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Angular reconstruction of a lead scintillating-fiber sandwiched
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Abstract: The Neighbor Cell Deposited Energy Ratio (NCDER) is a new method that is proposed to reconstruct
incidence position in a single layer for a 3-dimensional imaging electromagnetic calorimeter (ECAL). This method
was applied to reconstruct the ECAL test beam data for the Alpha Magnetic Spectrometer-02 (AMS-02). The results
show that this method can achieve an angular resolution of 7.36i0.08°/\/§€90.28i0.02° in the determination of the
photon’s direction, which is much more precise than that obtained with the commonly-adopted Center of Gravity
(COG) method (8.40.1° //E®0.840.3°). Furthermore, since it uses only the properties of electromagnetic showers,
this new method could also be used for other type of fine grain sampling calorimeters.
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1 Introduction

The Alpha Magnetic Spectrometer-02 (AMS-02) is a
particle physics detector that is designed to search for an-
timatter and dark matter, as well as to accurately mea-
sure cosmic ray spectra in space [1]. It was installed
on the International Space Station (ISS) on 19" May,
2011 and will record data from cosmic rays for 10 to
20 years. The Electromagnetic Calorimeter (ECAL) of
the AMS-02 is a fine-grained lead scintillating-fiber sam-
pling calorimeter which allows for precise, 3-dimensional
(3D) imaging of the longitudinal and lateral shower de-
velopment. The system provides a high electron/hadron
discrimination, as well as good energy and angular res-
olution [2, 3]. The structure of the ECAL and the test
beam setup are briefly described in Section 2.

A new method, named Neighbor Cell Deposited En-
ergy Ratio (NCDER) , was used to reconstruct the inci-
dence position in each layer and is compared to two alter-
native methods, Lateral Fit (LF) and Center Of Grav-
ity (COG), the latter being the most frequently used
method. The comparison shows that the NCDER, and
the LF methods are more precise than the COG method,
and the NCDER method is more efficient than the LF
method (Section 5).
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2 AMS-02 ECAL and test beam

The AMS-02 ECAL is a 3D imaging calorimeter that
consists of a pancake composed from 9 super-layer, giv-
ing an active area of 648 mmx648 mm and a thickness
of 166.5 mm. FEach super-layer is 18.5 mm thick and
made of 11 grooved, 1 mm thick lead foils interleaved
with layers of 1 mm diameter scintillating fibers, glued
together with epoxy resin. The detector imaging capa-
bility is obtained by stacking super-layers with fibers al-
ternatively parallel to the x-axis (5 layers) and y-axis (4
layers) (Fig. 1(a)). Each super-layer is read out by 36
Photo Multiplier Tubes (PMTs), arranged alternately on
the two opposite ends. Fibers are read out, on one end
only, by four anode Hamamatsu PMTs. Each anode cov-
ers an active area of 9 mmx9 mm, corresponding to 35
fibers, defined as a cell (Fig. 1(b)), the minimum detec-
tion unit, which corresponds about 1 radiation length
and 0.5 Moliere Radius (Ry). In total, the ECAL con-
sists of 18 layers, measuring 10 layers in the y direction
and 8 layers in the z direction [2, 3].

The flight model of the ECAL was successfully tested
and calibrated on the H4 beam line of the Super Proton
Synchrotron (SPS) at CERN in July 2007. A schematic
diagram of the test beam setup is shown in Fig. 2. The
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ECAL flight model was mounted on a rotating table that
can move along the x and y axes, and which can rotate
around the z axis. Events were triggered by four crossed
plastic scintillating counters in coincidence. Three sili-
con tracker ladders were installed in front of the ECAL,
which provided accurate information on the beam inci-
dent position. Data were taken with a proton beam at
100 GeV and with electron beams at 11 different ener-
gies, ranging from 6 GeV to 250 GeV. Incidence angles
were 0°, 4.5°, 7.5° and 15° [4].
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(b
Structure of the AMS-02 ECAL. (a) The

Fig. 1.
superlayer assembly; (b) the structure of a por-
tion of a superlayer with one PMT.
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Fig. 2. The AMS02 ECAL test beam setups.

3 Position reconstruction of one single
layer

The most common method for single-layer position
reconstruction is the Center of Gravity (COG) method,
which takes the center of gravity of the deposited en-
ergy as the reconstructed position. The Lateral Fit
(LF) method can also be used for position reconstruc-
tion. This method uses the two dimensional lateral dis-
tribution of deposited energy in a single layer, as de-
scribed by Eq. (1) [5]. The integral over a cell of the
differential energy described by Eq. (1) is the theoretical
value of energy deposited in the cell. Incidence position
can be obtained by successfully fitting the theoretical
value from measured energy using the Minuit package of
ROOT software [6].

d2E _3'ELayer R%ayer (1)

dedy — m (r4+Rpayer)*
Although the LF method is more precise than the
COG method, due to the complexity of the fit proce-

dure and the limited granularity of the calorimeter, only
about 60% of the events are fitted successfully with this

method. Eventually, none of these methods were satis-
factory, so we decided to develop a new approach for the
reconstruction of electromagnetic showers.

3.1 Neighbor cell deposited
(NCDER) method

energy ratio

When a high energy electron or photon hits the AMS-
02 ECAL, there will be an electromagnetic shower in the
ECAL. For a given layer, the cell through which the axis
of the shower passes is defined as the central cell. Since
the lateral distribution of electromagnetic showers is nar-
row, the central cell will be the one with most deposited
energy.

The energy deposited in the right and left neighbors
of the central cell is defined as ERigns and By, respec-
tively. For the AMS-02 ECAL test beam, the incidence
position of the particle was obtained precisely from the
track reconstruction in the silicon tracker ladders.

The ratio of Eyes, to Egigny decreases exponentially
with the distance of the incidence position to the left
edge of the central cell, as shown in Fig. 3. Fig. 3 is
elicited from 100 GeV electron events of AMS-02 test
beam data. The dots in the plot represent results from
events with 0° and 7.5° incidence angles, while the line
represents the exponential fit curve. Events with 0° in-
cidence angle are in perfect match with 7.5° events in
Fig. 3, proving that the ratio does not depend on the
incidence angle.
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Fig. 3. Deposited energy ratio of the left and right

neighbor cells versus the distance from incidence
position to the left edge of the cell.

The exponential function can be described by two
parameters, as in Eq. (2):

ELeft :eA'dJrB’ (2)

ERight
where d represents the distance from the incidence posi-
tion to the left edge of the central cell. For electromag-

netic showers: when a particle passes across the center
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of the cell, the deposited energy in the left and right
neighbor cells should be equal, thus:

ELeft
_ eA-dJrB =1

E Right

= 0.5xA+B=0
= B=-0.5xA.

So, Eq. (2) can be reduced to Eq. (3):
:ea-dfoﬁ-a' (3)

The distance from the incidence position to the left edge
of the cell is derived from Eq. (4).

d=0.5+ <ln <%>) Ja. (4)

Thus, the incidence position Zi,cigence 1S Obtained from
Eq. (5):

ELeft

Tincidence = d'Hrleft_edge = OS'HH ( E ) /Mleft_edge . (5)

Right
Tefs_cage 1 Eq. (5) represents the position of the left edge
of the central cell, which can be obtained from the ge-
ometry specifications of the AMS-02 ECAL.

The value of a can be obtained layer by layer by
fitting plots similar to Fig. 3, but for facility, the depen-
dence of « value on layer number is studied with test
beam data. Fig. 4, shows the plot of the value of «
versus the layer number from the fourth layer onward
for 100 GeV electrons. It is shown from the plot that
the value of « decreases linearly with the layer number,
starting from the fourth layer. The value of « can be de-
scribed as Equation (6), where Ny, is the layer number,
and P1 and P2 are parameters.

a=P1-Np e+ P2. (6)

P1 vs. energy

* (a)
*
*
x*
34 -
Ny
32
3.0 pK
A I R
0 100 200
energy/GeV
Fig. 5.

For the first four layers, the electromagnetic shower
is not well developed, thus the weights for the final direc-
tion fitting [8] are very small. Consequently, Eq. (6) is
used for deriving the value of « for the first three layers.

For 100 GeV electrons, with values of P1 and P2
taken from the fit in Fig. 4, « values for all layers can be
derived from Eq. (6), then the incidence position Zincidence
for all layers can be obtained from Eq. (5).

For electrons with other energies, which were tested
in the test beam, P1 and P2 can be obtained by a similar
process. To make this method usable for all energies, P1
and P2 dependence on energy is studied with test beam
data. P1 and P2 versus energy are shown in Fig. 5,
where the stars represent the results obtained from test
beam data, while the solid lines are fitting results with
empirical functions.

For a real event, a preliminary value for the total en-
ergy can be reconstructed [7], then the value of P1 and
P2 can be derived from the empirical functions obtained
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Fig. 4. « value versus layer number.
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(a) P1 versus energy; (b) P2 versus energy.
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Fig. 6.

Reconstructed positions in the eighth layer with (a) the COG method, (b) the NCDER method, (c) the LF

method versus positions measured by the silicon trackers for 100 GeV electrons; (d) distribution of position_ rec_
ECAL - position_ measure_ Tracker for electrons of 250 GeV with 7.5° incidence angle, point line reconstructed
using the COG methods, solid and dashed lines for the NCDER and LF methods, respectively.

from Fig. 5. Thus, « values for all layers can be obtained
from Eq. (6), then the incidence position Zincidence in all
layers can be reconstructed from the a values and energy
deposited in cells, using Eq. (5).

3.2 Comparison of the COG, LT and NCDER
methods

A comparison between the incidence position eval-
uated in the ECAL, using the various reconstruction
methods, and the position given by the silicon tracker
for 100 GeV electrons, is shown in Fig. 6(a), (b) and (c).
From these figures, it is evident that the reconstructed
positions with LF and NCDER methods are linear with
the position given by the silicon tracker, while that from
the COG method is not - it tends to deviate towards the
center of the cell.

The distribution of the differences between positions
given by silicon trackers and positions reconstructed with
these three methods, for 250 GeV electrons with 7.5° in-
cidence angle, is plotted in Fig. 6(d), which shows that
the results with NCDER and LF methods are clearly
better than those from the COG method.

4 Reconstruction of incidence direction

The projection of incidence direction in the z-z plane,
which is called K,, can be obtained by weighted linear
fitting of the reconstructed incidence positions in all 8
layers in the = view, and similarly for all 10 layers in the
y view to obtain the projection in the y-z plane, K,.

The distribution of K, and K,, fitted with positions
reconstructed using the COG, NCDER and LF methods
for 30 GeV electrons, is shown in Fig. 7. The beam inci-
dence angles of electrons is 7.5° in the y-z projection and
0 in the z-z projection. From the plots, it is clear that
the results given by the COG method have the worst
resolution, and there is deviation in the K value for the
results for inclined events.

The incidence angle can be calculated from
K, and K, via the function: f=arctan (,/K2+K?2) and

Ae_arctan(\/(KZ—K)Z—I—(K?,—E)Z). If events with

A0 less than 045 account for 68% of the total, then g5 is
defined as the angular resolution.
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Fig. 7. K., K, distribution. The circles with solid
line are for the COG method, triangles with point-
dash line are for the NCDER method, and squares
with dashed line are for the LF method.

5 Results and conclusion

Perpendicular electron events with energies of 6, 10,
30, 50, 70, 100, 120, 150, 180, 200, and 250 GeV were
reconstructed with the COF, LF and NCDER meth-

ods. Reconstruction with the NCDER method follows
the process described above using the same set of pa-
rameters. Plots of angular resolution versus energy are
shown in Fig. 8, which shows that angular resolution for
results with the NCDER method and the LF method
are much better than that from the COG method; for
100 GeV electrons, angular resolution improved from
1.10° to 0.79° and 0.63° respectively.
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Fig. 8. Angular resolution versus energy. The cir-

cles with solid line are for the COG method, trian-
gles with point line are for the NCDER method,
and squares with dashed line are for the LF
method.

Electron events with energies of 10, 30, 100, 150,
250 GeV and 7.5° and 15° incidence angles were also
reconstructed with the COF, LF and NCDER methods
to check the reconstruction quality for inclined events.
Reconstructed angles and angular resolutions with the
three methods are listed in Table 1 and Table 2. Table 1
shows that incidence angles reconstructed using the COG
method are clearly smaller for electrons with big angles,
while ones reconstructed using the other two methods
are equal to real values within the system error (the sys-
tem error for the test beam is 0.2°; 0.1° for precision of
rotating table and 0.1° for beam orientation.). Table 2
shows that angular resolutions change with the energy of
the incidence particle, but remain the same for different
incidence angles.

Table 1. Reconstructed angles.
energy/GeV 10 10 30 30 100 100 100 150 150 250 250
Oincidence/(°) 7.5 15 7.5 15 4.5 7.5 15 7.5 15 7.5 15
Ocoa/(°) 7.4 14.2 7.3 14.1 4.5 7.3 14.3 7.3 14.3 7.3 14.2
OncpER/(°) 7.7 14.8 7.6 14.8 4.7 7.6 14.8 7.6 14.9 7.5 14.8
OLr/(°) 7.6 14.7 7.6 14.8 4.7 7.6 14.8 7.6 14.9 7.5 14.9
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Table 2. Angular resolution.
energy/GeV 10 10 30 30 100 100 100 150 150 250 250
Oincidence/(°) 75 15 75 15 75 15 7.5 15 7.5 15
fsscoc/(®) 2.82 2.95 1.64 1.70 1.09 1.04 1.10 1.02 1.04 0.93 0.84
OssncDER/(°) 2.55 2.72 1.33 1.36 0.80 0.74 0.76 0.68 0.74 0.58 0.58
Ossrr/(°) 2.10 2.24 1.05 1.10 0.63 0.59 0.62 0.54 0.59 0.48 0.46

In conclusion, the NCDER and LF methods are more
accurate than the COG method for angular reconstruc-
tion. In addition, the reconstructed angle obtained using
the COG method is smaller than the real value for in-
clined tracks, while there is no bias using the LF and
NCDER methods. The angular resolution obtained us-
ing the LF method is about 20% better than the one
obtained using the NCDER method, but the LF method
needs a lot of CPU time and only 60% of the events can
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