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Abstract The DArk Matter Particle Explorer (DAMPE) can measur@ays in the energy range from a
few GeV to about 10 TeV. The direction of eagkray photon is reconstructed in the DAMPE payload
reference system. To convert this to celestial coordinatesequire the celestial orientation of the payload
system, which, however, may slightly deviate from that &f slatellite system provided by the star-tracker.
In this paper, we adopt a maximum likelihood method and useyttays centered around several bright
point-like sources to measure and correct the angular tievgbetween the DAMPE payload and satellite
system, the so-called “boresight alignment”. We also cloeckmethod of boresight alignment for some sets
of simulation data with artificial orientations and obtamnsistent results. The time-dependent boresight
alignment analysis does not show evidence for significanatian of the parameters.
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1 INTRODUCTION 2018). In this work we focus on the alignment between the

payload and the satellite platform.
The DArk Matter Particle Explorer (DAMPE) is a satellite

mission which has been operating stably in a solar syn- For each incident high energy GCR particle, the di-

chronous orbit since it was launched on 2015 Decembe-rreCtion is first reconstructed with respect to the reference
17 from Jiuquan, China. The payload is designed to de§ystem of the DAMPE payload. To convert this to celes-

tect high energy cosmic rays anerays with high energy tial coordinates, we require the celestial orientationhef t
. . . boayload. The DAMPE satellite orientation is provided by
and spatial resolutions. The detector consists of four sub-

detectors (Chang 2014: Chang et al. 2017), from top to bott_he GPS and star-trackers. The GPS gives the parameters

tom, a Plastic Scintillator Detector (PSD) (Yu et al. 2017;Of current position and veIO(_:|ty of the _satelhte. The star_—

. . trackers are used to determine the attitude of the satellite
Ding et al. 2019), a Silicon Tungsten tracKer-convertor th tellite st i 3-axis stabilizati that 4h
(STK) (Azzarello et al. 2016), a BGO calorimeter (BGO) as fthe saleflite stays in s-axis stabllization so thatine

(Zhang et al. 2016), and a NeUtron Detector (NUD) (HeaXIS always points to the Earth center and ghaxis is

et al. 2016). DAMPE collects about five million high en- always perpendicular t(.) the pla_lne f_ormed by thaxis
and the vector of velocity, and it points toward the Sun.

er alactic cosmic ray (GCR) events, mostly cosmic-ra; . — L
9y g y( ) . oSty . .),/Accordlngly, the direction of the-axis, given by the outer

protons, and a number of cosmic-ray helium nuclei, vari- o .

. . . product of thez- andy-axis, is close to the velocity.

ous heavier nuclei, electrons, apdays. The on-orbit cal-

ibration with these data proves that DAMPE is fully opera- ~ The payload system is normally the same as the satel-

tional as expected and all sub-detectors perform well. Ontite system. But as a result of uncertainty in the ground

important part of the on-orbit calibration is the payload in alignment process, thermal variations, acoustic vibratio

ternal alignment (DAMPE Collaboration 2019). Details onrelaxation in zero gravity, and STK and BGO alignment

alignments of the STK and PSD with the on-orbit data havedrocess, small deviations between the payload system and

already been published (Tykhonova et al. 2018; Ma et althe satellite system are expected. Such a mismatch will
cause a systematic shift between the observed deirection

* Corresponding author and the real one of each detected particle. In order to ef-
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fectively correct such a bias, we take the GeVay data called “boresight alignment” of the DAMPE payload. In
centered around a few brightest point-like sources dedectehis work we introduce the method, result, and verification
by DAMPE to measure the angular deviations between thef our boresight alignment in detail.

payload system and the satellite system. Such a process is

2 LIKELIHOOD ANALYSIS

The deviations between the payload system and the satg}tem that needs to be calibrated can be described as a
rotation in the payload system. Therefore, with a rotatiairim the vectors in the payload coordinate and the satellit
coordinate systems can be directly related. The rotati@wafctor in the satellite coordinate system can be deschiped
three Euler angles that are generally called (g}, pitch (8) and yaw(¢), which represent the rotation angles alang

y andz axes respectively. The rotation matrix in terms of thesédes reads

1 0 0 cos@ 0 sinf cos¢p —sing 0
R(4,0,¢) = |0 costp —sinyy 0 1 0 sing cos¢p 0 |. (1)
0 sinvy cosvy —sin@ 0 cos@ 0 0 1

Thus, the column vectar of the track in the payload coordinate system can be expiesse

= R(d’a 0, qb)r’, 2

wherer’ is the track constructed in the payload coordinate systdorééhe boresight alignment.

The rotation transforms the position of the incident péetidn the payload coordinate, and subsequently modifies
direction in the corresponding celestial coordinate. Bawe the housekeeping data provided by the navigation system
and star trackers, the transformation at titnieom the payload coordinate to the celestial coordinatelmoomputed
as a matrixRqy (t). The correction of a vectgp in celestial coordinates due to boresight alignmehtd, ¢) can be
expressed as

p(t,,0,0) = Ryy(t)R(,0,d)r'. 3

Some bright GeV sources, such as Vela, Geminga and Crabpkavemeasured well in the radio and optical bands,
and their positions in the celestial coordinate system a@nvk with a precision ot~ 0.01 arcsec (Fey et al. 2004).
So, we can use the brightestray sources to carry out the boresight alignment. A set tilveoe packages (DmpST),
which incorporate the instrumentresponse functions (JRRd the science tools, has been developed to analyzertnes
detected by DAMPE (Duan et al. 2019). In this work, DmpST isfatdd to achieve our purpose. The point spread function
(PSF) is a function of an incident photon’s primary energy ertident angle. It means the probability distribution o t
reconstructed direction for-#&ray event, especially with a large variance at low energieklarge incident angles (e.g.,
68.3% of the counts will be withir- 0.8° at 1 GeV and0° (Duan et al. 2019) ). Therefore, the counts within a region
around a point-like source have to be included when we amdhlye source. We call that region the “region of interest
(ROI)".

In order to determine the boresight alignment parameteitstve on-orbit data, a likelihood maximization analysis
of some brighty-ray point-like sources has been preformed. For a givenceour an ROI, we have implemented a
point-like~-ray source model with a background component. To evalhatbackground, we consider all the other point-
like sources in the ROI, Galactic diffuse emission, extlacfsc emission and some residual cosmic-ray background in
the ROI, which, for the sake of simplicity, is modeled as afanm template with a power-law spectrum (Fermi-LAT
Collaboration 2012; Roth 2012). After this model is muitgol by the exposure and convolved with the PSF of DAMPE,
we get the expectation of the Poisson distributed variabkeived by they-rays in the ROI. We ignore the effect of
misalignment in the exposure since the angular deviatierpgcted to be very small and the exposure changes smoothly
in the ROI. In the DmpST, we model the PSF by two King functigDsian et al. 2019) and it is consistent with the
GEANT4 simulation for DAMPE, so we apply it to describe theyalar distribution of the selectegrray sample. Thus,
the unbinned Poisson likelihood (Cash 1979) of the recaottd~y-ray directions to estimate the best fit parameters of
the boresight alignment, 6, ¢) is given as

InL(\, 9,0, ¢) = ///ROI E.pit' ' A)+ Y I er Lol(,0,0); 8 0) |, (4)

7j=1 =1 Jj=1
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Table1 Preset Boresight Parameters and Statistics of the FittedlRdor Simulation Samples

Preset Parameters Fitted Means and RMSs
Group | %() | 60) | () ° () °
1 —0.3083 | —0.4682 | —1.7161| —0.3068+ 0.00246 | —0.46054 0.00302 | —0.30464 0.00434
2 —-0.7615| -0.6123| 0.3076 | —0.7613+ 0.00236 | —0.61344 0.00317 | —0.3078+ 0.00401
3 —1.1194 | —0.8551 | —0.0436 | —1.1195+ 0.00262 | —0.8562+ 0.00275 | —0.0450+ 0.00477
4 -1.7765| 1.2667 | 0.3106 | —1.7743+ 0.00275| 1.26004+ 0.00310 | 0.3084+ 0.00492
5 0.8902 | —-1.1783| -0.5767| 0.8913+ 0.00261 | —1.1771+ 0.00292 | —0.57464 0.00406
6 0.1250 0.0211 | —0.1436| 0.12424 0.00247 0.0222+ 0.00313 | —0.1428+ 0.00438
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Fig.1 The difference between the preset alignment parametertharkst-fitted results of the simulation data. The tiny am®of
deviation for all tests validate our boresight alignmenthmod.

where\(E, p) is the expected contribution from the point-like source badkground to the-rays with energy and
directionp in the celestial coordinate systep, is the direction of the-th photon after boresight alignment ahds the
time when the j-th photon is recorded by the detector. Whi&UI T* algorithm is adopted to perform the optimization
(James & Roos 1975) and the three boresight alignment paeesrae derived.

3 VALIDATION tons according to the DmplIRFs during the on-orbit opera-
tion of DAMPE.

This simulation is cross-validated by the analysis tool-
Besides the DmplRFs and the analysis tools, DmpST cors in DmpST (Duan et al. 2019) which are used to fit the
tains a simulation module which is utilized to simulate parameters of the classifiedray sources. To validate the
photons from astrophysical sources and process those phalignment method, we manually import a misalignment de-
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Fig.2 The derived boresight alignment parameters for Vela, Gganamd Crab pulsars.
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Fig.3 The distribution of the celestial coordinates of all deteicphotons between 3GeV and 100GeV around the Vela pulsar. Th
picture on the left is the result without boresight alignimehile on the right is the result after alignment. Tieel contours encircle
regions in which 68.3% of the events are from the fitted pbketsource. Thelotted andsolid lines present the fitted result without
and with boresight alignment respectively. The angulaiusdf the 68.3% contour decrease<).08° after boresight alignment.

fined by Equation (3) to simulate a sampleyefay events, are very small (the root mean square (RMS) is less than
then the same alignment approach is applied to the mi€3.00%). Such results demonstrate that the boresight align-
aligned sample. ment method is reliable.

In this test, we randomly select six groups of boresight
parameters in the range betwee? to 2°, as summarized 4 BORESIGHT ALIGNMENT OF FLIGHT DATA

in Table 1. During the first 3 years of on-orbit operation, DAMPE suc-

For each group of preset boresight alignment parameessfully observed some bright Ge)¥rays sources (Xu
eters, we simulate observations to the Vela pulsar sparet al. 2018; Liang et al. 2017). A few sources with accu-
ning 3 years for 600 times. We then analyze thesay rate location information are bright enough for our purpose
data with DmpST and carry out the boresight alignmen-of boresight alignment. The sources considered in our fol-
t analysis with the procedure introduced in Section 2. Adowing analysis are Vela, Crab and Geminga (Fermi-LAT
shown in Table 1 and Figure 1, the differences betweeollaboration 2012). The data detected from 2016 January
the preset alignment parameters and the best fitted onésto 2019 January 1 are used in the analysis. We selec-



W, Jiang et al.: Boresight Alignment of DArk Matter Particle Explorer 92-5

=y
> — 6
702 [+¢
2 C
<0.15[—
P
& 0.1
005;
£t
-0.05;
iy l
—015[ *L—l4
- | 1 |
-0.2F

1 L 1
2016 2017 2018
Year

Fig.4 The boresight alignment parameters of the Vela pulsar fohn gaar. There is no evidence for variation.

t the photons within 4 from the targets and restrict the 5 CONCLUSIONS

energy between 3GeV and 100GeV (Duan et al. 2019). ]
We fix the spectral parameters of the target sources tbN€ DAMPE payload consists of four sub-detectors and

the values from the Third Fermi-LAT Catalog of High- the directions of incident particles are reconstructedh wit

Energy Sources (Fermi-LAT Collaboration 2012) and Op_the STK and BGO data in the payload reference system. To

timize the rotation angles as well as the spectral pararrf;onvertthisto celestial coordinates, we require the tales
eters of the background employing the maximum likeli-Orientation of the payload system, which may slightly devi-

hood method. The resulting boresight alignment paramé’-‘te f.rom the satellite system whose celestigl oriental-sion |
ters for these three sources are consistent with each othBfovided by the GPS and star-trackers. We introduce in this
(see Fig. 2), as expected. In practice, the parameters whid}°rk @ calibration of the mismatch between the DAMPE
are applied for-ray analyses mainly come from the con- payload and satellite system, the so-called boreS|gm§I|g
tribution of the Vela pulsar, which are ment. For such a purpose we have developed a maximum
likelihood method. Our approach has been verified with
the simulation data provided by DmpST. We then take the
Y = 0.136° +0.014°, 3-yeary-ray data of Vela, Geminga, and Crab pulsars mea-
6= 0.023°+0.012°, (5) sured by DAMPE to estimate the boresight alignment pa-
b = —0.142° + 0.018°, rameters. The f|tt¢d results of the Vela pulsar (_jemo_nstrate
that there is a primary offset between the orientation of
payload and satellite platform ef 0.15°, which is con-

Because the number of photons collected by DAMP istent with the other brightestray point-like sources.
around the Vela pulsar is at least several times larger than N hav_e also examlned.the varlat|_0 n of these pf_;lrameter-
that of any other brightest-ray source, the boresight s over time and do not find any evidence for their evolu-

. . : " tion, which provides additional support to the stability of
alignment result of the Vela is mainly applied to actual da-

. . o the sub-detectors of DAMPE in space, as found in the on-
ta processing while the other results act as validations and " o ) .
bit calibration of the whole payload. With the boresight

supplements. The uncertainties consist of two independeﬁ _ . N
) - ) alignment corrections, the accuracy of the direction mea-

parts: the statistical errors fitted by MINUIT and the mea- ts of the incident particl . d

surement errors of 0.01° to each parameter provided by surements ot the incident particies are iImproved.
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