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Abstract

The PAMELA space experiment will be launched on-board of a Russian Resurs DK1 satellite towards the end of 2005. The main
scientific goal is the study of the antimatter component of the cosmic radiation. Three years of data taking will provide unprecedented
statistics for antiprotons (80 MeV-190 GeV) and positrons (50 MeV-270 GeV) and will set the upper limit for the ratio He/He below
1078, PAMELA is built around a permanent magnet silicon spectrometer, surrounded by a plastic scintillator anticoincidence shield.
An electromagnetic calorimeter is used for particle identification and energy measurements. If PAMELA data exceed the storage allow-
ance on the satellite or the daily downlink quota (20 GB), a second level trigger may be activated by uplink from ground. Information
from the anticoincidence system and from the calorimeter will be included in the second level trigger condition, providing a selective
reduction of data. The second level trigger condition provides a reduction of data of ~60%, with a maximum systematic uncertainty
in the proton (electron) spectra of 10% (3%). This uncertainty will be assessed during flight measuring one event every 10 without the

second level trigger condition.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The PAMELA satellite experiment (a Payload for Anti-
matter—Matter Exploration and Light-nuclei Astrophysics)
[1,2] will be hosted onboard a Resurs DK1 satellite, orbit-
ing the Earth at an altitude varying between 300 km and
600 km. The main scientific aim of PAMELA is the study
of the antimatter component of the cosmic radiation above
the atmosphere. PAMELA and its data acquisition system
are described in Sections 2 and 3. In case the amount of
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data generated by PAMELA exceeds the storage allowance
on the Resurs satellite or the daily downlink volume, a sec-
ond level (L2) trigger can be activated from ground. Simu-
lations have shown that the majority (~75%) of triggers in
space are expected to be false triggers, i.e. where the coin-
cidental energy deposits in the trigger scintillators are gen-
erated by secondary particles, produced in the mechanical
structure of the experiment. The aim of the L2 trigger is
to discard as many false triggers as possible, whilst reject-
ing a minor fraction of the good trigger events (i.e. the
clean passage of a particle through the acceptance of PAM-
ELA). Section 4 provides an overview of the trigger envi-
ronment in orbit, in which particle fluxes and trigger
rates are illustrated. The results from simulation studies
of the expected proton and electron fluxes in orbit are
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Fig. 1. Left: The PAMELA container is attached to the Resurs-DKI satellite (~10 tonnes). The container is shown in acquisition position (shaded box)
and in the rest position for launch and orbital maneuvers. Right: The PAMELA experiment is ~1.2 m high and weighs ~450 kg (750 kg with its
container). From top to bottom, the apparatus consists of a time of flight system (S1, S2, S3 scintillator planes), an anticoincidence (AC) shield system
(CARD, CAT, CAS scintillators), a magnetic spectrometer (tracker), an electromagnetic calorimeter, a shower tail catcher scintillator (S4) and a neutron
detector. The electronics boxes attached to the sides of the experiment are not shown for clarity.

compared to experimental particle beam data. These stud-
ies show that good trigger events are often accompanied by
backscattering from the calorimeter into the anticoinci-
dence system. The second level trigger condition is based
on information from the anticoincidence system and from
the calorimeter. Sections 5 and 6 describe the second level
trigger and its implementation.

2. The PAMELA experiment

PAMELA is built around a permanent magnet spec-
trometer (tracker) [3] equipped with double-sided silicon
detectors. The tracker is surrounded by an anticoincidence
(AC) system [4] which can be used to reject particles not
cleanly entering the PAMELA acceptance. The main anti-
coincidence system consists of 5 plastic scintillators
read-out by compact photomultiplier tubes. Four of the
scintillators (CAS) cover the sides of the magnet and one
(CAT) covers the top of the magnet, and has a rectangular
hole corresponding to the tracker acceptance. Each CAS
(CAT) scintillator is 8 mm thick and is read out by 2 (8)
photomultiplier tubes for redundancy. The AC data acqui-
sition system registers the activity in the AC detectors
within a time window of 1.28 ps around the trigger, with
80 ns time resolution. The system only stores binary ‘hit’
information. There is no measurement of the total depos-
ited energy. Events with energy deposit larger than
0.5 mips® are classified as a ‘hit’. The time window of
1.28 ps has been chosen to allow an overlap with the calo-

3 1 mip = energy released by a minimum ionising particle impinging
with a 90° angle to the scintillator.

rimeter self-trigger signal, which is issued a few hundred
nanoseconds after the interaction of a particle [5]. Four
additional AC detectors (CARD) surround the volume
between S1 and S2 (Fig. 1, right). Only the 4 CAS detectors
have been implemented in the second level trigger.

Below the tracker is the electromagnetic calorimeter [5].
It is made of 44 silicon sensor planes interleaved with 22
plates of tungsten absorbers, giving a total depth of 16.3
Xy (radiation lengths) and 0.6 /4 (interaction lengths). Each
plane is divided into 9 large area devices, each 380 um
thick, for a total sensitive area of about 24 x 24 cm>. Each
plane is segmented into 96 large strips with a pitch of
2.4 mm, for a total of 4224 electronics channels, read-out
as 4 independent blocks. The primary function of the calo-
rimeter is to distinguish between electromagnetic and
hadronic showers. It is also used for the energy measure-
ment of electrons and positrons. The bottom scintillator
(S4) and the neutron detector are placed below the calorim-
eter and measure highly energetic events not contained in
the calorimeter, aiding separation between electromagnetic
and hadronic showers.

The time of flight system (ToF) [6] consists of six layers
of plastic scintillator strips arranged in three planes (S1—
S3); S1 and S2 are placed above the tracker, and S3
between the tracker and the calorimeter. It measures the
velocity of the incident particles, rejecting albedo (up-
going) particles, and acts as the main PAMELA trigger
[7] by identifying coincidental energy deposits in the scintil-
lators (S1&S2&S3). Other trigger configurations (e.g.
S2&S3) are foreseen to be activated in regions with high
particle fluxes (polar regions and radiation belts), where
the S1 scintillators would be continuously saturated. The
geometrical acceptance of the experiment for energies over
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Fig. 2. Scheme of the PAMELA data acquisition system. The interfaces (IF) between the IDAQ and the PSCU handle the data acquisition and transfer
the commands (CMD) to the IDAQ. The communication between PAMELA and the spacecraft is handled by the 1553B bus and by adapter modules for
telemetry (TAM) and for data transfer (VRL). See description in Section 3. Adapted from [8].

10 GeV is determined by the geometry of the tracker cavity
and is ~20.5 cm? sr. At lower energies the intensity of the
magnetic field bending particle trajectories becomes rele-
vant and the acceptance decreases. In order to increase
the PAMELA geometrical acceptance for electrons at ener-
gies above 300 GeV, a self-trigger feature is implemented in
the calorimeter [5].

3. Data acquisition

The read-out system is illustrated in Fig. 2. The CPU of
the experiment [8,9] (PSCU: PAMELA Storage and Con-
trol Unit) is based on a ERC-32 architecture (a SPARC
v7 implementation) running a RTEMS real-time operating
system. This custom-designed space qualified device is con-
trolled by the satellite via a standard 1553B data bus. The
PSCU handles all slow control, interaction with the satel-
lite, data acquisition, storage and downlink. The PAM-
ELA InterFace board (PIF) transfers data from the
detectors to mass memory. Two redundant mass memory
modules of 2 Gbytes each support latch-up detection; when
a latch-up occurs, operation is transparently switched to
the safe module. A multipurpose Telemetry and Control
Board (TMTC) contains several interfaces to interact with
the subsystems of the experiment.

Data acquisition from the subdetectors to the PSCU is
performed via the Intermediate Data Acquisition System
(IDAQ), at a rate of 2 Mbyte/s. When a particle enters
the acceptance of the experiment and deposits coincidental
energy in the ToF scintillators, the trigger front-end (FE)
sends a trigger to the IDAQ. The PSCU, via the IDAQ,
activates the procedure to sequentially read out the data
from the subdetectors and to store them in the PSCU mass
memory. Then, a few times a day, data are transferred into
the satellite on-board memory (via a 10 Mbyte/s bus) and
stored before being ‘down-linked’ to Earth. During each
orbit, the satellite will send data to two downlink stations
in Russia at a transmission rate of 150 Mbit/s. Two daily
downlink ‘windows’ of about 10 min each will be dedicated

to transfer PAMELA data to Earth, up to 20 GB/day. The
possibility to up-link commands is present but limited, and
will not allow real-time actions. This implies that semi-
automatic procedures have to adopted to change the trig-
ger mode and to take any action during flight.

The data acquisition system is dimensioned to handle
the expected maximum data volume generated by PAM-
ELA. The tracker, with its 36,864 channels, accounts for
over 80% of the channels of the experiment, and therefore
the event size depends mostly on the efficiency of the
tracker data compression algorithm. The compression is
based on a zero order prediction (ZOP) algorithm. The
compression factor is estimated at 95%, with no degrada-
tion of the detector response [10]. The calorimeter data
(4224 channels) are reduced by 80% through a pedestal
suppression method. As we will discuss later, we expect
an average trigger rate of ~10 Hz and an average event size
(compressed data) of 6 kB, which create a daily data vol-
ume of ~5 GB. Applying a safety factor to this estimate,
the acquisition system is designed to handle up to 20 GB/
day. The main uncertainties are the limitation of the GEI-
SHA [11] hadron shower Monte Carlo used in the simula-
tions and the unknown effect on the trigger rate of particle
interactions in the satellite structure. The simulations pre-
sented in this work refer to particle interactions with the
mechanical structure of PAMELA and its container, while
the satellite is not present in the simulated mechanical
model. Even if PAMELA is positioned on the side of the
satellite, and therefore the good trigger rate will not be
affected by particle interaction in the mechanical structure
of the satellite, the false trigger rate may be affected. This
effect will be quantified using flight data. If the amount
of data exceeds either the storage allowance dedicated to
PAMELA on the Resurs spacecraft or the daily limit of
20 GB of data down-linked to ground,* an online event

4 This is not a technical limitation of the experiment, that can
continuously acquire data up to a trigger rate of ~60 Hz, generating
more data than the mentioned quota of 20 GB.
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selection can be applied through a second level (L2) trigger,
to be activated by an uplink command from ground.

4. Trigger environment

The interaction of protons with the PAMELA apparatus
has been simulated over a wide energy range. The expected
proton flux for PAMELA is evaluated making use of AMS-
01 [12] data. Since the orbital inclination for PAMELA is
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Fig. 3. Expected down-going cosmic proton spectrum for PAMELA
averaged on one orbit (bold line). The proton spectra measured by AMS-
01 [12] on-board the Space Shuttle for several geomagnetic latitudes are
shown for reference. During its test flight, AMS-01 orbit (geographic) had
an inclination of 51.7°, while PAMELA will fly on a quasi-polar orbit
(70.4°).
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larger than that of AMS-01 (70.4° and 51.7°, respectively),
the flux at high geomagnetic latitudes, where experimental
data are not available, has been assumed not to depend
on the geomagnetic latitude (top line in Fig. 3). This
assumption is justified by comparing AMS results with cos-
mic ray proton flux measurements in quasi-polar regions
[13,14]. Fig. 3 shows a comparison of PAMELA expecta-
tions and AMS-01 data for one orbital period. Heavier
nuclei and electrons, that constitute, respectively, ~9%
and ~1% of particles in space, have not been included in
the comparison. This results in an estimated discrepancy
between this analysis and the flux in orbit of the order of
10%. The expected differential proton trigger rate for PAM-
ELA for good triggers (f,), false triggers () and total
(t; =ty + t;) are shown in Fig. 4. Fig. 5 shows a visual rep-
resentation of good triggers (with and without activity in
the AC system) and false triggers. The total trigger rates
are obtained by integration over the simulated kinetic
energy range (Eni, = 82 MeV, E.x = 100 GeV):

Emax
T, :/ t.(E)dE, (1)
Enin

where x =t, g, f. Calculations lead to the expected rates:
T,=2.0Hz, Ty= 6.5 Hz, T, = 8.5 Hz. Fig. 6 shows the ex-
pected trigger rate as function of the orbital position. Apart
from the South Atlantic Anomaly (SAA), the expected trig-
ger rate is always lower than the maximum trigger rate
PAMELA is designed to manage (~60 Hz).

4.1. Backscattering studies

Studies to discriminate backscattering events from false
triggers have been performed using beam particles (elec-
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Fig. 4. Left: The simulated expected differential trigger rate shown as a function of the kinetic energy of the incoming proton for good triggers (dashed
line), false triggers (dash-dot) and total (good + false, solid line). The plot contains simulated cosmic protons, averaged over one orbit (Fig. 3). Right: The
integrated false trigger rate averaged over one orbit and normalised to unit area. Regions separated by the dashed lines contain 10% of the total false
triggers. Particles with energy in the range 1-28 GeV cause 80% of the false triggers. To significantly reduce the amount of data, the L2 condition must
have a large rejection ratio (rejected false triggers divided by total false triggers) in this energy range. The differential false trigger rate is shown for

reference (dotted line).
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entering the tracker cavity from the sides may give rise to particle showers that trigger the experiment (false trigger, centre). Since the cosmic ray flux
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Fig. 6. The PAMELA trigger rate evaluated during an arbitrary orbit
(period ~94 min). The dotted curve is an estimation of the total trigger
rate, while the lower curve shows only the good triggers. The trigger rate is
strongly dependent on the orbital position, and reaches a minimum in
equatorial regions. The sharp increase in the trigger rate towards the right
of the plot is due to the South Atlantic Anomaly (SAA). Adapted from [15].

trons, protons and pions) from the PS and SPS accelerators
at CERN. The data have been compared to Monte Carlo
simulations performed with GPAMELA [16], which uses
the GEANT 3.21 package [17] to simulate particle interac-
tions within PAMELA. The GEISHA hadron shower
Monte Carlo is used to simulate the interactions of hadrons
with the nuclei of the traversed matter.

The backscattering from the calorimeter for particles
traversing the scintillators S1, S2 and S3 and entering the
magnet cavity has been investigated. The backscattering
ratio in the CAS detectors (the fraction of events with
activity in at least one CAS detector) is proportional to
the activity in the calorimeter, which is dependent on the
particle energy and type. Fig. 7 shows the backscattering
ratio for electrons and protons in the CAS detectors mea-
sured during a beam test at the SPS in 2003, where PAM-

ELA was assembled in the flight configuration. In each of
the 5 plots, the five bins represent the backscattering ratio
in each CAS detector separately (bins 1-4) and in at least
one CAS detector (bin 5). The particle beam was displaced
from the centre of the acceptance, which results in different
backscattering ratio in the four detectors.

The experimental data from the beam tests have been
compared to simulations in order to verify the validity of
the GPAMELA Monte Carlo package. Fig. 7 shows a
comparison of experimental and simulated data with test
beam electrons and protons. While the backscattering pre-
diction for electrons with energies of 20-180 GeV differ by
less than 5% from the measured values, for protons the
error is up to 50%. This result indicates limitations of the
GEISHA hadron shower Monte Carlo. Fig. 7(right) shows
that GEISHA predicts a systematically lower interaction
multiplicity for backscattering compared to experimental
results. The interactions within the calorimeter have been
shown to be reproduced more accurately [18].

5. The second level trigger

The PAMELA experiment is expected to acquire data
through-out its lifetime with the trigger conditions
described in Section 2. Although the overall DAQ design
is conservative, under special circumstances the transferred
data volume from the satellite to ground may need to be
reduced. The second level trigger has the task to selectively
reduce the data to be transferred to ground by recognising
and discarding as many false triggers as possible, at the
expense of loosing only a minor fraction of the good
events.

The majority of false triggers are due to particles with
energies in the range from 1 to a few 10’s of GeV, as shown
by the bold line of Fig. 4(right), that represents the func-
tion T¢(E) = f(f tr(E') dE'. False triggers and good events
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Fig. 7. Comparison of experimental data from beam test studies (filled circles, with statistical error bars) with simulations (shaded boxes, including
statistical error bars). The fraction of events with activity in CAS detectors is shown for electrons (left) with energies of 20, 100 and 180 GeV, and for
protons (right) with energies of 150 and 200 GeV. Differences in the beam trajectory through PAMELA between the 5 runs plotted here (always close to
the centre of PAMELA acceptance) explain the relative differences between the 4 detectors.

with backscattering may be discriminated with an online
analysis, since false triggers are likely to deposit less energy
in the calorimeter compared to backscattering events. The
second level trigger implemented in the experiment discards
all the events characterised by activity in the AC system if
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Fig. 8. The rejection ratio (fraction of false proton triggers correctly
identified and discarded) as function of the kinetic energy of the incoming
(simulated) proton. Each line corresponds to a different number of
calorimeter strips hit. The top line represents the backscattering ratio, with
no condition on the number of strips hit (ns=o0c). The bold line
corresponds to ng = 70, which is the value adopted in the implementation
of the L2 trigger.

the number of strips hit in each of the 4 sections of the cal-
orimeter is lower than a given threshold (n; = 70).

The rejection ratio r( E,n,) is defined as the number of
rejected false triggers divided by the total numbers of false
triggers. It is a function of the kinetic energy (E) of the
incoming proton (for the false trigger simulations only pro-
tons were used) and of the number of calorimeter strips hit
(ns). Fig. 8 shows the dependance of r{ E, i) on the energy
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Fig. 9. The efficiency # of the L2 trigger is shown as function of g for
simulated protons (solid lines) and electrons (dashed lines) of several
energies. The efficiencies for the chosen value ng= 70 (dash-dot line)
correspond to the values shown in Fig. 10(bold line).
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Fig. 10. Simulated good triggers with activity in the AC system (due to backscattering) and a condition on the number of calorimeter strips hit. Electrons
(left, energy range 1-300 GeV) and protons (right, 82 MeV-100 GeV) are shown. With a condition on the maximum number of calorimeter strips hit, the
backscattering ratio is strongly decreased for both electrons and protons. The plots represent the inefficiency, i.e. the fraction of good electron (proton)
triggers lost (%) when the L2 trigger is active. The top line in the right plot represents the backscattering ratio, with no condition on the number of strips
hit (ny = 00). The backscattering ratio for electrons for large ng (500) is shown in the left plot, scaled by a factor 10~ (dashed line), and ranges from 2% to
~60%. The bold lines correspond to ng = 70, which is the value adopted in the implementation of the L2 trigger.

for a selected number of calorimeter strips hit. The chosen
value ng = 70 corresponds to a rejection ratio of 70-80% in
the energy range 1-30 GeV. This threshold has been chosen
to have a minimum efficiency # (fraction of good triggers
correctly identified, Fig. 9) of 90%. Fig. 10 shows the
expected inefficiency 1 — # for the same values of n, shown
in Fig. 8. The inefficiencies for electrons (left) and protons
(right) are lower than 3% and 10%, respectively, over the
whole spectrum (n; = 70, bold lines). When the L2 trigger
is active, one event in every 10 is recorded independently
of the L2 condition, in order to build a sample of unbiased
triggers and to monitor off-line the performance of the sec-
ond level trigger. The inefficiency is a systematic error that
will be determined off-line by using the unbiased trigger
samples. The systematic error will be significantly lower’
than the values of 10% for protons and 3% for electrons
shown in Fig. 10.

The total rejection ratio is obtained by the convolution
of r{ E,ng) and t(E):

R(ny) :Tif /tf(E)rf(E,nS)dE (2)
and is estimated to be 70% for ny, = 70. This reduces the
false trigger rate from 6.5 Hz to 2.0 Hz. The electronic
noise in the calorimeter recorded during ground-based cos-
mic-ray runs is below n; = 40. Considering electronic noise
of ny =40, the total rejection ratio becomes 63% and the
false trigger rate 2.4 Hz. Fig. 11 illustrates the cases with
and without electronic noise.

> The systematic errors will be the statistical error bars shown in Fig. 10
for simulated events.
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Fig. 11. The total rejection ratio (%) shown (solid line) together with the
total false trigger rate (Hz) as function of the number of strips hit (). The
chosen value ng corresponds to Ty = 2.0 Hz, T, = 1.9 Hz. In the presence
of electronic noise with signal in less than 40 strips (the shaded area
represents the electronic noise measured in tests with the calorimeter) the
trigger rates are expected to be Ty <2.4 Hz, T, <1.9 Hz (values corre-
sponding to ny = 30 in the figure, without noise).

The L2 condition has been applied to selected runs with
proton and electron beams® directed close to the centre of
the PAMELA acceptance (good triggers). All electrons
with energy of 40 GeV pass the L2 condition (1 = 100%),
in good agreement with the simulations (Fig. 10, left). Only

6 Only data collected at the SPS accelerator were available, which makes
a comparison between simulations and experimental data possible only in
the higher part of the spectrum.
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2.0+ 0.2% of the good proton triggers at 150 GeV
(2.38 £ 0.05% at 200 GeV) are rejected by the L2 condi-
tion, compared to 1.04+0.1% for 150GeV and
0.9 £ 0.1% for 200 GeV protons (Fig. 10, right). Systematic
uncertainties were not taken into account in the error bars,
which might explain the difference between simulation and
experiment.

6. Implementation of the second level trigger

The second level trigger algorithm has been imple-
mented on a digital signal processor (DSP) within the
IDAQ and will be activated by the PSCU upon uplink
commands from ground. The architecture of the IDAQ
uses the DSP as a simple arithmetic and logic unit (ALU)
and does not require any controller capabilities. This
choice was taken because of the higher expected single
event upset (SEU) rate (about 1 event per day) for the
DSP compared to the controller Actel programmable logic
array devices (less than 10~* SEU per day) [19]. The DSP is
a reprogrammable device, which makes the design flexible.
During flight the software running on the DSP may be
upgraded from ground via dedicated macro-commands
that will uplink a small number of parameters in order to
change the L2 condition.

When the second level trigger is activated, data are read
out from the subdetectors to the IDAQ according to the
selected trigger condition. The software running on the
DSP checks the event by reading the words dedicated to
the second level trigger in the AC and calorimeter sub-
packets. As soon as the event is found not to fulfill any
of the conditions for rejection, the program releases the sta-
tus flag. The IDAQ will then transfer the data packets to
the PIF to store it into mass memory. If the event is recog-
nised as false trigger, only a brief summary of the event is
saved. The system is then ready for a new acquisition. In
the case that the event data are malformed or any detector
package is missing, the data relative to the event are saved
into mass memory for offline analysis.

7. Conclusions

The PAMELA space experiment will acquire data dur-
ing 3 years with coincidental energy deposits in the trigger
scintillators used as the primary trigger. In case the amount
of data exceeds the storage allowance on the Resurs satel-
lite or the daily downlink volume, a second level trigger can
be activated from ground. The L2 condition is based on
information from the anticoincidence system and from
the calorimeter. All events characterised by activity in the
AC system and with less than 70 strips hit in the calorime-
ter are considered as false triggers and discarded. Simula-
tions show that more than 70% of the false triggers are
removed by the L2 condition (total data reduction

~60%). Only 7% of the good trigger events are discarded.
For electrons the inefficiency is always less than 3% and
decreases with energy.

One event every 10 is recorded using the main trigger
condition, to monitor off-line the performance and effi-
ciency of the second level trigger. This will allow a precise
evaluation of the fraction of discarded good events, reduc-
ing the systematic errors significantly below the maximum
expected 10% (3%) proton (electron) detection inefficiency.
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