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Abstract. On the 15th of June 2006, the PAMELA satellite-borne experiment was launched
from the Baikonur cosmodrome and it has been collecting data since July 2006. The apparatus
comprises a time-of-flight system, a silicon-microstrip magnetic spectrometer, a silicon-tungsten
electromagnetic calorimeter, an anti-coincidence system, a shower tail counter scintillator and
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a neutron detector. The scientific objectives addressed by the mission are the measurement
of the antiprotons and positrons spectra in cosmic rays, the hunt for antinuclei as well as the
determination of light nuclei fluxes from hydrogen to oxygen in a wide energy range and with
very high statistics. In this paper the identification capability for light nuclei isotopes using two
different detector systems (Time-of-Flight and multiple dE/dxmeasurements in the calorimeter)
and preliminary results of the isotopic ratios will be presented.

1. Introduction
Measurements of the isotopic composition of elements of the cosmic radiation provide significant
constraints on cosmic ray source composition and cosmic ray transport and acceleration in
the galaxy. The isotopes of Li, Be, and B in cosmic rays are pure spallation products of
primary cosmic rays, mainly C, N, and O, when they interact with interstellar matter during
their propagation in the Galaxy. The rare isotopes 2H and 3He in cosmic rays are believed
to originate mainly from the interaction of high energy protons and helium with the galactic
interstellar medium. The energy spectrum of these components carries fundamental information
regarding the propagation of cosmic rays in the galaxy which are competitive with those obtained
from other secondary to primary measurements such as B/C. The PAMELA experiment has
been observing galactic cosmic rays since July 2006 at an altitude ranging from ∼ 350 km to
∼ 600 km on-board of the Russian Resurs-DK1 satellite which executes a quasi-polar orbit (70◦

inclination). The results presented here are based on the data set collected by PAMELA between
from July 2006 and December 2007 for the hydrogen and helium isotopes, and between July
2006 and September 2014 for the lithium and beryllium isotopes.

2. The PAMELA instrument
The PAMELA apparatus is composed of several sub-detectors: ToF system, anti-coincidence
system (CARD, CAS, CAT), magnetic spectrometer with microstrip silicon tracking system,
W/Si electromagnetic imaging calorimeter, shower-tail-catcher scintillator (S4) and neutron
detector. A detailed description of the PAMELA instrument and an overview of the mission can
be found in [19]. The core of the instrument is a magnetic spectrometer, made of a permanent
magnet (0.43 T) and a silicon tracking system (resolution in the bending side 4 µm) for a
maximum detectable rigidity of 1 TV. The momentum resolution is better than 4% between 2
GV and 20 GV. The Time of Flight (ToF) system is divided in 6 layers, arranged in three planes,
each plane composed of two layers. The first plane (S1) is placed on top of the instrument, the
second and third plane are placed above (S2) and below (S3) the spectrometer. The W/Si
sampling imaging calorimeter comprises 44 single-sided silicon strip detector planes interleaved
with 22 plates of tungsten absorber. Each tungsten layer has a thickness of 0.74 radiation
lengths (2.6 mm) and it is sandwiched between two printed circuit boards, which house the
silicon detectors as well as the frontend and digitizing electronics. Each silicon plane consists
of 3x3, 380 µm thick, 8x8 cm2 detectors, segmented into 32 strips with a pitch of 2.4 mm. The
orientation of the strips for two consecutive silicon planes is shifted by 90 degrees, thus providing
2-dimensional spatial information. The total depth of the calorimeter is 16.3 radiation lengths
and 0.6 nuclear interaction lengths.

3. Data analysis
3.1. Event selection
Requirements were set on the event quality to select positively charged particles with a precise
measurement of the absolute value of the particle rigidity and velocity. The particle charge for
hydrogen and helium particles was identified using the ionization measurements provided by the
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Figure 1. β vs. rigidity for Z = 1 (top left), Z = 2 (bottom left), Z = 3 (top right) and Z = 4
(bottom right) particles.

silicon sensors of the magnetic spectrometer. The requirements are identical to the selection
in [1] and we refer to this paper for more details. Lithium and beryllium events have been
selected by means of ionization energy losses in the ToF system. Charge consistency has been
required between S12 and ⟨S2⟩ and ⟨S3⟩ (the arithmetic mean of the ionizations for the two
layers constituting S2 and S3, respectively).

3.2. Isotope separation in the PAMELA instrument
In each sample an isotopic separation at fixed rigidity is possible since the mass of each particle
follows the relation m = RZe/γβc, where R is the magnetic rigidity, Z×e is the particle charge,
and γ is the Lorentz factor. The particle velocity β can either be provided directly from the
timing measurement of the ToF system, or indirectly from the energy loss in the calorimeter,

which follows β via the Bethe-Bloch formula dE/dx ∝ Z2

β2 (neglecting logarithmic terms). In

figure 1 we show β as derived by the ToF system vs. the particle rigidity for the four different
charge samples. The black lines in the figure represent the expectations for each isotope.

The isotopic analysis of nuclei with the calorimeter is restricted to events which do not
interact inside the calorimeter, selecting events by applying cuts on the ratio between the energy
deposited in the strip closest to the track and the neighboring strip on each side and the total
energy detected. In a single silicon layer, the energy loss distributions shows a Landau tail
which degrades the resolution of the dE/dx measurement. Using a truncation method, the
50% of samples with larger pulse amplitudes are excluded before taking the mean of the dE/dx
measurements, thus reducing the effect of the Landau tail. The mean dE/dx for each event vs.
the rigidity measured with the magnetic spectrometer for the four different charge samples is
shown in figure 2.
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Figure 2. Mass separation for for Z = 1 (top left), Z = 2 (bottom left), Z = 3 (top right) and
Z = 4 (bottom right) particles using the ”truncated mean”-method.

3.3. Raw isotope numbers
For Z = 1 and Z = 2 particles the counts in each rigidity range were derived in a similar manner
as in [1] by fitting gaussians to the 1/β distributions. 1/β distributions were chosen since the
shape of a 1/β distribution is gaussian. The dE/dx distributions of the calorimeter have a non-
gaussian shape, therefore one has to model the expected distributions of the observable quantities
and then perform likelihood fits. The expected dE/dx distributions for each isotope are created
using the full Monte Carlo simulation of the PAMELA apparatus based on the GEANT4 code,
which has been already described in [1]. For more details see [15], [16]. For the ToF analysis of
Z = 3 and Z = 4 particles we chose a slightly different approach and created 1/β distributions
using the simulation, and then performed the Likelihood analysis. As an example we show in
figure 3 the distributions for ToF and calorimeter for Z = 4 in the 1.9 - 2.1 GV rigidity range.

3.4. Flux Determination
To derive each isotope flux the number of selected events derived in the previous section had to
be corrected for the selections efficiencies, particle losses, contamination and energy losses. For
Z = 1 and Z = 2 particles most of the corrections could be directly taken from [1]. The analysis
of Z = 3 and Z = 4 particles is in an earlier state, so only isotopic ratios and no fluxes are
presented. The efficiency for the calorimeter is derived using simulated data for higher energies
and flight data for lower energies, using the redundant detectors to select the isotopes.

4. Results and discussion
In figure 5 and 6 we show the hydrogen and helium isotope fluxes (top) and the ratios of the
fluxes (bottom) measured with the ToF or the calorimeter, compared to previous measurements.
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Figure 3. 1/β distributions of the ToF (left) and truncated mean dE/dx of the calorimeter
(right) for beryllium in the 1.9 - 2.1 GV range.

In this context it is important to know that all the former measurements shown in figures 5 and
6, except AMS-01, are from balloon-borne experiments and thus effected by the non-negligible
background of atmospheric secondary particle production.

In figure 4 we show some preliminary results for the ratios 7Li/ 6Li and 7Be/(9Be+10Be)
derived with the ToF (blue circles) or the calorimeter (red circles) together with other
measurements.
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Figure 4. Results for the ratios 7Li/ 6Li and 7Be/(9Be+10Be) derived with the ToF (blue
circles) or the calorimeter (red circles). Error bars show statistical uncertainty only. Previous
experiments: AMS-01 [4], CRIS/ACE [10], ISOMAX [13], SMILI [5], Voyager [24], UC Berkeley
[7], N. H. Balloon [22], Ulysses [8], ISEE-3 [26], IMP 7/8 [11], GSFC [12].
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Figure 5. 1H and 2H absolute fluxes (top)
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ToF (circles) or the calorimeter (squares).
Previous experiments: AMS-01 [3, 4, 14],
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bars show the statistical uncertainty while
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Figure 6. 4He and 3He absolute fluxes (top)
and their ratio (bottom) derived with the
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