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The cosmic-ray hydrogen and helium (1 H,2 H,3 He,4 He) isotopic composition between 100 MeV/n
and 1.4 GeV/n has been measured with the satellite-borne experiment PAMELA, which was
launched into low-Earth orbit on-board the Resurs-DK1 satellite on June 15th 2006. The rare
isotopes 2 H and 3 He 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 isotopic composition was measured between 100 and 1100 MeV/n for hydrogen
and between 100 and 1400 MeV/n for helium isotopes using two different detector systems over
the 23rd solar minimum from July 2006 to December 2007.
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1. Introduction

2. The PAMELA instrument
The PAMELA satellite-borne cosmic ray experiment was built to measure charged particles in
the cosmic radiation with a particular focus on antiparticles. It was mounted on the Resurs DK1
satellite and launched from the Baikonur cosmodrome on June 15th 2006. 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 [14]. 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 µ m) for a maximum detectable rigidity of 1 TV. The
momentum resolution is better than 4% between 2 GV and 20 GV. The W/Si sampling imaging
calorimeter comprises 44 single-sided silicon strip detector planes interleaved with 22 plates of
2
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The rare isotopes 2 H and 3 He in cosmic rays are generally believed to be of secondary origin, resulting mainly from the nuclear interactions of primary cosmic-ray protons and 4 He with
the interstellar medium. The spectral shape and composition of the secondary isotopes is therefore completely determined by the source spectrum of the parent elements and by the propagation
process. Measurements of the secondary isotopes spectra are then a powerful tool to constrain the
parameters of the galactic propagation models [8]. In the eighties and nineties there have been
several measurements of stratospheric balloon experiments using superconducting magnetic spectrometers [16, 15, 18, 17, 6] and also a measurement from AMS-01 [5] in space. While the mass
resolution of the balloon experiments was usually quite good, the residual atmosphere above the
instruments caused a non-negligible background of secondary particles, their estimation is subject
to large uncertainties (e.g. the limited knowledge of isotope production cross sections).
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 low-earth orbit allows PAMELA to perform
measurements in an environment free from the background induced by interactions of cosmic rays
within the atmosphere.
The results presented here are based on the data set collected by PAMELA between July 2006
and December 2007. This period provided us with a huge and unprecedented amount of data.
In this work we refer repeatedly to a previous PAMELA paper [1] which dealt with the same
isotopes 1 H, 2 H, 3 He and 4 He, but used solely the combination of velocity measurement provided
by the ToF system in combination with the momentum measurement of the magnetic spectrometer.
In this work here a more complete and elaborated fitting procedure (see chapter 3.3.1) was employed, combined with a more stringent selection on cuts and on efficiencies. In addition we make
use of the multiple energy loss measurements provided by the 44 planes of the imaging calorimeter.
This not only allowed a cross check between the two techniques of isotopic separation within the
PAMELA instrument (ToF and multiple dE/dx versus rigidity) the multiple dE/dx technique also
allowed to extend the measurements for isotopes to higher energies.
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tungsten absorber [7]. 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 µ m 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

Each triggered event had to fulfill several criteria to be used for further analysis: 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. Galactic events were selected if the particles
rigidity exceeded the critical rigidity, ρc , defined as 1.3 times the cutoff rigidity ρSVC computed
in the Störmer vertical approximation. The particle charge was identified using the ionization
measurements provided by the silicon sensors of the magnetic spectrometer. Depending on the
number of hit sensors there can be up to 12 dE/dx measurements. A rigidity dependent selection
on the arithmetic mean of those measurements is used to select Z = 1 or Z = 2 candidates. The
requirements are identical to the selection in [1] and we refer to this paper for more details.
3.2 Isotope separation in the PAMELA instrument
The selection criteria described in 3.1 provided clean samples of Z = 1 and Z = 2 particles.
In each sample an isotopic separation at fixed rigidity is possible since the mass of each particle
follows the relation m = RZe/γβ c, 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
2
β via the Bethe-Bloch formula dE/dx ∝ βZ 2 (neglecting logarithmic terms).
3.2.1 Isotope separation using ToF vs. rigidity
For the ToF analysis we can use directly the β provided by the timing measurement. In Fig. 1
we show β vs. the particle rigidity for Z = 1 and Z = 2 data. The black lines in the figure represent
the expectations for each isotope.
3.2.2 Isotope separation using multiple dE/dx in the calorimeter vs. rigidity
The isotopic analysis of nuclei with the calorimeter is restricted to events which do not interact
inside the calorimeter. To check if an interaction occurs, we derive in each silicon layer a) the
total energy detected (qtot ) and b) the energy deposited in the strip closest to the track and the
neighbouring strip on each side (qtrack ). In the ideal case the fraction of qtrack /qtot will be equal to
one, a value less then one means that strips outside the track were hit. Starting from the top of the
calorimeter we calculate Σqtrack /Σqtot at each layer, as long as this value is greater than 0.9, we use
these layers for further analysis. In this way we can make use of slow particles, which stop early
in the calorimeter, particles which interact somewhere, but also all clean events with the particle
3

PoS(ICRC2015)270

3.1 Event selection
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Figure 1: β vs. rigidity for Z = 1 (top) and Z = 2
(bottom) particles.
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Figure 2: Mass separation for Z = 1 (top) and Z = 2
(bottom) particles using the "truncated mean"-method.

fully penetrating the calorimeter. In the 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. We put an energy dependent lower limit
on the number of layers after the 50% truncation, requiring at least 5 measurements at 1 GV, going
up to 10 layers at 3 GV. With this requirement the lower energy limit of our analysis is around 200 300 MeV/n (the energy to fully penetrate the calorimeter is much higher, about 400 - 500 MeV/n).
In Fig. 2 we show the mean dE/dx for each event vs. the rigidity measured with the magnetic
spectrometer for Z = 1 and Z = 2 particles. The energy loss in MeV was derived from the measurement in MIP using a conversion factor. In both plots the isotopic separation is clearly visible.
3.3 Raw isotope numbers
The isotope separation as well as the determination of isotope fluxes was performed identical
to [1] in intervals of kinetic energy per nucleon. Since the magnetic spectrometer measures the
rigidity of particles, this implies different rigidity intervals according to mass of the the isotope
under study.
3.3.1 Raw isotope numbers with the ToF
The particle counts in each rigidity range were derived in a similar manner as in [1] by fitting
gaussians to the 1/β distributions as shown by the solid lines in Fig. 3. 1/β distributions were
4
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Figure 3: 1/β distributions for helium in the 0.439 - 0.492 GeV/n kinetic energy range for 4 He (left) and
(right). The dashed line shows the combined fit while the solid line shows the estimated 4 He and 3 He
individual signals.
3 He

chosen since the shape of a 1/β distribution is gaussian. For the fitting method the ROOT analysis
package was used. When analyzing the hydrogen distributions the 1 H peak is well pronounced and
barely affected by the shape of the neighbouring 2 H distribution, for that reason a single gaussian
was fitted. The gaussian fit to the 2 H, 3 He and 4 He distributions becomes a little more complicated
since the neighbouring isotopes are quite abundant and have an impact on the fitting. Consequently
we applied a double gaussian fit to the histograms, see Fig. 3, and the whole process was done in
a more elaborated manner compared to the analysis presented in [1]. Additionally we applied a
suppression procedure to the abundant neighbour, similar to the approach in [1]. To suppress the
abundance of protons, we choose the energy loss measurements in the silicon layers of the tracking
system and in the scintillators of the ToF versus the rigidity, both systems provide up to 12 energy
loss measurements. In the Z = 2 data the level of the 4 He background in the 3 He sample is much
smaller compared to the Z = 1 data, but similar checks like the one described above showed that
also in this case a soft cut to suppress 4 He at higher energies based on the lowest energy release
in the tracking system improved the 3 He selection. Note that this suppression was not used for the
Z = 2 analysis in [1]. Fig. 3 shows the 1/β distributions used to select 3 He (right panel) and 4 He
(left panel) in the kinetic energy interval 0.439 - 0.492 GeV/n corresponding to 1.51 - 1.62 GV for
3 He and 2.01 - 2.15 GV for 4 He.
3.3.2 Raw isotope numbers with the calorimeter
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, we
used the "RooFit" toolkit for this task. First one has to create the expected dE/dx distributions
("probability density function": PDF) for each isotope, this is done using the full Monte Carlo simulation of the PAMELA apparatus based on the GEANT4 code, which has been already described
in [1]. When taking the simulated energy loss in each layer as coming from GEANT4, we noticed
that the resulting PDFs showed a slight mismatch from the flight data. We found that the width of
the histograms was smaller than in the real data, also there was a small offset of about 1 - 2%. We
5
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Figure 4: Example of the truncated mean distributions for helium in the 0.439 - 0.492 GeV/n kinetic energy
range for 4 He (left) and 3 He (right). The dashed line shows how the combined fit using the two PDFs derived
with the modified GEANT4 simulation matches the data points (black points), while the solid line shows the
estimated 4 He and 3 He individual signals.

applied a multiplicative factor to the simulated energy loss in a layer, plus adding a gaussian spread
of the signal of some percent.
As an example we show in Fig. 4 the truncated mean distributions for helium in the 0.439
- 0.492 GeV/n kinetic energy range for 4 He (left) and 3 He (right). The dashed line shows how
the combined fit using the two PDFs derived with the modified GEANT4 simulation matches the
data points (black points) while the solid line shows the estimated individual 3 He and 4 He signals.
The kinetic energy range is the same as shown in Fig. 3 for the ToF, the difference in the isotopic
separation is clearly visible.
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. Most
of the corrections could be directly taken from [1], only some efficiencies in the ToF analysis were
changed. A new correction is the efficiency for the calorimeter, which is is derived using simulated
data for higher energies and flight data for lower energies, using the redundant detectors to select
the isotopes. The selection cuts for the actual analysis were described in section 3.2.2, this approach
gives an efficiency around 50 - 60% down to ca. 200 MeV/n where the efficiency then shows a steep
decrease. As mentioned already above one can do these selections within the calorimeter analysis
in various ways, but the efficiencies are very sensitive to the applied cuts. Preliminary results for a
different selection cut (with an efficiency of only about 25 % and a steep drop already at 300 - 400
MeV) have been presented in earlier publications ([11]).
Other corrections like the loss of hydrogen and helium nuclei due to inelastic interactions or
the contribution to 2 H from 4 He inelastic scattering are taken from [1] without changes and we
refer to this paper for more details. Furthermore one needs the geometrical factor and the live time
of the instrument as evaluated by the trigger system, also here we refer to [1]. The finite resolution
of the magnetic spectrometer and particle slowdown due to ionization energy losses results in a
6
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distortion of the particle spectra. A Bayesian unfolding procedure was used to derive the number
of events at the top of the payload ([1], [2]).
3.5 Systematic uncertainties

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 other measurements [4, 5,
10, 16, 13, 12, 15, 9, 18, 17, 6].
It is visible that the former results show a large spread and it is obvious that the PAMELA
results are more precise in terms of statistics. 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.
It is worth noting that the PAMELA results obtained via the ToF analysis and the via the
multiple dE/dx measurements with the calorimeter agree very well within their systematic errors.
This gives confidence to the results.
The scientific interest in these isotopes of 1 H, 2 H, 3 He and 4 He are determined by the question
about their origin. It is believed that the protons and the 4 He particles are predominantly of primary
origin thus arise directly from their sources while 2 H and 3 He are of secondary origin thus are
produced by interactions of these primaries with the interstellar gas. The interpretation of these
results then allows to study more in detail the conditions of their propagation in the interstellar
space. A comprehensive and detailed study and discussion and interpretation of our results in this
context is beyond the scope of this paper, but we like to refer to a recent paper published by [8].
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