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The satellite-borne PAMELA experiment was launched on the 15th June 2006 from the Baikonur
cosmodrome. Since then and until January 2016 PAMELA made high-precision measurements
of the charged component of cosmic-rays over a wide energy range. Because of its long-duration
operation, PAMELA represents an ideal detector for cosmic-ray solar modulation studies. The
PAMELA collaboration already published time-dependent proton, helium and electron spectra as
well as the positron to electron ratio over ten years of data taking. These results are fundamental
to improve and refine propagation models the propagation models of cosmic rays through the
heliosphere.

Here, the yearly average spectra over the 23rd solar minimum (July 2006 - January 2009) until
the middle of the 24rd solar maximum (December 2015) for Y, 2H, 3He and *He are presented.
The isotopic composition was measured between 0.1 and 1.1 GeV/n using two different detector
systems. These spectra show an increasing trend during the solar minimum period with a decrease
as the solar maximum is approached. The time-dependent ratio of these isotopes is also presented.
From a solar modulation point of view, a non constant ratio is typically caused by their different
masses (related to their rigidity) and also the different shapes of the respective local interstellar
spectra. Apart from these effects, it is worthwhile to look deeper for more fundamental causes
related to their propagation and modulation mechanisms.
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Figure 1: Trigger rate of the PAMELA apparatus from July 2006 to January 2016 (black line) compared
with OULU neutron monitor intensity (red line). The two profiles are normalized to July 2006.

1. Introduction

The *H and *He isotopes in cosmic rays (CRs) are mostly of secondary origin, resulting from
the nuclear interactions of primary CR protons and “He with the interstellar medium. The spectral
shape and composition of the secondary isotopes are 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. The PAMELA collaboration already published result on the 'H, 2H, *He and “He isotopes
between ~ 0.1 and 1.1 GeV/n with data collected between July 2006 and December 2007 [6].

However, below few tens of GeV/n, CRs are heavily affected by the solar modulation which
reduce their intensity and modify their spectral shape with respect to the Local Interstellar Spectrum
(LIS), i.e. the spectrum of CRs outside the Heliosphere. Moreover, the solar modulation introduce
a time dependence in the CR fluxes measured inside the Heliosphere. During solar maxima the
intensity of CRs is lower with respect to periods of solar minima as a consequence of the stronger
heliospheric magnetic field as a consequence of increased solar activity with a subsequent more
turbulent solar wind and imbedded heliospheric magnetic field, and a more wavy current sheet..
This effect is illustrated in Figure 1 which shows the trigger rate of the PAMELA experiment
compared with the neutron intensity measured by the OULU neutron monitor. The maximum

intensity is reached around late 2009 at the end of the 23"¢

solar minimum while the lower intensity
correspond to the middle of the 24" solar maximum.

In this work, the isotope analysis has been extended to data collected with PAMELA up to
September 2014 in order to study the time evolution of the fluxes. Precise measurements of the
time dependent isotopes spectra provide important informations about their propagation mecha-
nism through the heliosphere emphasizing possible different modulation caused by their masses or
the different shapes of the respective LIS. A 3D numerical model which solves the Parker equation,

e.g. see [1, 2], was already calibrated and tested with the PAMELA time dependent measurements
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Figure 2: Schematic view of the PAMELA apparatus.

on protons [3] [4] and electrons [5], and will be used to interpret the isotope modulation.

In this contribution the analysis performed to obtain the isotope fluxes will be discussed. In
order to reach the best time resolution keeping a good statistics the yearly average fluxes were
measured. The Preliminary results will be presented at the conference.

2. The PAMELA apparatus

The PAMELA instrument [8], launched on the 15th June 2006 from the Baikonur cosmodrome
in Kazakistan, was installed on board of the Russian satellite Resurs DK 1 and measured the cosmic
radiation untill January 2016. The PAMELA mission covers almost an entire solar cycle, from
the middle of the 23" solar minimum to the middle of the 24" solar maximum. Hence, the data
collected during this time represents an excellent opportunity to study the time dependent evolution
of the low energy cosmic radiation due to solar modulation.

A schematic view of the PAMELA instrument is shown in Figure 2. The core of the apparatus
is a magnetic cavity equipped with six planes of double face microstrip silicon detector. The tracker
is used to measured the rigidity R of the incoming particle defined as R = pc/Ze where p is the
particle momentum, ¢ the speed of light and Ze the electric charge. The tracker planes perform also
twelve independent energy losses measurements dE/dx, which are extensively used in the isotopes
analysis. A time of flight (ToF) system is composed by twelve planes of plastic scintillator and
performs a velocity measurement, twelve independent dE/dx measurements and trigger the data
acquisition. Finally an electromagnetic calorimeter made of 44 single-sided silicon sensor planes
detector interleaved with 22 planes of tungsten, mainly used for hadron-lepton separation, performs
also multiple energy losses measurements. The high redundancy of the PAMELA subdetectors and
the multiple independent dE/dx measurements allows to perform a precise study of the isotopes
composition of CR hydrogen and helium.
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Figure 3: Mean ionization energy losses dE/dx in the trackers planes as a function of the rigidity. The black
lines represent the selection for Z = 1 or Z = 2 nuclei.

3. Data Analysis

3.1 Event Selection

Each triggered event had to fulfill several criteria to be used for further analysis. The require-
ments are extensively described in [6]: the tracker was used to select a sample of events with a
single track reconstructed at least 1.5 mm away from the magnet wall. The events must have a
lever-arm of at least 4 silicon planes and a minimum of 3 hits on the bending x-view and on non-
bending y-view respectively. Bad quality tracks were rejected imposing a cut on the x> of the
fitting algorithm.

From these events two samples of Z=1 and Z=2 particles were selected using the mean energy
losses obtained by the twelve tracker planes, see Figure 3. The black solid lines represent the cuts
defined to select hydrogen and helium. These cuts ensure a negligible contamination, of the order
of 1073 — 1074, of Z= 2 particles in the Z= 1 sample and vice-versa. This contamination was
calculated applying the tracker isotope selection for Z=1 and Z=2 respectively to a sample of Z=2
or Z=1 particles selected with the ToF dE/dx.

3.2 Isotope Selection

From these samples of events the isotopic separation was performed using two different tech-

niques:
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Figure 4: Left panels: 8 distribution as a function of the rigidity for Z=1 particles (upper panel) and Z=2
particles (lower panel). The black lines represent the expected theoretical S values for the different isotopes.
Right panels: dE/dx measured in the calorimeter as a function of the rigidity for Z=1 particles (upper panel)
and Z=2 particles (lower panel).

1. Isotope separation using ToF versus rigidity: For the ToF analysis, the B (8 = v/c with v the
velocity of the particle) provided by the timing measurement was used. Figure 4 left panel
shows the B distribution as a function of rigidity for the sample of Z= 1 (top panel) and Z=2
(bottom panel) particle selected with the tracker. The black lines in the figure represent the
expectations for each isotope.

2. Isotope separation using multiple dE/dx in the calorimeter versus rigidity: The isotopic anal-
ysis of nuclei with the calorimeter was restricted to events that do not interact inside the
calorimeter. To check if an interaction occurs, in each silicon layer the total energy detected
q:or and the energy deposited in the strip closest to the track and the neighboring strip on
each side g4 Were derived. Starting from the top of the calorimeter the g qck /Xqr0r at
each layer was calculated. As long as this value was greater than 0.9, the layers were used
for further analysis. A value of 0.9 was chosen since it was found to give a good compromise
between high efficiency and rejection of interactions. In the single silicon layer, the energy
loss distributions show a Landau tail that degrades the resolution of the dE/dx measurement.
Using a truncation method, the 50% of samples with larger pulse amplitudes were excluded
before taking the mean of the dE/dx measurements, thus reducing the effect of the Landau
tail. An energy dependent lower limit on the number of layers after the 50% truncation was
imposed. For more details of the selection criteria see [6].

The isotope separation and the determination of isotope fluxes were performed identically
to [6] in intervals of kinetic energy per nucleon. Since the magnetic spectrometer measures the
rigidity of particles and not the kinetic energy, this means that different rigidity intervals have to be



PAMEILA isotope solar modulation Riccardo Munini

0.52 GeVIN < (E/A), < 0.57 GeVIN 0.52 GeVIN < (E/A), < 0.57 GeVIN |

0.112 GeVIN < (EIA)H“ <0.126 GeVIN

10 {X 5 E .
E Events: 137407 10° vents: 18944 £ F Events: 7215
E H1: 136296.89 +- 466.39 H1: 15484.21 +- 133,4: T Hed: 5896.29 +- 86.76
[ H2: 1102.07 +- 33.62 A H2: 3360.18 +-71.37 LA He3: 1318.72 +- 40.46
| H3: 13.74 +-1.27 r :' ‘1 H3: 99.62 +- 11.08 ’
10 ? [ -Q?
E I3 F
r ¢ 1 L
% y

S

W,

7
I 2 W I 7 L 1 i AH
06 08 1 12 14 16 18 2 IR R S S

Figure 5: Likelihood fit applied to a sample particle selected with the ToF. Left panel: 'H selection. Central
panel: 2H selection. Right panel: “He selection.

analyzed depending on the mass of the isotope under study.

To get the raw isotope numbers, a likelihood fit (the “TFractionFitter” method in ROOT [7])
was performed to the 1/ and dE/dx distributions of the selected events. The likelihood fit needs a
model distribution to create the expected probability density function, the full Monte Carlo simu-
lation of the PAMELA apparatus based on the GEANT4 was used for this task. Figure 5 describes
the fit procedure for three samples of events using the ToF. The left panel shows the 1/8 distri-
bution for 'H energies between 0.52 and 0.57 GeV/n, with the data points in black, and the red
and blue areas showing the estimated individual "H and ?H signals. The central panel of Figure
5 shows 1/B distribution for H energies between 0.52 and 0.57 GeV/n, with the red, blue, and
green areas showing the estimated individual 'H, *H, and *H signals (the *H is locally produced
in the instrument). Note that in this figure the 'H contribution is suppressed using the energy loss
measurements in the silicon layers of the tracking system and in the scintillators of the ToF versus
the rigidity, for details of this suppression method see [6]. The right panel of Figure 5 represent the
isotopic separation of *He (blue area) and “He (red area)between for “He energies between 0.112
and 0.126 GeV/n.

With these procedures was possible to derive the numbers of 'H and *H from 0.12 up to
0.57 GeV/n with the ToF and from 0.23 up to 1.1 GeV/n with the calorimeter. The 3He and “He
separation was possible between 0.12 and 0.87 GeV/n with the ToF and from 0.25 up to 1.37 GeV/n
with the calorimeter. For more details of the isotopic separation see [6].

4. Flux calculation

The absolute isotope flux ®(E) in kinetic energy were obtained as follows:

N(E)

PE) = G(E)x T x €(E) x AE

4.1)

where N(E) is the count distribution, €(FE) the efficiencies of the tracking system selections,
G(E) the geometrical factor, T the live-time and AE the width of the energy interval.

When possible, the efficiencies were evaluated with flight data exploiting the detector redun-
dancy to select clean samples of isotopes. Simulated data were used to cross check the flight
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Figure 6: Nominal geometrical factor G(E) (black line) and the effective geometrical factor G for the four
different isotopes under study as a function of rigidity.

efficiency in order to emphasize possible contamination of the flight sample. When the flight sam-
ples resulted contaminated the simulated efficiency were used. The tracker efficiency was entirely
evaluated using simulated data.

Figure 6 shows the nominal geometrical factor G(E) = 19.9 cm?sr (black line) which was
corrected in order to account for the hydrogen and helium nuclei which are lost due to hadronic
interactions in the aluminum pressurized container (2 mm thick) and the top scintillators. More-
over the ?H and *He geometrical factor were corrected for the locally produce contamination from
fragmentation of higher nuclei in the 2 mm aluminum dome. These corrections were evaluated
with the Monte Carlo simulation. The contribution in the *He sample from “He fragmentation was
found to be less than 1% while the contamination of H was found to be around 10% at 0.1 GeV/n
decreasing at 1% around 0.6 GeV/n.

Finally, due to the finite spectrometer resolution and the ionization energy losses, the measured
rigidity with the tracker system differs from the initial energies at the top of the payload; to over-
come these effects an unfolding procedure was applied, e.g. see [9].

5. Conclusion

The analysis of the time dependent flux of the Helium and Hydrogen isotopes performed with
the PAMELA instrument has been presented. Data acquired between July 2006 and September
2014 were used to measured the yearly average fluxes for a total of 9 spectra. These results will
be very important to test and calibrate models used to described the propagation of CR inside
the Heliosphere as well as to perform a better determination of their local interstellar spectra.
Preliminary results for 'H, 2H, *He and “He fluxes will be presented at the ICRC oral session.
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