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Outline

• Introduction: DAMPE mission 

• Track reconstruction software: combined-2D vs 3D 

• Implementation of detector geometry: CAD-2-GDML 

• Alignment of tracker: method of varying-χ2
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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 

 γ 

The	detector	

C
R

 

G.	Ambrosi	

DAMPE mission

DAMPE is designed to detect 
5 GeV to 10 TeV e/γ

50 GeV -100 TeV protons and nuclei 
with excellent energy resolution, tracking precision and particle 

identification capabilities 

Silicon tracker
6.6 m2 of silicon 

sensors
Plastic scintillator

(anti-coincidence unit)

BGO calorimeter
32 radiation lengths

Neutron Detector
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DAMPE launch: Dec 17, 2015, 0:12 UTC  

Jiuquan Satellite Launch Center 
Gobi desert, China

DAMPE successfully launched on December 17, 2015

DAMPE       WUKONG
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Particle track reconstruction in DAMPE

Steps of the track reconstruction 

• Seeding 

• Propagation (Kalman filter) 

• Removal of ghost and 
duplicates

Dec	24th	2015:	HV	on		

G.	Ambrosi	

330	GeV	electron	330 GeV Electron candidate
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• Track seeds: 
1. Direction from calorimeter (Calorimeter-seed) - baseline 
2. Blind seeds (on-ground tests only) 

• Calorimeter seed: 
• x and y track candidates are reconstructed separately (Kalman filter) 
• Combined xy tracks are refitted again with Kalman algorithm

Particle track reconstruction in DAMPE

Direction 
for track 
search
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Particle track reconstruction in DAMPE

• Iterative track reconstruction: 

• If a good track is found - first hit in 
is removed from “seeding points” 

• Track-finding repeated until all 
seeding points are exhausted 

• Reconstructing tracks in XZ and YZ is  
O(100) faster than 3D reconstruction 

• Allows to remove per-event limit of 
maximum number of iterations    

10 % higher efficiency in finding 
the best possible track in event

1.3 TeV Carbon
Dec	24th	2015:	HV	on		

G.	Ambrosi	

1.3	TeV	carbon	
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DAMPE geometry implementation: CAD-2-GDML
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.STP to .STL conversion 

Figure 3: Cartoon illustrating conversion of engineering CAD model of the STK to GDML\XML
geometry used by DAMPE simulation and reconstruction algorithms. The CAD drawing of the
STK (.stp file) is exploded into a set of .stl files, each representing its own part of the geometry
(from top to bottom in the figure): corner fits (aluminium), tungsten converters, aluminum honey-
comb trays, silicon sensors. The .stl parts are converted further into tessellated structures using the
CADMESH package [4]. Finally, the sensitive detectors are parsed with a custom software and the
read-out silicon strip objects are created as simple geometries (not tessellated).

be immediately put on test in the physics simulation. It also automatizes versioning of the geometry,
providing confidence that the simulated object corresponds to reality as much as possible.

Converting CAD drawings into Geant4 compatible format, GDML (Geometry Description
Markup Language) [3], is a long-standing problem which has been attacked many times with no
permanent success. The most widespread solution is based on conversion of CAD drawings into
tessellated structures [4]. However, it suffers reasonable computing overhead due to necessity of
dealing with complex geometries at the simulation level. In case of DAMPE we improve this
technique by replacing sensitive parts of the detector (silicon sensors) with simple rectangular
shapes. Silicon detectors can be parsed out from the geometry and split further into particular read-
out strips. In doing so we bypass the problem of computing overhead with tessellated solids, while
keeping the geometry exactly the same as in the provided CAD drawing. The CAD to GDML
conversion is illustrated in Fig. 3. Before converting CAD geometry to GDML, an intermediate
step is taken to explode the model into parts, where each part corresponds to one single material.
Once those parts are converted into corresponding GDML modules, proper materials are assigned
to them. Finally, an XML file with the description of sensitive detectors (their positions) is created.
The later one is used as an input to reconstruction jobs, providing a mapping between read-out
channel identifiers in electronics and real x,y,z positions of the hits. The 3D model of DAMPE
visualised with Geant4 is shown in Fig. 4.

4. The DAMPE Reconstruction Software

In this Section we describe the current status of reconstruction software of DAMPE. It can be
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Figure 4: GDML geometry of DAMPE as it appears in the GEANT4 viewer: left - whole satellite
payload, right - detector elements only (sensitive volumes).

divided in two parts: shower reconstruction in the calorimeter and track reconstruction in the STK.
Those two form the objects that are used for further identification of photons, electrons etc. One
of the goals of shower reconstruction in the calorimeter is to provide an initial particle direction,
which is then passed to the STK reconstruction algorithms, e.g. as a seed of Kalman tracking
algorithm. First, a centre-of-gravity position is evaluated for the calibrated energy deposits in each
layer of calorimeter, along the z-axis (in the coordinate system of DAMPE, z-axis is the direction
perpendicular to the STK layers, pointed from the STK to the calorimeter, see Fig 4). Then a set of
points is formed in both xz and yz projections in the calorimeter, and are fitted with a straight line.
This line gives a preliminary direction of a particle in DAMPE.

The track reconstruction in DAMPE is done as follows. First, the track seed is formed either
with a blind-seed finding algorithm, which uses STK information only, or the seed is taken from the
shower direction reconstructed in the calorimeter. Depending on conditions, one or both seeding
algorithms are used. As soon as track seed(s) are created, they are reconstructed (filtered) further
using the adaptation of Kalman algorithm [7]. For the calorimeter-seed approach, the shower di-
rection is projected onto the closest layer of the STK with the corresponding covariance matrix,
either infinite, or the one evaluated from the calorimeter position and angular resolution as a func-
tion of energy. If the hit is found within a reasonable window around the projected position, a seed
is formed and a track is reconstructed further using the Kalman filter. If the resulting track is of
insufficient quality (the c2-test or the number of hits in the track does not fulfil the corresponding
threshold values) the procedure is repeated with the second-closest layer of the STK, and if the suf-
ficiently good track is not found yet – it is repeated with the third one. Then, if the track is finally
retrieved, the whole procedure is repeated again with the first point of previous track being removed
from the list of available points. Up to 10 such iterations are allowed. Finally, the same procedure
is repeated with the 3 furthermost layers of STK in the opposite direction (towards calorimeter).
Once a set of tracks is formed, ghost tracks are eliminated by looping over all tracks and removing
those which are crossed by other tracks. If two tracks cross each other, the one which has lower
number of hits or lower c2 is removed. The track “forks” in the direction towards calorimeter are
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divided in two parts: shower reconstruction in the calorimeter and track reconstruction in the STK.
Those two form the objects that are used for further identification of photons, electrons etc. One
of the goals of shower reconstruction in the calorimeter is to provide an initial particle direction,
which is then passed to the STK reconstruction algorithms, e.g. as a seed of Kalman tracking
algorithm. First, a centre-of-gravity position is evaluated for the calibrated energy deposits in each
layer of calorimeter, along the z-axis (in the coordinate system of DAMPE, z-axis is the direction
perpendicular to the STK layers, pointed from the STK to the calorimeter, see Fig 4). Then a set of
points is formed in both xz and yz projections in the calorimeter, and are fitted with a straight line.
This line gives a preliminary direction of a particle in DAMPE.

The track reconstruction in DAMPE is done as follows. First, the track seed is formed either
with a blind-seed finding algorithm, which uses STK information only, or the seed is taken from the
shower direction reconstructed in the calorimeter. Depending on conditions, one or both seeding
algorithms are used. As soon as track seed(s) are created, they are reconstructed (filtered) further
using the adaptation of Kalman algorithm [7]. For the calorimeter-seed approach, the shower di-
rection is projected onto the closest layer of the STK with the corresponding covariance matrix,
either infinite, or the one evaluated from the calorimeter position and angular resolution as a func-
tion of energy. If the hit is found within a reasonable window around the projected position, a seed
is formed and a track is reconstructed further using the Kalman filter. If the resulting track is of
insufficient quality (the c2-test or the number of hits in the track does not fulfil the corresponding
threshold values) the procedure is repeated with the second-closest layer of the STK, and if the suf-
ficiently good track is not found yet – it is repeated with the third one. Then, if the track is finally
retrieved, the whole procedure is repeated again with the first point of previous track being removed
from the list of available points. Up to 10 such iterations are allowed. Finally, the same procedure
is repeated with the 3 furthermost layers of STK in the opposite direction (towards calorimeter).
Once a set of tracks is formed, ghost tracks are eliminated by looping over all tracks and removing
those which are crossed by other tracks. If two tracks cross each other, the one which has lower
number of hits or lower c2 is removed. The track “forks” in the direction towards calorimeter are
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• GEANT4 geometry model of DAMPE is obtained as GDML 
from CAD drawings using an in-house conversion tool: 

https://github.com/tihonav/cad-to-geant4-converter

• The same GDML geometry is used in the reconstruction  

• Supporting structures are included

Files in STL format (tessellated solids) 
from CAD are used to convert into 

GEANT4 geometry

8Andrii Tykhonov Reconstruction software of DAMPE mission8



CAD-2-GDML converter

https://github.com/tihonav/cad-to-geant4-converter

• A standalone python tool 
• Does not require GEANT4 or any other additional software 
• Based on conversion of CAD into meshed (tessellated) objects 
• Base set of materials implemented, should be easy to extend further 

 … possible application for ATLAS IBL is 
now being investigated, in particular 
could aid simulations used for B-tagging

9Andrii Tykhonov Reconstruction software of DAMPE mission9
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CAD-2-GDML: performance tests

DAMPE GDML geometry: 

• ~ 50 MB total 
• ~ 150k vertices  

Tessellated    Simple Geometry  Factor
 [s/event]       [s/event]     

Protons:      
1-10    GeV     0.47           0.085         5.5
10-100  GeV     2.6            0.61          4.2
10-1000 GeV    24.9            4.8           5.2

Electrons:      
1-10    GeV     1.21           0.14          8.7
10-100  GeV     8.9            1.16          7.7
10-1000 GeV    88.9           13.22          6.7

Tessellated geometry  
- baseline, includes 
supporting structures

For comparison, 
simple geometry 
was used -  
only sensitive 
volumes (defined 
as simple boxes)

Andrii Tykhonov Reconstruction software of DAMPE mission10



Silicon Tracker of DAMPE
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80 cm

X-layer

Y-layer

Tungsten converter

Particle track

z
x y

Figure 2: (Left) picture of the silicon-tungsten tracker-converter before the assembly of the

last tray, of the DAQ electronics and the cooling and supporting structures; (right) schematic

view the tracker: silicon layers are shown in gray, Tungsten converters in black; aluminum

corner structures and supporting trays of carbon fiber and aluminum-honeycomb are shown

in pale gray.

are read by 6 VA140 ASIC chips. Since the analogue readout is used and thanks

to the charge division on the non-readout strips, even if not all the strips are

readout the position resolution is expected to be better than 80 µm for most

incident angles. The full tracker correspond to a total silicon area of 6.6m2,

comparable to the silicon area of the AMS-02 tracker [2]. The tracker has been

successfully build in spring 2015. A picture of the tracker before the assembly

of last tray, the front-end electronics and the cooling and supporting structures

is in Fig. 2. In the picture the sixteen ladders forming one sensitive layer of the

tracker are clearly visible.

The tracker-converter concept, in which tungsten foils are inserted between

silicon tacking layers, has been employed in AGILE [3] and Fermi [4] and proved

to be an excellent technique to detect high-energy photons with high e�ciency

and precision. An incoming photon converts to an electron-positron pair in the

tungsten converter, which can then be detected by subsequent silicon layers.

The tracker of DAMPE combines the features of the AMS tracker and the

Fermi/AGILE tracker in order to meet requirements of its multitask design.

3

Si Layers Y  (top)

Si Layers X (bottom)

Tracker:

• 6 tracking double layers (x and y measurement) 
• 768 total silicon sensors (SSD), 9.5 x 9.5 cm 
• 121 μm silicon-strip pitch 
• Every 2nd strip is read-out 
• Total active area ~ 6.6 m2 

• Excepted position resolution: ~40 micron

Tungsten converter

particle track
Andrii Tykhonov Reconstruction software of DAMPE mission11
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Figure 3: Track residuals in one of the tracker planes before (left) and after (right) the

alignment. Residuals are shown with respect to track coordinates and are evaluated as the

di↵erence between projection of five track points onto the sixth plane and measured hit po-

sition in this plane. Circles are the mean values of residuals in the corresponding horizontal

regions in the plot. Lines are shown at ±10 µm to indicate a scale.

7

Position resolution of  silicon 
sensors ~ 40 μm 

Assembly precision ~ 100 μm 

Precise alignment is crucial 
in order to fully exploit 
angular resolution of the 
instrument

Track-hit residue VS track 
coordinate for one of the STK layers:

Alignment of DAMPE Silicon Tracker

Andrii Tykhonov Reconstruction software of DAMPE mission12
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•  6$alignment$parameters$are$assigned$to$each$
silicon$sensor$=$192$x$4$x$6$=$4608%parameters%

29/10/15$ A.Tykhonov$$$$The$Alignment$of$the$STK$ 12$

STK$Alignment$

SSD 

x

y

z

dx

drotX

drotZ

drotY

dy

dz

• 5 (2 offsets, 3 rotations) alignment parameters assigned to each 
silicon sensor = 768 * 5 = 3840 alignment parameters

Alignment of DAMPE Silicon Tracker: method

Andrii Tykhonov Reconstruction software of DAMPE mission13



14

were also considered and found to have negligible e↵ect on the performance and

position resolution on the tracker. At the same time it has been shown that

considering ladders as alignment units as it is done in [2] result in some residual

misalignment, since ladders are not rigid in the z-direction, allowing for di↵erent

silicon sensors on the ladder to have di↵erent z o↵sets. In total there are 3840

alignment parameters, 5 per silicon sensor. The corrected (aligned) hit position

is therefore

x

a

= x+�x� y · ✓
z

(2)

y

a

= y +�y + x · ✓
z

(3)

z

a

= z +�z � x · ✓
y

+ y · ✓
x

(4)

The method used to determine the alignment parameters from the data is based

on the optimization (minimization) of the total �2 of tracks in the alignment

data sample. Events used in the optimization correspond to one day of on-orbit

data taking (see Section 3) and are required to have exactly one track with xy

hits in all six planes (no holes). For the alignment procedure, reconstructed

tracks are refitted with the straight line, using the least squares method, both

in xz and yz projections independently. The total �2 is then

�
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0

B@
X

p2{points}
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1

CA, (5)

s = sensor|id(t, p) (6)

Tracks with obviously bad �

2 (far from the bulk of distribution) are removed

from the sample. Factor N
x(y)tracks,s is introduced in order to take into account

non-uniformity of track statistics for di↵erent silicon sensors (which is due to

non-uniformity in geometrical and trigger acceptance), where s is the silicon

sensor identifier. Minimization of �2 is done in iterative procedure using the

derivatives of �2 with respect to alignment parameters. All alignment parame-

ters are optimized in this way simultaneously. The movement in the phase space
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Aligned track coordinates Non-aligned track coordinates

Alignment parameters

Alignment is based on minimisation of χ2 of tracks in the 
alignment data sample:  

Alignment of DAMPE Silicon Tracker: method
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Figure 4: Development of the deviation of the residual mean at each iteration of the alignment

correction. The deviation is defined as the RMS of the residual mean distribution for 768

silicon sensors of the tracker. Two methods are illustrated, the one shown on the left uses

fixed track sample to perform the alignment and is performed first; the one on the right is

performed afterwards and uses a variable track sample, as described in Section 5.3.

tracks is formed, the ghost tracks are eliminated by looping over all tracks and

removing those with lover quality crossed by the other tracks. The track forks

(two tracks starting from the same point) in the direction towards calorimeter

are allowed, while those which point in the opposite direction are considered as

a track crossings and treated correspondingly.

5.3. Alignment analysis

In order to correct for displacement and rotation of silicon sensors with

respect to the nominal design, the alignment parameters are introduced

�x (�y), �z, ✓

X

, ✓

Y

, ✓

Z

(1)

which are two o↵sets and three rotations of silicon sensor respectively. Rotations

are considered with respect to the origin of XY reference frame in the plane

where sensor reside in the nominal design. Silicon sensors are considered as rigid

bodies. Bending of silicon sensors approximated with third order polynomial
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Iteration of alignment algorithm

• χ2 is affected by the noise (mis-reconstructed track hits, multiple 
scattering) - imposes limitations on precision of alignment 

• To reduce noise contribution to χ2, at each iteration of algorithm, we 
use only those tracks that pass residue cuts for the hits - this implies 
that χ2 evaluation sample changes from one iteration to another

Alignment of DAMPE Silicon Tracker: method
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Iteration of alignment algorithm

Alignment of DAMPE Silicon Tracker: method

• Optimisation of χ2 is not a merely minimisation any more (in some 
iteration χ2 can also increase )   

• Instead, optimisation is performed by moving in a phase space of 
alignment parameters in the direction opposite to derivatives vector, 
until the modulus of this vector become small enough

Alignment with 
fixed set of 

tracks

Alignment with  
variable set of of 

tracks

Andrii Tykhonov Reconstruction software of DAMPE mission16
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Figure 8: E↵ective position resolution for x- and y- planes of the tracker, estimated as RMS

of double-Gaussian fit to the track residue (five point fit to the sixth plane). For non-aligned

model residue can not be fit with simple formula, so the e↵ective resolution is estimated as

RMS of residue in the region �0.25; 0.25 mm.
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RMS of residue in the region �0.25; 0.25 mm.
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Alignment of DAMPE Silicon Tracker: results

Andrii Tykhonov Reconstruction software of DAMPE mission18

Good agreement is achieved between position resolution in 
the aligned and ideal (Simulation) model



Summary & Conclusions 

• DAMPE is powerful high-energy particle detector satellite mission, 
successfully launched in the end of 2015 

• Tracking detector consist of about 6.6 m2 of silicon-strip sensors. 

• Track finding is done separately in XZ and YZ with Kalman filter, 
then tracks are combined in 3D and Kalman-refitted again.  

• Geometry of the detector is implemented through CAD-2-GDML 
converter; the same geometry is used in both simulation and 
reconstruction. 

• Alignment of tracker is done using the technique which employs 
varying Χ2 sample, outperforming the standard minimisation of Χ2.

19Andrii Tykhonov Reconstruction software of DAMPE mission1919
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Change of position 
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Alignment as a function of 
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Comparison with AMS-02 and FERMI
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Comparison	with	AMS-02	and	FERMI	

G.	Ambrosi	

DAMPE	 AMS-02	 Fermi	LAT	
e/γ Energy	res.@100	GeV	(%)	 1.5		 3	 10	
e/γ Angular	res.@100	GeV	(°)	 0.1	 0.3	 0.1	
e/p	discrimina?on	 105	 105	-	106	 103	

Calorimeter	thickness	(X0)	 32	 17	 8.6	
Geometrical	accep.	(m2sr)	 0.29	 0.09	 1	

Mass: 1400 Kg 
Power: ~ 400 W 
Livetime: > 3 years 
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The DAMPE satellite 
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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 

 γ 

The	detector	

C
R

 

G.	Ambrosi	

STK: 6 tracking 
double layers of 
Silicon-Strip Detectors 
(SSD) + 3 mm 
tungsten plates (used 
for photon conversion)

BGO: the calorimeter made of 308 Bismuth-
Germanium-Oxide bars in hodoscopic 
arrangement (~32 radiation length). Performs 
both energy measurements and trigger 

PSD: double layer of 
scintillating strip detector 
acting as anti-coincidence unit

NUD: boron-doped plastic scintillator - 
complementary to the BGO by 
measuring the thermal neutron shower 
activity



The Physics Goals of the DAMPE mission
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FIG. 26: The expected spectrum of cosmic ray electrons after 3 years performance of DAMPE. Note that some nearby
young/middle-aged supernova remnants may give rise to TeV bump(s) in the spectrum. This preliminary plot is adopted from
one colleague from Italy and we’ll update it later.

B. Probing the nature of the DM

As early as the 1930s it was recognized that some matter in the Universe is invisible [65]. The non-baryonic
nature of this so-called DM was established since the early 1970s [66]. In the standard model of cosmology, the
normal matter, DM and dark energy share 4.9%, 26.6% and 68.5% of today’s total energy density of the Universe.
Compelling evidence for the existence of large amount of non-baryonic DM in the Universe is well established at
various scales, however, the physical nature of the DM particle is still poorly known. Many theoretical models have
been proposed and the suggested candidates span a very wide range of mass and interaction strength [67, 68]. Among
various candidates of DM particles, one of the most attractive one is weakly interacting massive particles (WIMPs),
which are widely predicted in extensions of the standard model of particle physics. The annihilation or decay of
WIMPs can give electromagnetic signals, primarily in the �-ray band and can be distributed in multiwavelength
via secondary processes, as well as stable standard model particle pairs such as electrons/positrons, neutrinos/anti-
neutrinos and protons/antiprotons [67–70]. Anomalous peaks or structures in the energy spectra of CRs (in particular
for electrons/positrons and antiprotons) and/or �-rays could signal the existence of DM particles. In the past a few
years several anomalous excesses had been reported in the CR and �-ray data, including the CR electron/positron
excesses [58–64], the Galactic GeV excess [71–75], the possible excesses in a few dwarf galaxies [76, 77], and the
tentative ⇠ 130 GeV �-ray line [78, 79]. Recently, another line-like structure around 43 GeV from a number of galaxy
clusters was reported with the Fermi-LAT Pass 8 data [80]. These candidate signals are either too weak to be claimed
as a firm detection, or can be interpreted with astrophysical models or due to instrument systematics, making their
DM origin less clear (e.g., [70, 81–83]).

With its very high energy resolution, DAMPE is well suitable for the search of �-ray line emission which can be
expected in the DM annihilation channel of �X, where X = (�, Z0, H) or other new neutral particle. The energies of
the monochromatic �-rays are given by E� = m�[1 �m2

X/4m2
�] [78]. The firm detection of �-ray line(s) is believed

to be a smoking-gun signature of new physics, because no known physical process is expected to be able to produce
such a kind of spectral feature(s). The high resolution can also potentially identify multiple lines with energies close
to each other [84, 85]. A set of �-ray lines would make the evidence of DM more convincing, and can better determine
the properties of DM particles such as their coupling with standard model particles. Theoretically the line emission is
usually expected to be weak due to the loop-suppression. The possible sharp spectral features, from e.g., the internal
bremsstrahlung for DM annihilating into a pair of charged particles, may make the search for DM more e↵ective [86].
DAMPE will play a significant role in the search for monochromatic and/or sharp spectral structures of �-rays in
GeV�TeV range (see Fig.27 for illustration).

The CR electron/positron spectra can also be used to probe DM, although the discrimination from local astro-
physical sources may not be trivial. In general the contribution from astrophysical sources is expected to be non-
universal, resulting in multiple structures on the spectra [87]. DAMPE will accurately measure the energy spectra of
electrons/positrons at trans-TeV, which can test and/or constrain the DM models to explain the electron/positron
excesses. The possible new spectral structures on the electron/positron spectra may also hint the existence of DM
particles [88].

• Study of the cosmic electron and 
photon spectra  

• Study of cosmic ray protons and 
nuclei: spectrum and composition   

• High-energy gamma ray astronomy: 
AGN, Pulsars, GRBs, … 

• Search for dark matter signatures in 
electron spectra 


