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PAMELA is a satellite-borne experiment designed to study charged particles in the cosmic radia-
tion with a particular interest in antiparticles. The experiment is collecting data since July 2006 on
board of the Russian Resurs DK1 satellite, which travels along a semipolar elliptical orbit arount
the Earth. The PAMELA apparatus includes a magnetic spectrometer, which is composed of 6
planes of silicon microstrip detectors dipped in an almost-uniform magnetic field generated by
a permanent magnet made of Nd-Fe-B alloy. The spectrometer has been designed to determine
precisely the rigidity (up to 1 TeV) and the absolute charge (up to Z=6) of particles crossing the
detector.
In the first part a short review of the magnetic spectrometer design is given and the main spectrom-
eter operations in flight are described. The main topic of this article is the procedure to measure
the rigidity, described in the second part. Particular focus is put on the position-finding algorithm.
In fact, recent theoretical and experimental results have shown that in case of inclined tracks a
significant systematic shift can be present, if the proper algorithm is not applied. Finally, some
preliminary results are presented.
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Figure 1: Left: schematic view of the PAMELA apparatus. Right: schematic view of the tracking-system
planes. The PAMELA reference system and the main direction of the magnetic field are also shown.

1. Introduction: the PAMELA experiment

PAMELA [1] is a satellite-borne experiment that has been designed to study light charged
particles in the cosmic radiation, with a particular focus on antiparticles ( p̄ and e+). PAMELA is
installed on board the Russian Resurs-DK1 Earth-observation satellite that has been launched into
space with a Soyuz-U rocket on June 15th, 2006 from the Baikonur cosmodrome in Kazakhstan.

The primary scientific goal of the experiment is to extend the experimental knowledge about
the antimatter component in cosmic rays over an energy range (80 MeV÷190 GeV for p̄ and
50 MeV÷270 GeV for e+) wider than covered so far, mainly by balloon-borne experiments; more-
over, the long duration of the mission, foreseen to last at least 3 years, will allow to collect an
unprecedented statistics.

A schematic overview of PAMELA is shown in fig. 1 (left). The core of the apparatus is the
silicon-microstrip magnetic spectrometer, which mainly provides a measurement of the magnetic
rigidity (R = pc/Ze) and the sign of the electric charge. The latter quantity is a basic information
in order to separate p̄ from p and e+ from e−. A silicon-tungsten electromagnetic calorimeter,
complemented at high energy by the shower-tail catcher (S4) and the neutron detector, provides
the required electron/hadron (e+/p and p̄/e−) separation above ∼ 1GV . At low energy particle
identification is accomplished mainly by means of the β information provided by the time-of-light
system (TOF); this also allows to reject albedo1 protons, which as seen by the spectrometer would
mimic p̄. An anticounter system (CARD, CAT and CAS) surrounds the magnetic spectrometer
and the gap between the top and the middle TOF planes. Its information is used offline to tag
events where there are particles outside the instrument acceptance, which might indicate that an
interaction occurred in the surrounding material and the trigger was given by secondaries; in these

1Cosmic-ray particles that enters the apparatus from below.
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cases a single π− produced in the interaction could enter the spectrometer and be identified as an p̄.
Multiple (dE/dx) measurements, from the spectrometer silicon planes, the TOF scintillators and
the first plane of the calorimeter allow charge identification.

The magnetic spectrometer has a key role in the antiproton measurement at high energy. In
fact, the upper limit in the antiproton energy is set by the spillover-proton background, which comes
from the wrong determination of the charge sign due to the finite resolution of the instrument. This
source of background is most important for high-energy antiprotons becouse of the large amount
of protons present in cosmic rays ( p̄/p ∼10−4). Thus, optimal performances of the spectrometer
are of major importance for the PAMELA science.

2. Magnetic spectrometer design

PAMELA scientific objectives require an extremely good momentum resolution. This can be
achieved by having a micrometric spatial resolution and a reduced amount of material traversed
by the particle into the tracking volume. The natural choice has been to use microstrip silicon
detectors, which satisfy both the requirements. Besides science requirements, the design had also to
comply with several constraints imposed by the satellite mission (eg. limitations in mass and power
consumption, etc.). A detailed description of the instrument, as well as the main developments in
the design during the years, can be found in reference [2] and references therein. Here we give few
details, useful to better understand the arguments of the following sections.

The spectrometer is composed of a permanent magnet, with a central rectangular cavity of
16.14×13.14×43.66 cm3, and a tracking system, with 6 equidistant planes of silicon detectors
inserted inside the magnet cavity. The magnet is a tower of 5 identical modules made of Nd-Fe-B
blocks assembled in an alluminum mechanics and arranged so that they provide a magnetic field
mainly directed along the y axis (see fig. 1, right). In order to guarantee a good track reconstruction,
the field components, inside and outside the magnet cavity, have been measured over a spatial grid
of 5 mm pitch. The field intensity is ∼0.48 T at the center of the magnet. Each plane of the tracking
system (see fig. 1) has 3 independent sections (ladders), each composed of 2 double-sided n-type
silicon sensors, 5.33×7.00 cm2 wide and 300 µm thick, and a hybrid circuit. The implant pitch
is 25.5 µm on the junction side (2035 strips) and 66.5 µm on the ohmic side (1024 strips). Strips
on opposite sides are orthogonal. On the junction side only one out of two strips is readout. On
both sides charge readout is done through an integrated capacitive coupling obtained by means of
a thin layer of SiO2 between implanted and readout strips. On the ohmic side a second metal layer,
with metallic strips orthogonal to the ones below, bring the electric signals on the same edge of the
sensor, which is connected with the hybrid circuit. The junction side, which has better peformances,
is used to measure the coordinate along the bending direction (x axis fig. 1).

The hybrid circuit houses the front-end electronics, which is based on 288 VA1 chips [3]. The
operating point of the chip, characterized by very low-noise and low-power consumption, has been
set for an optimal compromise between a reduced dissipation (37 W for 36864 channels) and a
good S/N ratio, with a dynamic range up to ∼10 MIP.

The subsequent readout stages, placed outside the magnetic tower, include 36 12-bit ADCs
and 12 DSPs that perform online data compression and calibration. Data compression, which is
necessary due to the limited bandwidth for data transfer to ground, is achieved by means of a zero-
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Figure 2: Average dE/dx as a function of the
measured rigidity for a sample of positively
charged particles selected from flight data.

order predictor algorythm, modified in order to fully transmit particle signals. Ground test of the
detectors have shown that a compression factor of ∼20 can be achieved without losing significant
information. This is essential to obtain optimal performances in the inpact-point reconstruction.

3. In-flight operations and basic performances

All the operations are handled automatically by the main CPU, which controls the flow of
PAMELA physics tasks and continuously checks the status of the apparatus [4].

The Resurs-DK1 travels along a semi-polar orbit in about 95 min, at an height varying between
350 and 600 km and with an inclination of about 70◦. The acquisition rate varies along the orbit
as a function of the geomagnetic location and is on average 25 Hz. The amount of data collected
is about ∼5 kB/event. In spite of the strong compression applied, most of the data comes from
the spectrometer, which collect ∼3 kB/event. The compressed output is checked event-by-event
in order to detect possible anomalies (eg. latch-up, compression inefficiency, etc.). In case of
anomalous conditions an alarm line is asserted and an action can be taken by the CPU (reset or
power off/on).

All detectors are calibrated almost once per orbit, when the satellite crosses the equator from
the southern to the northern emisphere, which is the point of lowest particle rate. During the
spectrometer calibration the complete map of pedestals, noises (after common-noise subtraction)
and bad channels is evaluated and stored to be used in the following acquisition runs, in order to
improve data compression. The calibration output is checked online by the CPU and repeated if
anomalous values are found; in case of any failure during the calibration procedure, default maps
are loaded until the next successful calibration.

The thermal environment is fundamental to garantee stability of operation for the magnetic
spectrometer. Several temperature sensors are placed on the external walls of the magnetic tower:
the registered temperatures increase from ∼21◦C, when the system is off, to ∼31◦C, when the
system is on, with variations of less than 1◦C at regime.

PAMELA can be remotely controlled through commands sent from ground, which, among
other actions, allow to configure the system by setting proper parameters. Both the spectrometer
acquisition and calibration procedures have been implemented with many modifiable parameters
(eg. compression parameters, thresholds for the calibration check, etc.), so that the system can be
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Figure 3: Distribution of the η2 variable, H(η2), as a function of the track projected angle, relative to the
sensor, for the x (left) and y (right) sides.

easily adapted to space (partially unknown) conditions. A quick semi-automatic check of the data
is performed each time data are trasferred to ground (about twice per day). In case of anomalies,
or simply for test purpose, commands can be sent to PAMELA in few hours.

A more refined check of the basic instrument performances is done offline, by studying particle
signals. The charge deposited by a particle is usually collected by few strips (clusters). The cluster
S/N ratio2 observed in flight [2] is consistent with the value measured on ground (∼56 and ∼26, for
the x and y sides respectivelly) indicating the good performances of the instrument. Fig. 2 shows
the average dE/dx measured by the tracker as a function of the rigidity, obtained for a sample
of positively charged particles selected from flight data. The good separation among different
charge families is evident from the plot. Furthermore, at low energy also H and He isotopes can be
distinguished. Above Be charge separation is affected by the single-channel saturation, as expected
from the dynamic range of the spectrometer silicon detectors measured at beam tests (12C-beam
test of ladder prototypes, GSI, 2006 [5]).

4. Position reconstruction

Position reconstruction in silicon microstrip detectors is a key point to reach the optimal per-
formances of the system; in order to achieve the micrometric resolution typical of these sensors the
cluster signal has to be treated with proper algorithms. In addition, the absolute positions of the
tracking-system sensors have to be known with the proper accuracy. These aspects are separatelly
discussed in the next sections.

4.1 Position-finding algorythm

In order to discuss about position-finding algorithms it is usefull to introduce the variable:

ηn =
∑n ps
∑n s (4.1)

where p is the strip coordinate relative to the strip with the maximum signal, expressed in pitch
units, s is the strip signal and the sum is over n = 1,2, ... strips around the cluster. The hit coordinate

2Defined here as the sum of the S/N ratio of all the strips belonging to the cluster.
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Figure 4: Left: schematic draw-
ing of the signal distribution
generated by inclined tracks.
Right: schematic view of the
beam-test setup.

relative to the sensor can be derived from the general expression:

x = P · f (ηn)+ xmax (4.2)

where P is the strip pitch, xmax is the coordinate of the strip with the maximum signal and f is a
non-decreasing function of the variable ηn. The most simple way to evaluate the coordinate is the
cluster center of gravity, which is obtained by replacing f (ηn) = fn in eq. 4.2; in fact, ηn is by
definition the cluster center of gravity, relative to the strip with the maximum signal, expressed in
pitch units.

However, as is well known, the center-of-gravity is not the best estimator of the impact coor-
dinate; in fact, due to discretization effect of the signal distribution, charge sharing among adjacent
strips in silicon microstrip sensors is not linear. This feature is evident in fig. 3, which shows the
distribution H(η2) of the variable η2, obtained from flight data, as a function of the track projected-
angle relative to the sensor, for the x and y views, respectively. At small angles most of the charge
is collected by 2 strips3. Thus, in principle, a 2-strip center of gravity could be used to evaluate the
coordinate; but if η2 was a good coordinate estimator, the distributions in fig. 3 would be flat.

When charge collection is not linear, the best estimate of the impact coordinate is given by the
η2-algorythm . According to this method, the impact coordinate is evaluated as the integral of the
experimental η2-distribution, H(η2):

f (η2) = f (η0)+

∫ η2

η0
H(h)dh. (4.3)

In a standard implementation of the algorythm, fs(η2), the integral starts at η0 = −0.5 and the
integration constant is fs(−0.5) =−0.5. The spatial resolution obtained by applying this algorithm
has been studied during the past years by means of beam-test data and simulation [7]. In particular,
the evaluated resolution on the x side, which is used to measure the coordinates along the bending
direction, is ∼ 3µm up to 5◦; above 10◦, simulation shows that better results are obtained by using
more than 2 strips in the evaluation of the inpact coordinate, since the deposited charge is collected
by more strips. In this case eq. 4.3 can be generalized to η3, η4, etc. On the y view, where the pitch
is larger, a 2-strip algorithm gives the best result up to 20◦.

In spite of the good resolution achieved with the η2-algorythm, one should notice that the
choice of the integration constant in eq. 4.3 relies on the assumption of a symmetric signal dis-
tribution. In fact, only in this case one can assume that if the charge is equally shared between 2

3Since in this article mostly results at small angles are shown, in the following we restrict the discussion to 2-strip
algorithms.
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Figure 5: Left: measuredspatialresidualsasa functionof the track angleobtainedwith 4-strip centerof
gravity. Center:sameasleft plot, but obtainedwith standardh2-algorythm(bluemarkers)andcorrectedh2-
algorythm(redmarkers).Right: angularcorrectionD, expressedin pitch units. Resultsarefrom beam-test
data(CERN-SPS,2006).

strips(h2 = � 0:5) theparticleimpactcoordinateis exactely fs(� 0:5) = � 0:5. Theconsequenceis
thatany asimmetryin thesignaldistribution introducesa systematicshift of thecoordinate,if the
standardh2-algorythmis applied.Fromeq.4.3:

f (h2) = fs(h2) + D (4.4)

where fs is the coordinateobtainedwith the standardh2-algorythmandD = fs(� 0:5) + 0:5 is a
correctionto beappliedin orderto cancelout theshift. Thesimmetryconditionis not satis�ed in
caseof inclinedtracks,asit is illustratedin �g. 4.1(left).

The angulareffect on the positionreconstructionwith silicon microstripdetectorshasbeen
extensively studiedby Landi [8, 9] by meansof bothananalyticalmodel,basedon signaltheory,
andstatisticalsimulations. More generally, the authorstudiedthe effect of discretizationof the
signaldistribution, due to the detectorsegmentation,on the evaluationof the coordinate. Both
the analyticalmodelandthe simulationhave beentunedon PAMELA tracker sensors.From an
experimentalpoint of view, themain resultsof this studyarethe following: (1) thestandardh 2-
algorythmgives a signi�cant systematiccoordinate-shifton the x side (� 2mm at 3� ); (2) the
centerof gravity evaluatedwith 4 strips(or more),h4, givesno shifts (but worseresolution);(3)
thecorrectioncanbederivedfrom dataitself as:

D� hh4i (4.5)

wheretheaverageis evaluatedover all theclustersata �x edangle.
In order to measurethe angulareffect, a dedicatedbeamtest was performedin 2006 with

protonsof momentum50� 150GeV/c,attheCERN-SPSfacility. For thispurpose,asmalltracking
systemmadeof � ve planeswasprepared.Prototypesof the tracking-systemladderswereused,
having the samesilicon sensors,front-endelectronicsandreadoutsystem. In this caseno data
compressionwasapplied.Thedetectorwasplacedonaturntable,sothatthebeamanglerelative to
thex sideof thesensorscouldbevaried.Threeof the� veplaneswhereplacedatacloserdistance,
in orderto minimizemultiple scatteringeffect on themeasuredcoordinates,andthemiddleplane
wasrotatedof 180� aroundthey axis(see�g. 4.1,right); with thissetupthespatialresidualon the
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