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Abstract: The electromagnetic calorimeter (ECAL) of the Alpha Magnetic Spectrometer (AMS-02) is one of the
key detectors for dark matter searches. It measures the energies of electrons, positrons and photons and seperates
them from hadrons. Currently, there are 5 dead cells in the ECAL, which affect the reconstructed energy of 4.2%
of total events in the ECAL acceptance. When an electromagnetic shower axis is close to the ECAL border, due to
the side leakage, the reconstructed energy is affected as well. In this paper, methods for dead cells and side leakage
corrections for the ECAL energy reconstruction are presented. For events with the shower axis crossing dead cells,
applying dead cell correction improves the difference in the reconstructed energy from 12% to 1%, while for events

near the ECAL border, with side leakage correction it is improved from 4% to 1%.
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1 Introduction

The Alpha Magnetic Spectrometer is a particle
physics detector designed to search for antimatter and
dark matter, as well as to measure cosmic ray spectra
at 1% accuracy [1]. It was installed on the International
Space Station (ISS) and started to collect data on 19th
May 2011, and it will continue to collect data until the
end of the ISS mission, which is later than 2024. The
AMS-02 detector consists of a transition radiation de-
tector [2], nine planes of precision silicon tracker [3], four
planes of time of flight counters [4], a permanent mag-
net [5], an array of anticoincidence counters [6], a ring
imaging Cherenkov detector [7] and an ECAL [8].

The ECAL is designed to measure the energies and
incidence directions of electrons, positrons and photons
and separate them from hadrons, which is fundamentally
important for dark matter searches. The energy linearity
of the ECAL is at 1% level and the energy resolution is
o(E)/E = (10.4+0.2)%/+/E(GeV)®(1.4+0.1)%, which
is better than 2% when the incidence energy is larger
than 53 GeV [8].

The deviation in the reconstructed energy for events
with the shower axis crossing dead cells is 12%, as verified
by 180 GeV electron test beam data, and the deviation
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in the reconstructed energy is 4% when the distance be-
tween the shower axis and the ECAL border is around 10
mm, verified by Monte Carlo (MC) 100-800 GeV elec-
tron data. Methods for dead cell and side leakage correc-
tions in the ECAL energy reconstruction are presented
in this paper to avoid the deviation and to match the
performance of the ECAL and 1% accuracy requirement
of the AMS-02 measurements.

After briefly describing the AMS-02 ECAL and data
samples used in Section 2, Section 3 will introduce the
correction methods for dead cells and side leakage. Sec-
tion 4 will show the results and finally Section 5 gives
the conclusions.

2 The AMS-02 ECAL and data samples

The ECAL is a fine-grained lead scintillating-
fiber sampling calorimeter which allows for precise, 3-
dimensional imaging of electromagnetic showers [9-11].
Fig. 1 shows the structure of the ECAL: the assembly
of superlayers as well as the ECAL coordinate system,
which is the same as the AMS-02 coordinate system, is
shown in Fig. 1 (a), and the structure of a portion of a
superlayer is shown in Fig. 1 (b).
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Fig. 1.
The assembly of superlayers; (b) structure of a
portion of a superlayer.

The structure of the AMS-02 ECAL. (a)

The ECAL consists of a pancake composed from 9
super-layers, giving an active area of 648 mm x 648 mm
and a thickness of 166.5 mm. Each super-layer is read
out by 36 photomultiplier tubes (PMTs), arranged alter-
nately on the two opposite ends. Fibers are read out on
one end only by four anode PMTs. Each anode covers
an active area of 9 mm x 9 mm, defined as a cell, the
minimum detection unit. Each cell in the ECAL corre-
sponds to about 1 radiation length and 0.5 Moliere ra-
dius. In total, the ECAL consists of 18 layers, measuring
10 layers in the y direction and 8 layers in the x direc-
tion. Currently, there are 5 dead cells which are (6,16),
(6,17), (7,16), (7,17) and (14,64) in layer and cell num-
ber. About 4.2% of particles pass through these dead
cells.

The AMS-02 detector was successfully tested and cal-
ibrated at the Super Proton Synchrotron (SPS) at CERN
in August 2010 with nine different electron and positron
beams at energies from 10 to 298 GeV, and 180 GeV and
400 GeV proton beams covering 2000 different positions
from five different angles: 0°, 5°, 10°, 15° and 20°.

Simulated events were produced using a dedicated
program developed by the AMS-02 collaboration from
the GEANT 4.10.1 package [12] based on MC methods.
The simulated events were reconstructed in the way as
real data. The data samples used in this paper are 180
GeV electron test beam data and generated MC events
of electrons at energies from 100-800 GeV according to
a power law distribution with index -1 where the inci-
dence position and the direction of MC generated events
are uniformly distributed in the detector acceptance.

3 Dead cell and side leakage corrections

The longitudinal and lateral distributions of electro-
magnetic showers are used to correct for dead cells and
side leakage in the ECAL energy reconstruction.

The longitudinal distribution of average energy depo-
sition can be well described by a I" function [13]:

() o

@ (1)

where E is the total energy of the incidence particle, ¢ is
the depth of the shower in units of radiation lengths, and

a and b are the parameters describing the longitudinal
shape of the electromagnetic shower. Figure 2 shows the
profile of the deposited energy versus ECAL layer num-
bers obtained from 180 GeV electron test beam data and
fitted with Eq. (1). The fit agrees well with the data.
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Fig. 2. The profile of the deposited energy in each
layer of the ECAL versus layer number, fitted
with Eq. 1. The points are the test beam data
and the solid line is the fit.

The average lateral distribution of an electromagnetic
shower can be described by [14]:

d2Elayer (JJ, y)
dxdy
— Elayer pR?}
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where E,y., is the energy in a layer and x, y are the radial
coordinates in the ECAL as shown in Fig. 1 (a), where
the center of the coordinate system is the position where
the shower axis crosses. Rc and Ry are the parameters
describing the core and the tail component of the lateral
distribution of the electromagnetic shower, and p is the
probability of the core component. The parameters R,
Rt and p vary with the incidence energy and the depth
of shower [14] and are parameterized accordingly®.

The energy in a cell E. can be calculated by the
integral of Eq. 2, which is

1 uo+w vo+1/2
Ecell :_Elayer/
™ ug vo—1/2
2 1— 2
alle L=y a0, (3)
(W07 + BB (2 02+ B3P

The coordinates v and u are defined in each layer where v
is along the fibers and u is along the direction of the cell
width which is perpendicular to the fibers. The center of
the coordinate system is where the shower axis crosses,
ug is the position of the lower edge of the cell and v, is

1) Authors are thankful to Dr. Wei-Wei Xu for providing the values of parameters corresponding to the AMS-02 ECAL.
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the center position of the fibers. The cell width w = 0.9
mm and fiber length [ = 64.8 mm.
The part of the integral along the fiber is:
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I (u) is approximately equal to I,(u) when the shower
axis is not close to the ECAL border. Then, the cell
energy E.. is analytically integrated as
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For each event, if dead cell and side leakage effects are
negligible, using all the measured energies in each layer
Elayer, the total energy E can be estimated according to
Refs. [11, 15] and the shower axis can be estimated ac-
cording to Ref. [10]. Then the parameters Rq, Rt and
p can be calculated from the estimated E and the rela-
tive position of a cell with respect to the shower axis [14].
With all the estimated parameters, the theoretical expec-
tation for a cell’s energy can be calculated from Eq. 6.

To take into account the dead cells in the energy
reconstruction, first a fit is made using Eq. 1 to the

longitudinal distribution of deposited energy in each
layer, excluding any layers where one or more dead cells
are present. Then, the energy of the layers where a
dead cell (or cells) exists is calculated with the fit re-
sult. The estimated layer energy and the measured
layer energies are then used together in the total en-
ergy reconstruction. Using the estimated layer en-
ergy as well as the relevant parameters, the energy
deposited in a dead cell can be calculated according
to Eq. 6.

Similar to the dead cell correction, in the side leakage
correction the first step is to estimate the energy of the
layers where part of the shower is lost. Therefore a lon-
gitudinal fit is performed with Eq. 1 using the measured
energies of each layer. Thus initial values for Ej,., and
the total energy E as well as the relevant parameters are
estimated.

Depending on where the shower axis crosses, there
can be two kinds of side leakage: one is in the wu di-
rection along the PMT readout and the other one is in
the v direction along the fibers. To take into account
the side leakage, the measured cell energies are corrected
accordingly, as explained below.

For side leakage in the u direction, part of the energy
that is not deposited in the ECAL is hypothetically as-
sumed to be deposited in fake cells outside the ECAL.
The energy for each fake cell is calculated according to
Eq. (6). The total number of fake cells used in a layer
is similar to those with deposited energies in the same
layer. The calculated energy attributed to fake cells are
then added to the ECAL reconstruction procedure to
account for this type of side leakage.

In case of side leakage in the v direction, part of the
shower energy is not deposited in the fibers, therefore
the measured cell energies are lower. To correct for this
type of side leakage, the measured cell energy is corrected
with the following formula:

ECorr _

cell

EMCS/RMesa (7)

cell

where EM* is the measured energy in the cell, EQY™ is
the corrected energy of the cell and Ry is defined as the
ratio of the deposited energy to expected energy, which
is calculated as I,(u)/I/(u). The corrected cell energies
are then used for the energy reconstruction.

Since the initial values for the total energy and the
layer energies, as well as the relevant parameters, are
estimated using the measured layer energies, which do
not contain the whole shower, an iterative procedure is
necessary to account for the side leakage. Therefore the
estimation of the corrected cell energies and the layer en-
ergies mentioned above are repeated until less than 1%
difference in each layer energy is achieved in the last two
iterations. In general, fewer than 5 iterations are suffi-
cient.
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4 Results

The average value of the deposited energies in the left
and right neighbouring cells can be used to correct for
deposited energy in a dead cell, which is named the aver-
age method in this paper and was used in AMS-02 offline
reconstruction. The results of the average method and
the method presented in this paper are checked with 180
GeV electron test beam data. The 35th and 36th cells
in the 6th and 7th layers are set as pseudo dead cells in
the ECAL reconstruction to simulate the effect of true
dead cells.

The relative difference of the corrected energy from
the measured energy of the 35th cell of the 6th layer is
shown in Fig. 3 for events with the shower axis crossing
this pseudo dead cell. The histogram follows a Gaussian
distribution and the mean value is 1.2%, which shows
the corrected energy of the pseudo dead cell agrees well
with the measured one.
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Fig. 3. The distribution of the relative difference

of the corrected cell energy from the measured
cell energy in the pseudo dead cell, fitted with a
Gaussian function.

A comparison of the distributions of the relative dif-
ference between the reconstructed energy and the beam
energy with the average method and the method pre-
sented in this paper is shown in Fig. 4 for events with
the shower axis crossing the pseudo dead cell (6th layer,
35th cell). With the average method, the mean value
of the relative difference is ~11% when the shower axis
crosses the dead cells. With the method presented in
this paper, the mean value of the relative difference is
improved to be better than 1%. The sigma of the Gaus-
sian fit for the method presented in this paper is also
narrower than the one with the average method, which
matches 2% energy resolution in the ECAL.

Figure 5 shows the ratio of the mean value of the
corrected energy to the beam energy versus cell number
crossed by the shower axis in the 6th layer for the method
presented in this paper in comparison to the results with
the average method. With the average method, the
largest deviation in the reconstructed energy is up to

12% when the shower axis crosses the 36th cell, which
is a pseudo dead cell. With the method presented in
this paper, the reconstructed energy matches the beam
energy well at the level of ~1%.

150 | ----- average method ——method in this paper
F| x¥ndf 313328 || x/ndf 49.23/23
F| mean —0.10940.001 || mean —0.0008238+0.0007571
10 0‘ sigma  0.03229+0.00110 || sigma 0.01947+0.00057
2 I
=
o +
>
% L
50
I A
L £
0.---.‘.’"'". — L
0.2 0.1 0.1

relative difference

Fig. 4. Comparison of the distributions of the rel-
ative difference between the reconstructed energy
and the beam energy with the average method
and the method presented in this paper. The
dotted and solid lines correspond to the average
method and the method presented in this paper
respectively, both fitted with Gaussian functions.
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Fig. 5. The ratio of the mean value of the corrected

energy to the beam energy versus cell number
crossed by the shower axis in the 6th layer for
the method presented in this paper in compari-
son to the results with the average method. The
empty and the filled triangles correspond to the
average method and the method presented in this
paper respectively.

The side leakage correction was checked with MC
100-800 GeV electron events. The ratio of the mean
value of reconstructed energy to the MC generated en-
ergy versus the cell number where the shower crosses
before and after the side leakage correction is shown in
Fig. 6. Before the side leakage correction, the largest
deviation in reconstructed energy is about 4% for the
shower axis crossing the second cell from the ECAL bor-
der. After the side leakage correction, the deviation in
the reconstructed energy is less than 1%.

096204-4



Chinese Physics C  Vol. 40, No. 9 (2016) 096204

1.02
1.00F
5 0.98f ;
= [ 3 ‘
oo T .
X 0.96_— A | ' --4-- before correction
i —¥— after correction
094
T TR RS SR R
4 6 8 10
cell number
Fig. 6. The ratio of the mean value of recon-

structed energy to the MC generated energy ver-
sus the cell number where the shower crosses be-
fore and after the side leakage correction. The
empty and the filled triangles correspond to be-
fore and after side leakage correction respectively.

5 Conclusions

For events with the shower axis crossing the dead
cells, the reconstructed energy with the average method,
which was used in the AMS-02 offline reconstruction,
shows a 12% bias. The largest difference between the re-
constructed energy and the MC generated energy with-
out the side leakage correction is about 4%, when the
shower axis crosses the second cell from the ECAL bor-
der.

The correction methods for dead cells and side leak-
age which are presented in this paper are shown to be re-
liable and rigorous. After applying the dead cell and the
side leakage correction respectively, the deviation of the
reconstructed energy is found to be improved to 1% level,
which matches the accuracy requirement of the AMS-02
measurements.
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