 2024, 8, 31. The High Energy cosmic-Radiation Detection (HERD) facility is a future detector
https://doi.org/10.3390/ of charged cosmic rays and gamma rays scheduled to be installed aboard the Chinese
instruments8020031 space station. The experiment will begin operations around 2027, and will run for at least

10 years. As a cosmic ray detector, it aims to produce detailed spectra of the different
cosmic ray species up to the knee energies and to search for dark matter signatures in these
spectra. As a gamma ray detector, it will monitor the whole gamma-ray sky thanks to its
unprecedented field of view [1].

HERD is designed as a multi-directional detector in order to efficiently utilize its mass
budget (see Figure 1b). At its center lies a 3D-segmented calorimeter (CALO) surrounded
by the rest of the subdetectors which are arranged in five active faces. From the inside

out, HERD features a fiber tracker (FIT) for track reconstruction, a plastic scintillation
detector (PSD) used for gamma identification and charge reconstruction, and a silicon
charge detector (5CD) that provides precise charge reconstruction. On one of the lateral
faces, a transition radiation detector will be used to calibrate the CALO.
This article is an open access article The FIT (see also Figure 1a) is divided into five sectors, each covering one face of the
distributed under the terms and  cube. Each of these sectors consists of several layers of scintillating fibers, spanning the
conditions of the Creative Commons ~ Whole length of the side they are on. These layers are arranged in tracking pairs or double
Attribution (CC BY) license (https://  layers, with the fibers in adjacent layers running in perpendicular directions, forming
creativecommons.org/licenses /by / a total of seven double layers. Each individual layer is segmented into modules, each
40/). containing a fiber mat and its readout. In our reference geometry, modules are ~10cm
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wide, each of them producing a signal that can be used for triggering. The top face contains
12 modules in every layer, while the lateral faces contain, in alternating layers, 10 vertical
and 8 horizontal modules.

(a) HERD design and subdetectors. (b) FIT segmentation.
Figure 1. HERD and FIT models.

As for the PSD, we consider a reference geometry where it consists of two staggered
layers of scintillating square tiles of size 10 x 10 cm?. The top face contains 14 x 14 tiles,
and each of the lateral faces contain 13 x 9 tiles. Each of these tiles is read out individually,
and they produce a signal that can be used by the different triggers.

Since HERD aims to measure the fluxes of various species of cosmic ray particles,
it features a set of triggers specifically designed for different particle species and energy
ranges [2]. Among them, HERD includes a baseline trigger for gamma rays above ~500 MeV,
requiring a certain energy deposition in the CALO plus a combination of signals from other
subdetectors. We know that HERD is sensitive to gamma rays down to the few-tens-of-MeV
range (ultra-low-energy gamma, ULEG, rays) [3], but in the Low Earth Orbit, where the
HERD will operate, gamma rays are outnumbered by charged particles by up to five orders
of magnitude. Lowering the energy deposition threshold at the CALO would rapidly
saturate its readout, so a different approach is needed.

The trigger systems in previous generations of pair-production gamma-ray space
detectors operate under the designs similar to each other: first, a trigger signal is produced
when a group of hits appears in spatial/temporal coincidence. Dependence on patterns
containing several hits prevents triggering by noise and allows for preselecting the direction
of the primary particle. For this purpose, a specific subdetector can be used (in EGRET, two
layers of scintillating material are placed above and below the tracker for this purpose),
or the tracker itself can be used (this is the case for AGILE, which requires hits in three
out of four possible in adjacent double layers, and also in Fermi-LAT, where the main
trigger condition requires hits in three adjacent double layers). In order to reject charged
primaries, an additional subetector is used (the anticoincidence shield), which must show
no hits, consistently with the primary being neutral, and converting only afterwards. In
both AGILE and Fermi-LAT, this subdetector is segmented into smaller elements, and
information from the spatial location of the triggering hits is used to constrain a region
of interest to be checked instead of the whole subdetector. Finally, the calorimeter can be
checked to verify that the shower intersects it, if needed, and then instrument can be read
out and the information on the event’s interactions saved.

The ULEG trigger is designed in these three stages:

*  Level 0 (LO): initial information of patterns of three aligned FIT modules (three-in-a-
row (3IR) patterns), and of PSD elements hit by the shower.

* Level 1 (L1): the PSD information is checked against the region(s) of interest defined
by the triggered elements in the FIT.

¢ Level 2 (L2): the energy deposited in the CALO is checked. In this study, we consider
a threshold at 100 MeV.
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It is important to understand the rates at which the individual elements of HERD’s
subdetectors are activated and the rates at which these L0, L1, and L2 signals are produced
in order to ensure that the readouts do not saturate. The limiting factor is the CALO readout,
which can operate at about 800 Hz [4]. However, the ULEG trigger needs to coexist with
the others without hindering the achievement of HERD’s scientific goals, so its rate should
be well below this number.

In this study, our goal is to develop and optimize the design of the ULEG trigger,
considering its efficiency on the target sample of gamma rays and its trigger rate under
realistic environmental conditions.

2. Materials and Methods
2.1. Monte Carlo Simulations

The response of the detector to incident particles is simulated with the help of Herd-
Software, a framework for simulation and data analysis, which contains HERD-specific
detector models and analysis algorithms. Particle generation and interactions with the
detector volumes are simulated using GGS (“Generic Géant4 Simulation”, [5]), a package
used to carry out fast simulations with Géant4 [6]. The body of the space station is not
physically simulated due to its computational complexity; instead, a volume approximating
its shape is used as an exclusion region. The simulation of the detector response to these
interactions is carried out using a custom EventAnalysis code available in HerdSoftware.

The goal is to study the performance of the ULEG trigger under different metrics,
specifically the gamma-ray detection efficiency, and the trigger rates at different trigger
levels and of different designs. The trigger rate for a given species of particle can be
calculated as a convolution of its flux ®(E, 6, ¢) and trigger acceptance:,

dN / d’®(E,0,9)

where Aq(E, 6, ¢) is the effective area which can be estimated with a Monte Carlo study from

Nsel(Er 0, 47)

Aeff(Er 6, ‘P) = Sgen(()/ (P) W,

(2)

where Sgen (6, ¢) is the generating surface perpendicular to the (6, ¢) direction and N, (gen,sel)
refer. respectively, to the number of particles generated and to the number of particles that
pass the selection cuts.

For this study, the samples of primary particles for the Monte Carlo study con-
sist of 10”7 events per species detailed (namely protons, electrons, positrons, and alpha
particles—fluxes of other particle species are negligible), generated with isotropic spatial
distribution and log-uniform energy distribution between 1 MeV and 100 GeV. We consider
the expected fluxes at their highest, i.e., at the highest geomagnetic latitudes seen by HERD,
as reconstructed from various models and empirical data from previous missions (NINA-2,
AMS-01, PAMELA, MARYA, see [7]). We assume that fluxes are independent of pointing
direction except from the change at the Earth’s limb, located at a polar angle of ~108.3°
at the orbital altitude of HERD (above the Earth’s limb the fluxes contain primary and
secondary cosmic rays; below, there are only secondaries). In particular, we do not consider
any smoothing of this boundary, nor do we consider any azimuthal dependence in the
arrival direction of charged particles.

For the case of testing the trigger efficiency on gamma rays, we define a fiducial sample
of gamma rays as the subset of gamma rays that

e travel downwards, i.e., up to 90° from the zenith,

¢ donot interact with the detector (namely they do not comptonize) before undergoing
pair conversion,

e convert within the FIT,
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* after conversion, both the electron and the positron produce hits or interactions in
at least three consecutive FIT double layers in both tracking directions within each
double layer (for a total of at least six hits), and

* the total energy deposited in the CALO is at least half of that of the primary.

These conditions are chosen as an approximate parametrization of the set of gamma
rays that can be distinguishable from cosmic rays and the albedo background gamma rays,
and for which adequate track reconstruction and energy resolution can be obtained.

2.2. Three-in-a-Row Trigger Design

The ULEG trigger is based on the same three-in-a-row concept implemented in Fermi-
LAT [8]. To produce a valid trigger signal, an event must produce at least three hits in
consecutive FIT double layers, and in both tracking directions within each double layer.
This responds to a minimal prerequisite for acceptable track reconstruction of the gamma-
ray’s direction.

In Fermi-LAT, the tracker is segmented into an array of 4 x 4 towers, each producing
independent triggers. HERD's tracker is more finely segmented (10 cm wide modules to
Fermi’s 40 x 40 cm? tower-like modules). Additionally, because of its 5-face design, the
normal geometrical cross-section of the FIT is larger than that of the CALO, and so the
edges of the tracker are involved only for particles with off-axis incidence angles. Thus, a
significant fraction of the particles of interest interacts with three fiber modules that are
not vertically aligned. For this reason, we also allow trigger patterns that end in modules
adjacent to the first one, as long as they pass through either of the two modules between
them (see Figure 2).

This extra degree of freedom in the trigger pattern causes the inclusion of some pat-
terns that actually decrease trigger performance, as they increase the trigger rate and/or
the complexity of the trigger, without meaningful marginal increases to its scientific perfor-
mance. Therefore, we remove these patterns from the trigger design. They are:

* non-CALO-intersecting: the geometric cross-section of the tracker is larger than that
of the calorimeter. Some groups of 3 modules, located near the edges of the tracker,
trigger primarily in events in which the shower is directed away from the calorimeter.
The only information available in these cases comes from the shower development in
the tracker, leading to poor energy reconstruction.

*  upwards-pointing: in the lateral faces, some patterns respond primarily to particles
travelling upwards, from the direction of the Earth.

~10cm "
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Figure 2. Schematic view of the 3IR trigger patterns.

2.3. Veto Design

At Level 1, the ULEG trigger cross-references the signals from the FIT 3IR and the
PSD, producing the PSD-vetoed signals. Here, we present the performance of this veto
strategy when checking the whole PSD, both as a baseline and as the simplest possible
implementation. This incurs a significant loss of efficiency at high energy due to vetoing
on the backsplashed part of the shower, which could be mitigated by adopting a strategy
where the 3IR pattern is used to restrict the PSD elements that can produce a veto to those
within a given region of interest.
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3. Results
3.1. Individual Element Activation Rates

Every element capable of producing a signal relevant to the trigger is simulated
independently, so Equations (1) and (2) can be applied not just to the different trigger
conditions, but also to the activation of each of the individual sensitive elements that
generate the signals used in the ULEG (the PSD tiles and the FIT mats). Since the sizes,
shapes, location and numbers of these elements are subject to some modification as the
design of the detector is finalized, we report here the activation rates per element per
unit area.

We find that the activation rate of the individual elements is highly dependent on their
location within HERD. An example is provided in Figure 3 for the case of the PSD. The outer
layer is more exposed than the inner one due to the flux of ~1MeV particles that do not
penetrate to the deeper parts of the detector. In the inner layer, some elements are partially
uncovered due to the staggering of the two layers and have activation rates similar to those
of the outer layer. On the other hand, higher energy particles (above ~1GeV) produce
more interactions in the deeper layers due to increased backsplash and are responsible for
the hotspot at the center of the top face, where the CALO is located. Shadowing due to
the body of the space station causes the top face to be less exposed than the lateral faces,
and in the latter it causes the rates to decrease as the elements move closer to the space
station mount.

Rates in PSD tiles, all_particles

Figure 3. Estimated total activation rates of the individual tiles for the outer (0, left) and inner (1,
right) layers of the PSD. Each of the pixels represents a single PSD tile. The five sections in each
plot correspond to the five faces of HERD: at the center is the top face, and from the right and in
counterclockwise order the other faces are designated X+, Y+, X—, Y—, and they are aligned with
the space station directions forward, port, aft, and starboard, respectively. In this representation, the
lateral faces are rotated so that the pixels closer to the top face correspond to the upper part of the
face they are on.

2 1

According to our simulations, the activation rates are ~2.2cm™ s land ~1.7cm 25~
for the most exposed PSD tile and FIT module. The flux models considered have large
uncertainties for energies below ~10MeV due to the lack of precise measurements; for the
estimated worst-case-scenario (higher flux) model, the activation rates could be as high as
~52cm 257! and ~3.5cm 2571, respectively, about a factor two higher. The increase is
higher for the PSD, as it is the outermost detector involved in the ULEG and these particles

have low penetrative power.

3.2. Trigger Performance and Rates

The total estimated trigger rates for the studied detector geometry are ~2.6 - 10*s~1,
~2-10?s71, and ~60s~! for 3IR, L1 and L2, respectively (see Figure 4). The bulk of the
trigger rate at L1 and L2 corresponds to events that pass along directions corresponding
to the edges of the detector (see Figure 5), which indicates that this number is affected
by inaccuracies in the description of HERD used for the simulations. Note that here, we
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consider only the limited information available at the speed at which the triggers have to
operate. L2 events are still susceptible to further cleaning after the data are stored. In the
offline analysis, more information is available, including, e.g., the full resolution of the FIT
(the trigger uses only mat-level resolution) and supplementary vetoing with subdetectors
outside the PSD.

ULEG rates
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Figure 4. Expected particle rates for the different backgrounds under study and for ULEG trigger
levels 3IR, L1 and L2.

L2 (L1 + CALO), all

Altitude
o

0.00 12.0 24.0 36.0 48.0 60.0

Rate [counts s™1 sr7!]
Total Rate: 63.1 counts s~*

Figure 5. L2 trigger rates according to the direction of the primary as seen from HERD. The boundary
of a putative 70° field of view is drawn for each face as a visual aid. Note that the boundary of the
top face’s field of view is a circle corresponding to the 20° N parallel.

In order to estimate the contribution from background events that are physically
indistinguishable from gamma rays, we also consider a model of HERD with a completely
hermetic PSD, finding an irreducible rate of ~0.2s~! background events comparable to the
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expected rates from the averaged galactic diffuse gamma-ray background (see Figure 6),
which is the dominant gamma-ray diffuse background.
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Figure 6. Trigger rates from the irreducible background compared with the rates expected with the

diffuse background, as inferred from simulations with a fully hermetic HERD model.

As for the trigger efficiency, we find that the 3IR design is extremely efficient in the
energy range we consider, but the PSD veto introduces a loss of efficiency due to backsplash-
induced veto, with ~30% (~70%) events being vetoed at ~1 GeV (~10 GeV) (Figure 7). This
could be mitigated by adopting a veto strategy based on a region of interest determined
by the combination of modules that produce the trigger. Other HERD triggers provide
accessory detection capabilities above ~500 MeV and above ~15GeV [9], and the ULEG
trigger is designed to attain high efficiency in the lower end of the spectrum.

ULEG Efficiency on fiducial sample
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Figure 7. Efficiency of the 3IR, L1 and L2 levels on the fiducial gamma-ray sample.

4. Discussion

We present a preliminary design for the HERD ULEG trigger and its expected per-
formance in the detection of gamma rays in the 100 MeV-100GeV energy range. The
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performance of this design is within the limits imposed by the mission’s objectives, but
improvements are expected. The final design will feature a region-of-interest- and time-of-
flight-based veto strategy. A proof-of-concept version of the hardware implementation of
this trigger is undergoing validation at beam tests at PS and SPS at CERN in 2023 and 2024.

Author Contributions: Conceptualization: L.F,, K.L., G.L.,, M.Y,, ].B,, L.C.-S., O.B.,, M.M. and J.R; Data
curation: L.E, K.L.,, G.L, MY, ].B,, L.C.-S. and J.R; Formal analysis: L.F., K.L., G.L., M.Y. and J.R.;
Investigation: L.F,, K.L., G.L., M.Y,, ].B. and L.C.-S; Software: L.F, K.L.,, G.L.,, M.Y,, ].B.and L.C.-S;
Validation: L.F,, K.L., G.L. and M.Y,; Visualization: L.F,, K.L., G.L. and M.Y.; Writing—original draft:
L.F,; Writing—review & editing: K.L., G.L.,, M.Y,, ].B., L.C.-S., O.B.,, M.M. and ].R.; Funding acquisition:
J.R.; Project administration: ].R.; Supervision: ].R. All authors have read and agreed to the published
version of the manuscript.

Funding: This work is supported by Agencia Estatal de Investigacién, Ministerio de Ciencia e Inves-
tigacion: PID2020-116075GB-C22/AEI/10.13039,/501100011033, PRE2019-091232, PRE2021-097518;
European Union NextGenerationEU: PRTR-C17.11; Generalitat de Catalunya.

Data Availability Statement: Dataset available on request from the authors

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

HERD High Energy cosmic-Radiation Detection facility
CALO CALOrimeter

FIT FIber Tracker

PSD Plastic Scintillation Detector

SCD Silicon Charge Detector

TRD Transition Radiation Detector

3IR Three in a row

Rol Region of Interest

ULEG Ultra-Low-Energy Gamma

CSS Chinese Space Station
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