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Abstract

A silicon-tungsten sampling imaging calorimeter has been designed and built for the PAMELA satellite-borne experiment. The main
physics goals of the experiment are the measurement of the flux of antiprotons (80 MeV–190 GeV) and positrons (50 MeV–270 GeV) in
the cosmic radiation. The calorimeter has been designed to identify antiprotons from an electron background and positrons in a back-
ground of protons with a high efficiency and rejection power. This work presents the electron–hadron separation capabilities of the cal-
orimeter as obtained using both Monte Carlo and test beam data. The calorimeter is found to have sufficient performance to reach the
primary scientific objectives of PAMELA, providing a proton rejection factor of �105 while keeping a �90% efficiency in selecting elec-
trons and positrons. From simulations, an electron rejection factor of �105 in antiproton measurements (�90% antiproton identification
efficiency) is demonstrated.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The PAMELA apparatus [1] (a Payload for Antimatter
Matter Exploration and Light-nuclei Astrophysics) is a
satellite-borne experiment which is primarily designed to
study antiparticles (antiprotons and positrons) in the cos-
mic radiation. PAMELA is housed on-board a Resurs-
DK1 earth-observation satellite that is scheduled to be
launched in 2006. The satellite orbit is elliptical and semi-
polar, with an altitude varying between 350 and 600 km,
at an inclination of 70.4�. The mission is foreseen to last
for at least three years.
0927-6505/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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An accurate determination of the antiproton and posi-
tron energy spectra allows cosmic ray propagation [2]
and solar modulation [3] to be studied. Antiparticles could
also be produced from exotic sources such as primordial
black holes [4] or the annihilation of supersymmetric [5]
or Kaluza-Klein [6] dark matter particles. Almost all con-
temporary cosmic ray antiparticle data have been obtained
by balloon-borne experiments. Recent measurements for
antiprotons include BESS00 [7], AMS [8] and CAPRICE98
[9]; and recent positron measurements include AMS [10],
CAPRICE98 [11] and HEAT00 [12].

The data-taking time (usually �24 h) and the presence
of a residual overburden of atmosphere (�5 g/cm2) limit
the accuracy of these measurements. PAMELA will
determine the flux of antiprotons (order of 104), (80 MeV–
190 GeV) and positrons (order of 105), (50 MeV–
270 GeV) in the cosmic radiation across a wide energy
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Fig. 1. A schematic overview of the PAMELA satellite experiment. The
experiment stands �1.2 m high and, from top to bottom, consists of a
time-of-flight (ToF) system (S1, S2, S3 scintillator planes), an anticoin-
cidence shield system, a permanent magnet spectrometer (the magnetic
field runs in the y-direction), a silicon-tungsten electromagnetic calorim-
eter, a shower tail scintillator (S4) and a neutron detector. The experiment
has an overall mass of 450 kg. The origin of the PAMELA coordinate
system is located at the centre of the tracking system. The x-axis runs to
the right, parallel to the silicon planes in the spectrometer, the y-axis
points into the page, and the z-axis is orientated vertically.
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range and with unprecedented statistics. The measurements
are complicated by the substantial background from pro-
tons (for the positron flux) and electrons (in the case of
antiprotons). The ability of the PAMELA electromagnetic
calorimeter to separate electrons1 from hadrons has been
studied using particle beam tests and Monte Carlo simula-
tions. The results are presented in this paper.

In the next section, the PAMELA experiment is
described with particular attention paid to the electromag-
netic calorimeter. In Section 3, the electron–hadron separa-
tion method is described. In Section 4 the simulations and
tests at particle beams used to assess the electron–hadron
separation performance are described. The results from
these studies are presented in Section 5 and are discussed
in the context of the in-orbit performance of the calorime-
ter in Section 6. Finally, conclusions are presented in Sec-
tion 7.

2. The PAMELA experiment

The layout of the PAMELA experiment is detailed in
Fig. 1. PAMELA is built around a 0.43 T permanent mag-
net spectrometer (‘tracker’) equipped with six planes of
300 lm thick double-sided silicon detectors allowing the
sign, absolute value of charge and momentum of traversing
charged particles to be determined [13]. The acceptance of
the tracker (which also defines the overall acceptance of the
PAMELA experiment) is 21.5 cm2sr and the maximum
detectable rigidity is �1 TV. The limited tracking resolu-
tion causes a fraction of high momentum particles, i.e. with
low deflection, to be reconstructed with the wrong curva-
ture. Thus, they are assigned the wrong sign of the charge
(spillover effect). Since there are many more protons than
antiprotons and relatively more electrons than positrons,
spillover effects limit the upper detectable antiparticle
momentum to �190 GeV/c (�270 GeV/c) for antiprotons
(positrons). The tracker is surrounded by a plastic scintilla-
tor veto shield [14]. An electromagnetic calorimeter
mounted below the tracker measures the energy of incident
electrons and allows topological discrimination between
electromagnetic and hadronic showers (or non-interacting
particles). This discriminatory ability is the focus of this
paper. The calorimeter is described more fully in Section
2.1. Planes of plastic scintillator mounted above and below
the tracker form a time-of-flight system which also pro-
vides the primary experimental trigger [15]. The timing res-
olution of the time-of-flight system is �300 ps which allows
albedo particles to be rejected at the 60 sigma level. Proton-
electron separation is also possible below �1 GeV/c. Ionis-
ing energy loss measurements allow an estimation of the
absolute charge of particles selected by the time-of-flight
system as down-going. The volume between the upper
two time-of-flight planes is bounded by an additional plas-
1 The term electron also refers to positrons, unless specifically stated
otherwise.
tic scintillator anticoincidence system. A plastic scintillator
system mounted beneath the calorimeter provides an addi-
tional stand-alone trigger for high energy electrons and is
followed by a neutron detection system comprising 3He-
filled tubes within a polyethylene moderator for the selec-
tion of very high energy electrons and positrons (up to
3 TeV) which shower in the calorimeter but do not neces-
sarily pass through the spectrometer.

2.1. The electromagnetic calorimeter

The sampling electromagnetic calorimeter comprises 44
single-sided silicon sensor planes (380 lm thick) interleaved
with 22 plates of tungsten absorber [16]. Each tungsten
layer has a thickness of 0.26 cm, which corresponds to
0.74 X0 (radiation lengths), giving a total depth of 16.3
X0 (�0.6 nuclear interaction lengths). Each tungsten plate
is sandwiched between two printed circuit boards upon
which the silicon detectors and associated read-out elec-
tronics are mounted. The 8 · 8 cm2 silicon detectors are
segmented into 32 read-out strips with a pitch of 2.4 mm.
The silicon detectors are arranged in a 3 · 3 matrix and
each of the 32 strips is bonded to the corresponding strip



Fig. 2. The PAMELA electromagnetic calorimeter partially equipped
with silicon and tungsten planes. The device is �20 cm tall and the active
silicon layer is �24 · 24 cm2 in cross-section. Some of the circuit boards
upon which the silicon detectors are mounted are partially extracted.
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on the other two detectors in the same row (or column),
thereby forming 24 cm long read-out strips. The orienta-
tion of the strips of two consecutive layers is orthogonal
and therefore provides two-dimensional spatial informa-
tion (‘views’). Fig. 2 shows the calorimeter prior to integra-
tion with the other PAMELA detectors. As well as
providing a means to distinguish between electrons and
hadrons, the calorimeter reconstructs the energy of incident
electrons independently from the tracking system, allowing
a cross-calibration between the two methods. The constant
term for the calorimeter energy resolution has been mea-
sured as �5.5% for electromagnetic showers generated by
particles entering the calorimeter within the acceptance of
the tracking system up to an energy of several hundred
GeV.

3. Electron–hadron separation

Protons and electrons dominate the positively and neg-
atively charged components of the cosmic radiation,
respectively. One of the main tasks of the calorimeter is
to select positrons and antiprotons from like-charged back-
grounds which are significantly more abundant. Positrons
must be identified from a background of protons that
increases from about 103 times the positron component
at 1 GeV/c to �5 · 103 at 10 GeV/c and antiprotons from
a background of electrons that decreases from �5 · 103

times the antiproton component at 1 GeV/c to less than
102 times above 10 GeV/c. This means that the PAMELA
system must separate electrons from hadrons at a level of
105–106. Much of this separation must be provided by
the calorimeter, i.e. electrons must be selected with an
acceptable efficiency and with as small a hadron contami-
nation as possible.

The main stages for the identification of electrons and
antiprotons are as follows. The time-of-flight system is used
to select down-going singly-charged particles (proton-elec-
tron separation is possible below �1 GeV/c). Information
from the tracker is then used to determine the sign of
charge and rigidity (momentum/charge) over a wide range
of momenta (�50 MeV/c to �1 TeV/c). Finally, the longi-
tudinal and transverse segmentation of the calorimeter,
combined with the measurement of the particle energy loss
in each silicon strip, allows a high identification (or rejec-
tion) power for electromagnetic showers. Electromagnetic
and hadronic showers differ in their spatial development
and energy distribution in a way that can be distinguished
by the calorimeter. This is demonstrated in Fig. 3 which
shows examples of an electromagnetic shower induced by
an electron (left) and an interacting proton (right),
recorded during tests with particle beams at the CERN
SpS facility. All incident particles have a momentum of
50 GeV/c.

The use of a simple variable, such as the total energy
deposited in the calorimeter, allows an effective separation
between electrons and hadrons. For incident hadrons of a
given energy, the distribution of total energy deposited in
the calorimeter is essentially flat with a sharp peak at low
energies for non-interacting hadrons. For electrons, the
total energy deposited in the calorimeter for a given incident
energy is normally distributed, as long as most of the shower
is contained. For higher electron energies, a tail to low ener-
gies can, however, decrease the efficiency for electron iden-
tification. The use of this variable is illustrated in Fig. 4
where the total energy deposited by 67504 protons and
3342 electrons at 50 GeV/c of momentum are shown. After
a cut placed at 7300 mip (where 1 mip is the energy depos-
ited by a minimum ionising particle) 14 protons (99.98%
reduction) and 3197 electrons (4.3% reduction) remain.

Additional variables have been used to further separate
electromagnetic and hadronic showers in the calorimeter.
Several of these variables rely on the derivation of the
shower axis. Where possible the shower axis is defined
using tracking information from the tracking system.
When this is not possible because (e.g.) the tracker was
not present during the beam tests, the following procedure
is adopted. The 22 silicon planes in each view are divided
into strips. The impact point within the ith plane is defined
as the centre of gravity, �x, of the measured energies, Ei

(>0.7 mip) deposited in strips with co-ordinates xi, where

�x ¼
P

i
xiEiP
i
Ei

. When this procedure is performed at several

depths in the calorimeter, the shower axis can be deter-
mined by a linear fitting procedure to an accuracy of a
few mm. In flight, the shower axis will be determined using
tracking information from the spectrometer with an
expected 103 improvement in accuracy. In the following
sections each of the additional variables used to distinguish
between electron and hadron interactions are described in
detail.
3.1. The starting point of the shower

There is a high probability (>89%) that an electromag-
netic shower will start in the first 3 planes of the calorimeter.
For hadronic showers, the starting point is distributed more
uniformly. The variable R ¼

P2
j¼1

P22
i¼1hij � i, is formed as a

sum over the 22 calorimeter planes which each contain 2
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Fig. 3. An event display of a 50 GeV/c electron (left) and proton (right) recorded at CERN SpS facility. In the top part of the figure both views (X-left, Y-
right) of the six silicon planes are shown inside the magnetic cavity (field lines in the Y-direction). Hits in the tracking system are shown (including
ambiguities for the Y-view). In the bottom part of the figure, the two views (X and Y) of the calorimeter are shown. The colour scale indicates the detected
energy in each strip (from dark (blue in webversion) none, to light (orange in webversion), greater than 100 mip). The topological and energetic differences
between electromagnetic and hadronic showers can be clearly seen. Signals from the odd planes of the Y-view of the calorimeter were not read out during
this test. One of the X-view planes was also not operational and was later replaced.

Fig. 4. An illustration of electron–proton separation using a simple total
deposited energy variable. The test beam data were collected for particles
of momentum 50 GeV/c. After a cut placed at 7300 mip 14 protons
(99.98% reduction) and 3197 electrons (4.3% reduction) remain.
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orthogonal views and hij = 1 if the ith plane of the jth view
has strips registering energies compatible with a minimum
ionising particle within 4 mm from the reconstructed
shower axis. If this condition is not fulfilled then hij = 0.
For electromagnetic showers, R assumes low values, while
for a non- or partially-interacting hadron, R takes higher
values. Another variable which is sensitive to the starting
point of the shower is the energy deposited in a cylinder
of diameter four times the Molière radius (Rm) for tungsten
(8 silicon strips) evaluated for the first 3 calorimeter planes.

3.2. The longitudinal shower profile

The energy deposited in an electromagnetic shower sig-
nificantly decreases and spatially broadens after the shower
maximum. The location of the maximum is derived using
the momentum of the particle derived by the tracking sys-
tem or by the beam set-up. For a hadronic shower, energy
is deposited approximately uniformly and any maximum
lies deeper in the calorimeter for a given incident energy.
The longitudinal shower profile is assessed by determining
what fraction of the total deposited energy lies at least five
planes after the expected electromagnetic shower maxi-
mum. Another variable sensitive to the longitudinal shower
profile is the amount of energy deposited in the last four
calorimeter planes within a cylinder of radius 2Rm. This
variable assumes a lower value for electromagnetic showers
where the shower maximum is usually contained within the
calorimeter. The maximum energy detected in a single strip
can also be used. For hadronic events this can be very large
if (e.g.) a silicon nucleus is fragmented.

3.3. The transverse shower profile

The transverse shower profile is evaluated through the
amount of energy deposited per strip inside a cylinder of
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radius 2Rm centred on the reconstructed shower axis. For
electrons, �95% of the deposited energy should fall within
the cylinder. This is a potentially powerful way to separate
electrons and hadrons but requires a reliable definition of
the shower axis. This selection is therefore likely to be more
performant in flight when the tracker can be used to define
the shower axis.

3.4. The topological development of the shower

For electromagnetic showers, the shower particle multi-
plicity is expected to increase with calorimeter depth up to
the shower maximum. Furthermore, the shower particles
should be collimated along the shower axis. A variable
exploiting this behaviour is defined as

P2
j¼1

Pplmax
i¼1 nhit

ði; jÞ � i, where nhit is the number of hit strips in the jth view
of plane i within a cylinder of radius 2Rm centred on the
shower axis. The sum over planes is truncated at the calcu-
lated electromagnetic shower maximum for a given inci-
dent energy, plmax, for a given incident energy provided
by either the tracking system or by the beam set-up. For
electromagnetic (hadronic) showers this variable assumes
high (low) values.

4. Particle beam tests and simulations

The electron–hadron separation of the calorimeter has
been evaluated using data from tests with particle beams
at CERN and Monte Carlo simulations. There are two
aims to this study. The first is to estimate the calorimeter’s
hadron rejection capability and electron selection effi-
ciency. The second is a comparison between test beam
Fig. 5. The total energy deposited in the calorimeter, recorded for
electrons of momentum 200 GeV/c. Data are shown as a solid line while
simulations are shown as a dashed line.
and simulation results which can be used to validate simu-
lation studies of the calorimeter in situations resembling
those expected in orbit, as discussed in Section 6.

The test beam data used in the analyses were collected at
three different occasions at the CERN PS and SPS test
beam facilities during 2002 and 2003. In each test, the cal-
orimeter was equipped with approximately half of the total
number of silicon planes. The performance results pre-
sented in the next section are therefore conservative. Monte
Carlo simulations of the calorimeter performance used the
GEANT framework, version 3.21 [17]. The default GHE-
ISHA hadron shower package was used to simulate the
interactions of hadrons with the nuclei of the matter tra-
versed. The incident particle beams were assumed to be
monoenergetic and contamination free. The validity of
these assumptions is further discussed in [18]. The simula-
tion was found to reproduce the data well. This is demon-
strated in Fig. 5 which shows the total energy deposited in
the calorimeter for electrons of momentum 200 GeV/c for
both test beam data and simulations.

5. Results

Combinations of the variables described in Section 3
were used to provide electron–hadron separation at a given
incident particle energy. The selections were optimised
using only the data collected during particle beam tests.
Monte Carlo simulations were not used for this purpose.
The complete set of selections used for each incident
particle energy is listed elsewhere [18]. As an example, a
selection based on the topological variable described in
Section 3.4 is applied to the 3197 electrons and 14 protons
remaining after the simple total energy cut described in
Fig. 4. After this selection is performed, 3116 electrons
(2.5% reduction) and 7 protons (50% reduction) remain,
as shown in Fig. 6.

Fig. 7 shows the efficiency (upper panel) and contamina-
tion (lower panel) of the final electron selection as a func-
tion of momentum. The full circles represent test beam
data and the open squares represent simulated data. When
tuning the data selections, the electron efficiency was kept
above 90% where-ever possible. The agreement between
simulation and experimental data is acceptable. In the
lower panel of Fig. 7 the proton contamination is shown
as a function of momentum for both beam test data (full
circles) and simulated data (open squares). The arrows
show the 68% confidence levels if no events survived the
selection. The data points at 3 and 10 GeV/c are for elec-
tron/pion separation and therefore do not directly apply
to the electron/proton separation study because pions with
a momentum of 3 GeV/c have �1 GeV more kinetic energy
that can be deposited in the calorimeter, than protons of
the same momentum. This will result in a higher contami-
nation for pions compared to protons. However, the pion
data can usefully be used to compare simulation and beam
test results. Good agreement between simulations and
beam test data can be seen. Fluctuations in the measured



Fig. 7. Upper panel: The electron identification efficiency, shown as a
function of incident particle momentum. The full circles and open squares
represent beam test and simulated data, respectively. Lower panel: The
proton contamination in the electron selection, shown as a function of
incident particle momentum. The full circles and open squares represent
beam test and simulated data, respectively. The arrows indicate the 68%
confidence level for test beam data if no events survive the selection. The
dashed arrow is for simulated protons at 200 GeV/c. The data at 10, 40
and 200 GeV/c are displaced for clarity.

Fig. 6. The upper panel shows the topological variable (‘number of
hits · plane number’) described in Section 3.4 for the same 67504 protons
and 3342 electrons as shown in Fig. 4. In the lower panel, the events
remaining after a total energy cut at 7300 mip are shown, corresponding to
3197 electrons and 14 protons. A further cut on the topological variable at
1500 leaves 3116 electrons (2.5% reduction) and 7 protons (50% reduction).

2 The fluxes are presented in momentum units since the selection
conditions are momentum based, with the momentum (rigidity) deter-
mined by the tracking system.
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efficiencies as a function of energy are due to different
calorimeter configurations (i.e. number of planes equipped
and read out [18]), energy dependent selections and differ-
ent beam conditions (direction and impact point on the
calorimeter). These results refer to a partially equipped
calorimeter and should be considered as lower limits of
the calorimeter performance.

6. Discussion

In this section the scientific results achievable with the
PAMELA experiment employing its calorimeter as a posi-
tron and antiproton identifier are discussed. As shown in
the previous section, results obtained from test beam data
indicate that even with a partially equipped calorimeter it
is possible to achieve a proton rejection factor of at least
10�5 above 10 GeV/c while maintaining an electron selec-
tion efficiency of �90%. Furthermore, a good agreement
is found between simulated and experimental calorimeter
data. Therefore, simulation tools have been used to study
the in-orbit performance of the calorimeter. The simulation
employed the GPAMELA code [19] that reproduces the
entire PAMELA geometry and component detectors.

Proton, positron, electron and antiproton energy spectra
were simulated using published particle fluxes [5,20,21]
assuming pure secondary production during cosmic-ray
propagation in the galaxy for positrons and antiprotons.
The fluxes were simulated for momenta above 1 GeV/c
since at lower momenta a clean separation between pro-
tons/positrons and antiprotons/electrons is provided by
the velocity and ionization losses measured by the ToF sys-
tem, as verified using ground data cosmic rays. An isotro-
pic distribution of down-going particles were simulated
above PAMELA and events were saved for further study
if a ‘trigger’ was generated, i.e. coincidental signals in the
three layers of ToF scintillators. Only singly-charged parti-
cles identified by the ToF scintillators were used for the cal-
orimeter studies. The particle direction and momentum
derived by the tracking system was also used with the cal-
orimeter information. The momentum information was
smeared according to the experimental momentum resolu-
tion (0.001 GV�1). Positrons were identified with the calo-
rimeter as described in the previous sections and
antiprotons were identified by selecting electromagnetic
showers in the calorimeter with the highest possible effi-
ciency and then rejecting them.

Fig. 8 shows the results of these analyses for positrons.
The filled circles indicate the expected PAMELA perfor-
mance for a pure secondary positron component (solid
line, from [21]). Statistical errors accounting for the calo-
rimeter selection efficiency and a three year long mission
are included in the expected PAMELA data. The data
are multiplied by p2.7 (where p is momentum) for clarity.2

As well as the expected positron spectrum, the figure also
shows the proton component. The dotted line indicates



Fig. 9. The PAMELA calorimeter in-orbit identification performance for
antiprotons. The solid line represents the cosmic-ray antiproton spectrum
for a pure secondary origin [5]; the dotted line represents the cosmic-ray
electron spectrum (from [21]); the dashed line represents the spectrum of
electrons surviving the calorimeter antiproton selection. The expected
PAMELA performance for a pure secondary component (filled circles) is
indicated. Only statistical errors are included for the expected PAMELA
data.

Fig. 8. The PAMELA calorimeter in-orbit identification performance for
positrons. The solid line represents the cosmic-ray positron spectrum for
a pure secondary origin [21]; the dotted line represents the cosmic-ray
proton spectrum (from [20]); the dashed line represents the spectrum of
protons surviving the calorimeter positron selection. The expected
PAMELA performance for a pure secondary component (filled circles)
is also indicated together with statistical errors.
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the cosmic-ray proton spectrum (from [20]) clearly showing
the background level for the positron analysis. The dashed
line shows the spectrum of protons which survives the cal-
orimeter positron selection. The surviving protons account
for �9% of the positron flux at 1 GeV/c, decreasing to
below 5% above 1.5 GeV/c and flattening out to below
2% above 3 GeV/c.

Similarly, Fig. 9 shows the expected PAMELA perfor-
mance for a pure secondary antiproton component (solid
line, from [5]) along with the electron spectrum before (dot-
ted line, from [21]) and after (dashed line) the calorimeter
antiproton selection. After selection electrons account for
less than 2% of the antiproton flux at 1 GeV/c and this
decreases to below 1% above 1.5 GeV/c.

It should be noted that below �2 GeV/c additional pro-
ton/electron rejection power is provided by the ToF system
and above �10 GeV/c by the neutron detector.

7. Conclusions

The PAMELA calorimeter has been extensively tested at
particle beam facilities and studied with simulations. Com-
bining these data, the electron/hadron separation perfor-
mance of the calorimeter has been determined. It has
been shown that the PAMELA calorimeter is able to iden-
tify the rare antiproton and positron components in the
cosmic radiation with a background at the percent level
and lower, especially at scientifically interesting momenta
>10 GeV/c.
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