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• Launched in Dec 2015

• Orbit: sun-synchronous, 500 km

• Period: 95 min

• Payload: 1.4 Tonn 

• Power: ~ 400 W 

• Data: ~ 12 GByte / day
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DArk Matter Particle Explorer (DAMPE)

Collaboration
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PSD 
• Z identification up to Zn (Z=30)

• γ anti-coincidence signal


STK 
• Position solution  ~50 micron

• γ angular resolution  0.5°—0.1° (GeV— TeV) 

• Absolute Charge (Z) identification


BGO 
• 31 X0 — thickest in space

• e/γ detection up to 10 TeV 
• p/ions up to 50 GeV — PeV


NUD 
• Additional e/p rejection capability

Tykhonov Part B2 PeVSPACE

PSD: double layer 
of scintillating strip 
detector acting as 
ACD 

STK: 6 tracking double layer 
+ 3 mm tungsten plates. 

Used for particle track and 
photon conversion 

BGO: the calorimeter  made of 308 BGO 
bars in hodoscopic arrangement (~31 
radiation length). Performs both energy 
measurements and trigger 

NUD: it’s complementary to the BGO by 
measuring the thermal neutron shower 

activity. Made up of boron-doped plastic 
scintillator 
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Figure 1: Schematic view of DAMPE (left) and HERD (right) detectors.

The present proposal can be logically grouped in work packages:

1. Particle track pattern recognition and reconstruction using machine learning (ML) techniques.

2. Electron/proton (e/p) discrimination using the Deep-Neural-Net (DNN) or a similar approach.

3. Tuning of hadronic MC models with DAMPE data.

4. Applying the developed techniques to the DAMPE data analysis and HERD performance assessment.

Below in this section the DAMPE and HERD missions are briefly introduced. Then the current status of
the field is described in detail, in the connection with the outlined work packages of the proposal. The section
is concluded with the list of objectives and the deliverables associated to these objectives.

The DAMPE (DArk Matter Particle Explorer) detector was developed by an international collaboration
formed by Chinese, Swiss and Italian institutes [12]. It was successfully launched in space in December 2015
and operates smoothly since then. The group of University of Geneva (hereafter UniGe), of which I am a
leading member, has proposed and developed the Silicon–Tungsten tracKer–converter (STK) sub-detector of
DAMPE [13]. I am personally responsible for tracking software, CR data analysis and MC simulations. With a
relatively large acceptance, DAMPE features a deep highly-granular calorimeter of about 31 radiation lengths.
It provides a unique opportunity to probe CRE and gamma-rays between few GeV and 10 TeV with an un-
precedented energy resolution of about 1% (above 100 GeV) and CR proton/nuclei in the kinetic energy range
between 10 GeV and 100 TeV with the best available energy resolution (around 20% at 1 TeV). There are in
total four sub-detectors in DAMPE, as shown in Figure 1 left, from top to bottom:

• Plastic Scintillator Detector (PSD) for charge identification and for providing veto signal for the photon
discrimination.

• Silicon–Tungsten tracKer–converter (STK) for gamma-ray direction identification and for CR trajectory
and charge reconstruction and identification.

• BGO calorimeter for precise energy measurement and e/p discrimination;

• Neutron Detector (NUD) for improving the e/p discrimination.

HERD is the next generation spaceborne instrument with a thicker calorimeter of about 55 radiation lengths and
one order of magnitude higher acceptance compared to DAMPE. UniGe group is one of the leading contributors
to the HERD R&D program. In the core of HERD design is the 3D imaging LYSO calorimeter, consisting of
almost 10k cubic crystals of 3 cm3 each, as shown in Figure 1 right. The tracker detectors will be installed
on five out of six sides of HERD. This unique 3D arrangement allows to detect particles coming from five
directions, while in conventional detectors only one direction (from the top) is admitted.

Tracker sub-detectors of DAMPE and HERD include thin tungsten layers to enhance photon conversions
into electron-positron pairs. Therefore, CR and gamma-rays at high energies tend to pre-shower before the
calorimeter, creating a large hit multiplicity in the tracker. Moreover, the back-splash of secondary particles
from calorimeter severely deteriorates the picture, creating tens of thousands noise hits, as illustrated in Fig-
ure 2. As can be seen from the figure, only a small fraction of events have clean topology in the tracker.
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Plastic Scintillator 
Detector (PSD) Silicon-Tungsten Tracker 

Converter (STK)

Calorimeter (BGO)
Neutron Detector (NUD)
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DArk Matter Particle Explorer (DAMPE)

DAMPE collab., Astropart. 
Phys. 95 (2017) 6-24
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Indirect DM detection

Scientific goals

γ-ray physics
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DAMPE 7-years > 2 GeV
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Figure 1

Abundances of elements as function of atomic number up to Z = 40 (Zr) normalized to 106 Si
atoms. The solar system abundances (black symbols) are taken from Table 10 in Ref. (46). The
GCR abundances (green symbols) are from Voyager 1 measurements (17, Table 3) up to Fe
(Z = 26), from measurements with the Trans-Iron Galactic Element Recorder (TIGER)
balloon-borne instrument (47) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
observations (48) for the other elements.

abundant than volatile ones in GCRs (51, 47, 48), which can be explained in a scenario where

dust grains, being characterized by a very large mass-to-charge ratio, are accelerated very

e↵ectively at shocks (49, 50). During the acceleration, grains attain velocities large enough

to be eroded by sputtering. The sputtered particles would then be refractory elements, that

will have the same velocity of the parent grain. Such a velocity is much larger than the

shock speed, and this guarantees the injection of refractory elements ejected by grains into

the acceleration process, independently on their mass-to-charge ratio (49, 50).

Volatility: is the
tendency of an
element to be found
in its gaseous state,
rather than
condensed into dust
grains. Elements
with low (high)
condensation
temperature are
called volatiles
(refractory).

Rigidity: regulates
the motion of
particles in a
magnetic field B,
and is defined as
R = rgB = pc

Ze

where rg is the
particle gyration
radius.

Among the GCR volatile elements, the heavier ones are found to be relatively more

abundant than lighter ones, while such a trend is not observed (or is very much weaker)

among refractory elements (47, 48). From theory, it is di�cult to see how the atomic

mass A alone could be the physical parameter regulating the acceleration e�ciency of

volatile elements. A much more plausible physical parameter would be the rigidity, which

is proportional to the mass-to-charge ratio A/Z of ions, and governs the behavior of particles

in magnetized environments such as shocks. Indeed, such a rigidity dependent enhancement

is predicted by state-of-the art simulations of di↵usive shock acceleration, with a scaling in

the sub-relativistic particle energy domain equal to (52):

Ci ⌘
fi(E/ZISM

i )
�ifp(E)

⇠ (Ai/Z
ISM
i )2 . 3.

Here, fi and fp are the CR particle distribution functions at the shock for elements of specie

i of atomic mass Ai and for protons, respectively, �i is the ISM abundance of element i

8 Tatische↵, Gabici

Cosmic rays

Primary 
Cosmic Rays 

Covered in 
this talk           

Secondary 
Cosmic Rays

Not covered 
in this talk           



Figure 22: Acceptance for electrons/positrons as a function of energy.

Figure 23: Energy resolution for gamma rays and electrons/positrons at normal incidence
(solid line) and at 30� o↵-axis angle (dashed line). DAMPE beam test results (with electrons)
are over-plotted as reported in Fig. 13.

as well.

The energy resolution (�E/E) of on-axis incident protons (after
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Energy calibration

• Beams: e & p  few GeV — 250 (400) GeV;    Ions 40 GeV/n, 75 GeV/n.

• Energy resolution: ~1% (e/γ) at  >= 100 GeV, 20—30 % (p/ions)


Y. Wei, Y. Zhang, Z. Zhang et al. Nuclear Inst. and Methods in Physics Research, A 922 (2019) 177–184

Fig. 10. Energy fraction as a function of the atomic number for a 40 GeV/n beam (top)
and for a 75 GeV/n beam (bottom). The data and simulation results with two physics lists
have a deviation of 6% at Z = 2 and 3 for both energy points. The differences are reduced
for ions heavier than boron.

The MC simulation well simulates the shape of the response and the
position of the peak for most kinds of ions. However, for some ions,
such as helium and lithium, the energy spectra are slightly shifted from
the MC simulation results.

Here we define the energy fraction as the peak energy of the
deposition distribution divided by the beam energy of ions, to quantify
the agreement between the data and the MCmodels. The energy fraction
as a function of the atomic number is compared to the MC simulation in
Fig. 10; it decreases with the atomic number from Ì41.4% (helium) to
Ì31.8% (argon) for the 40 GeV/n beam. The energy fraction of the 75
GeV/n beam is lower than that of a 40 GeV/n beam for a given kind of
ion, and is 38.5% for helium and 31.4% for argon. At these two energy
points, the energy spectra of physics list QGSP_ FTFP_ BERT and FTFP_

Fig. 11. Energy resolution as a function of the atomic number for a 40 GeV/n beam (top)
and for a 75 GeV/n beam (bottom)

BERT are almost completely consistent, and the energy fractions have
an agreement within a difference of < 1.3%.

For helium and lithium, at both energy points, the data and simula-
tions with two physics lists are consistent within Ì6% deviations. For
higher atomic numbers, the agreement with the data improves, and the
deviations are always < 3%. The maximum difference of those is 2.6%
for 75 GeV/n aluminum. As shown in Fig. 11, the energy resolutions in
the case of normal incidence are always better than 30% for all kinds of
ions at these two energy points.

5. Ionizing energy loss in BGO crystal

Some ions only suffer ionization energy loss, yet do not induce
nuclear reactions with calorimeter material. Quenching interactions of
fluorescence photon number occur when ions pass through inorganic
scintillators. At low ion incident energy, the quenching effect of BGO
crystal was reported [19]. To the best of our knowledge, at the extremely
high energy level, such an effect has not been reported in the literature.
An unexpected anti-quenching effect of CsI(Tl) crystal in a Fermi Large
Area Telescope beam test performed at the GSI Helmholtz Center for
Heavy Ion Research was reported in Ref. [20]. The study reported that
the quenching effect depended on both the species and the energy of the
incident particle. In this section, we investigate the ionizing energy loss
in a 25-mm-thick BGO calorimeter layer and discuss the quenching and
anti-quenching effect with 40 and 75 GeV/n beams.

5.1. Selection method

The ionization events were used to study the quenching effect of
ions. Given that the hadron interaction cross-section increases with the
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Figure 26: The energy resolution for on-axis protons. The dotted line represents the energy
resolution of MC simulated protons after spectral unfolding while the red points represent the
beam test data.

On ground the data are processed by the Ground Support System (GSS) and
the Scientific Application System (SAS). Binary raw data (housekeeping and
science data) transmitted to ground are first received by three ground stations
located in the south, west and north of China at early morning and afternoon
of each day respectively, when the satellite passes China’s borderline. Then all
binary data are automatically transmitted to the GSS located in Beijing, and are
tagged as level-0 data. On average, about 12 GB level-0 data are produced per
day. Upon arrival of the level-0 data at the GSS, they are immediately processed
and several operations are performed, including data merging, overlap skipping
and cyclic redundancy check (CRC) which is an error-detecting code based on
the protocol CRC-16/CCITT.

The level-0 data are daily processed into level-1 data, which includes 13 kinds
of completed telemetry source packages, one for science data and 12 for house-
keeping data. Daily level-1 data will then be processed by the GSS within 1 hour.
The SAS located at the Purple Mountain Observatory of Chinese Academy of
Sciences in Nanjing monitors the level-1 data production 24 hours a day con-
tinuously. The new level-1 data will be synchronized to the mass storage at the
Purple Mountain Observatory immediately. Then 12 housekeeping data pack-
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Y.-F. Wei et al. NIMA 922 (2019)

Beam tests at CERN PS & SPS

5

DAMPE collab., Astropart. Phys. 95 
(2017) 6-24
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Z. Zhang el al. NIM A, 836 98-104 (2016), 
C. Zhao NIM A 1029:166453 (2022),  

J.-J. Zang et al. (2017), doi:10.22323/1.301.0197

Energy scale and linearity

• Linearity verified up to 250 GeV with beam tests at CERN SPS

• On-orbit energy scale verified with geomagnetic cut-off: consistent within ~1.3%

Reconstructed VS beam energy Max-bar VS Total energy

6

Geomagnetic cutoff for iron and 
electron in 4 latitude bins
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Energy quenching
• Quenching — nonlinear fluorescence response of BGO for large ionisation energy

• Derived from beam test and flight data, implemented in the detector response model 

7

Z.-F. Chen et al.  NIMA 1055 (2023), Y. Wei et al., 
Transac. Nucl. Sci. 67/6 (2020), NIMA 922 (2019)

• 10 GeV/n:  2.5% (5.7%) for Carbon (Iron)

• 1 TeV/n:     ~1% 
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Results



e++e-

9

The DAMPE (e++e‐) spectrum

‐530 daysy
‐ 2.8 billions CR events
‐ 1.5 million CREs above 25 GeV

New analyses (NN, NL, ..) ongoing

10RICAP 2024 Ivan De Mitri : Galactic CR spectral measurements with DAMPE 

y ( , , ) g g

Excellent agreement 
with standard particle ID

DAMPE 2017

DAMPE 2023 new particle ID

Preliminary

New e/p discrimination (Neural 
Networks) developed for higher 
energies → analysis ongoing


D. Droz et. al. 
JINST (2021)

DAMPE collab., 
Nature, 552, (2017)
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DAMPE collab., Science 
Adv. 5 (9) (2019)

PSD charge

~14 TeV

~500 GeV

p

• Confirms hardening at ~ 500 GeV

• Detection of softening at ~14 TeV

PSD charge
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DAMPE collab., PRL 126 (2021)
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Incident energy (GeV)

~34 TeV

~1.25 TeV

He

• Detection of softening at ~34 TeV

• p and He results: Z-dependent CR softening favored


(A-dependence cannot be excluded)

11

C. Yue et al. NIMA 
984 (2020)
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p + He

12

PRD 109, L121101 (2024)

• Link between direct/indirect CR measurements 

• Hint of new spectral hardening at ~150 TeV
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p, He - new results
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ML-based analysis

• Proton spectrum extended from 100 TeV to 250 TeV

• Helium spectrum extended from 80 TeV to 120 TeV

• P & He hardening/softening : charge (rigidity) dependence favored

DAMPE 2024 (ML anlysis)

DAMPE 2023 (ML analysis)

A. Ruina et al. pos.sissa.it/444/170/ (2023)A. Tykhonov et al. Astropart. Phys. (2023)

(2023)

(2023)

proton

http://pos.sissa.it/444/170/


DAMPE collab., Science Bulletin 67, 21 (2022)

• Detection of spectral hardening at ~ 100 GeV/n

Indication of change of the CR diffusion coefficient?

Significance ~ 5.6σ (GEANT), 4.4σ (FLUKA) Significance ~ 6.9σ (both GEANT and FLUKA)

γ=0.477 

(pre-DAMPE 
GALPROP fit)

γ=0.477 

(pre-DAMPE 
GALPROP fit)

B/C, B/O

B/C B/O

14

GeV GeV 
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Secondaries: Li, Be, B

• Spectral hardening confirmed in secondaries

• Consistent break in all secondary-to-primary ratios
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C, N, O
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CNO

C                  O                  C/O                

• C,O: hardening structure at several hundred GeV/n

• No structure in C/O ratio

• CNO: softening at ~10 TeV/n (similar to p and He)



Ne, Mg, Si, Fe
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Ne 20 Mg 24 Si 28

Fe 56

• Confirmation of hardening in heavier elements  
• Analyses based on ML particle reconstruction (similar to p, He,  C,O)

• Studies of systematics in process, including hadronic uncertainty 



All-particle
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Measurement over ~ 4 energy decades 
• Composition-weighted:


- Instrument acceptance

- Energy response matrix


• Different composition models considered:

- Recchia-Gabici (RG)

- Hoerandel (poly-gonato)

- HAWC model

- Zatsepin-Sokolskaya (ZS)



Hadronic cross sections
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ML based tracking enables clean and unbiased particle identification  — 
critical for proton and helium cross section measurement with DAMPE:

0                       1                        2                         CR charge                  

0                       1                        2                         CR charge                  

ML tracking

Standard 
methodsCross section measurement 

in Bi4Ge3O12

Universe as a 
particle machine

A. Tykhonov et al. 
Astropart. Phys. (2023)



Hadronic cross sections
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arXiv:2408.17224v1

• Probe of cross section in 2 decades of energy (in center-of-mass system)

• p-BGO synergetic with collider p-Pb measurements: 


 ~ 67% of BGO is bismuth → cross section scaling uncertainty < 1%

• He-BGO — first probe of helium-ion cross sections up to √s ~ 100 GeV

p-Bi4Ge3O12 
inelastic

He-Bi4Ge3O12 
inelastic

https://arxiv.org/abs/2408.17224v1


Hadronic cross sections
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arXiv:2408.17224v1

See talk of 
Paul Coppin!

p-Bi4Ge3O12 
inelastic

https://arxiv.org/abs/2408.17224v1
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Conclusions
DAMPE Status 
• In-flight operation 2015 — now

• Excellent performance & stability

• Unique for multi-TeV Cosmic Rays  (CR)


Physics Program 
• e+ +e- — direct observation of TeV-break

• p & He — approaching the PeV frontier

• B/C & B/O — observation of ~100 GeV/n break

• Observation of hardening in secondaries (Li, Be, B) 
• First results on heavier elements (C, O, Ne, Mg, Si, Fe) 
• First probe of inelastic cross sections up to 10 TeV
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Conclusions

Thank You!

To be continued ….
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DAMPE Status 
• In-flight operation 2015 — now

• Excellent performance & stability

• Unique for multi-TeV Cosmic Rays  (CR)


Physics Program 
• e+ +e- — direct observation of TeV-break

• p & He — approaching the PeV frontier

• B/C & B/O — observation of ~100 GeV/n break

• Observation of hardening in secondaries (Li, Be, B) 
• First results on heavier elements (C, O, Ne, Mg, Si, Fe) 
• First probe of inelastic cross sections up to 10 TeV


