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Abstract

The BESS-Polar Collaboration measured the energy spectra of cosmic-ray protons and helium
during two long-duration balloon flights over Antarctica in December 2004 and December 2007,
at substantially different levels of solar modulation. Proton and helium spectra probe the origin
and propagation history of cosmic rays in the galaxy, and are essential to calculations of the
expected spectra of cosmic-ray antiprotons, positrons, and electrons from interactions of primary
cosmic-ray nuclei with the interstellar gas, and to calculations of atmospheric muons and
neutrinos. We report absolute spectra at the top of the atmosphere for cosmic-ray protons in the
kinetic energy range 0.2-160 GeV and helium nuclei 0.15-80 GeV/nucleon. The corresponding
magnetic rigidity ranges are 0.6-160 GV for protons and 1.1-160 GV for helium. These spectra
are compared to measurements from previous BESS flights and from ATIC-2, PAMELA, and
AMS-02. We also report the ratio of the proton and helium fluxes from 1.1 GV to 160 GV and
compare to ratios from PAMELA and AMS-02.
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1. Introduction

We report new measurements of the energy spectra of cosmic-ray protons and helium made
by the BESS-Polar Collaboration (Balloon-borne Experiment with a Superconducting
Spectrometer-Polar) during long-duration balloon (LDB) flights over Antarctica in
December 2004 (BESS-Polar 1), prior to the last solar minimum, and in December 2007
(BESS-Polar I1), at solar minimum. The trajectories of both flights are shown in Figure 1.
The absolute fluxes, corrected to the top of the atmosphere (TOA), are reported in energy
ranges of 0.2-160 GeV for protons and 0.15-80 GeV/nucleon for helium. In magnetic
rigidity (R = pc/Ze, momentum divided by electric charge), the corresponding ranges are
0.6-160 GV for protons and 1.1-160 GV for helium. These new spectra are compared to
results previously reported by BESS and to measurements from ATIC-2 (Panov et al. 2007),
PAMELA (Adriani et al. 2011, 2014), and AMS-02 (Aguilar et al. 2015a,b). We combine
our measurements to give the ratio of the proton and helium fluxes from 1.1 GV to 160 GV
and compare this to ratios reported by PAMELA and AMS-02.

The BESS-Polar measurements reported here are very important to a wide range of
astrophysical studies and calculations. Galactic cosmic rays (GCR) near the peak of the all-
particle energy spectrum at Earth, ~2 GeV, are made up of ~98% atomic nuclei (including
antiprotons) together with ~2% electrons and positrons, and the fraction of atomic nuclei
increases rapidly with increasing energy. At energies where direct measurements are
possible, to about the spectral break known as the “knee” at ~3 PeV, GCR nuclei are ~87%
protons and ~12% helium. The absolute fluxes and spectral shapes of primary cosmic-ray
species are central to understanding the origin and the propagation history of cosmic-rays in
the galaxy and provide crucial tests of cosmic-ray models. Proton and helium spectra are
essential inputs to calculations of the spectra of cosmic-ray antiprotons, positrons and
electrons produced as secondary products of primary GCR interactions with the interstellar
gas. They are also required for calculations of the fluxes of atmospheric muons and
neutrinos that are important backgrounds to ground-based neutrino experiments and result
from a decay chain beginning with the production of charged pions through interactions of
GCR and atmospheric nuclei.

2. The BESS-Polar Program

The BESS instrument (Ajima et al. 2000; Haino et al. 2004b) was developed as a high-
resolution, high-geometric-acceptance magnetic-rigidity spectrometer for sensitive
measurements of cosmic-ray antiparticles, searches for antinuclei, and precise measurements
of the absolute fluxes of light GCR elements and isotopes. Between 1993 and 2002, versions
of the original instrument incorporating continuous improvements in performance flew 8
times from Lynn Lake, Manitoba, Canada and once from Fort Sumner, New Mexico, USA
(Mitchell et al. 2004).
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BESS-Polar (Yamamoto et al. 2002; Yoshida et al. 2004; Yamamoto & Mitchell 2013,;
Yamamoto et al. 2013; Mitchell et al. 2013) is the most advanced version, based on the
general BESS instrument architecture but developed specifically for LDB flights over
Antarctica to provide much higher statistics at consistently low geomagnetic cutoff than
could be obtained in conventional balloon flights. BESS-Polar presents 45% less material to
incident particles penetrating the full instrument because it has no outer pressure vessel, a
thinner magnet coil, and thinner detectors. For the measurements reported here, this lowers
the threshold energy to ~200 MeV for protons and ~150 MeV/nucleon for helium.
Completely revised low-power electronics support extended LDB flights powered by
photovoltaic (PV) arrays and measure the abundant protons and helium nuclei without the
event selection required in BESS to control trigger rates. BESS-Polar | was launched from
Williams Field near McMurdo Station, Antarctica, on December 13th, 2004 and flew for
over 8.5 days with the magnet energized at 37 km to 39.5 km (average atmospheric
overburden 4.33 g/cm?) and geomagnetic cutoff Zbelow 0.2 GV, recording 2.14 terabytes of
data on 9 x 108 cosmic-ray events (Abe et al. 2008).

BESS-Polar Il incorporated considerable improvements in instrument and payload systems,
including improved magnet cryogen hold time, reduced deadtime per event, and much
greater onboard storage capacity. It was launched on December 23, 2007 and observed
cosmic rays for 24.5 days with the magnet energized at 34 km to 38 km (average of 5.81
g/cm?) and cutoff R below 0.5 GV, accumulating 13.6 terabytes of data on 4.7 x 10° events
(Mitchell et al. 2013).

Previous papers from the BESS-Polar program have reported precise measurements of
antiprotons (Abe et al. 2008, 2012a) and a sensitive antihelium search (Abe et al. 2012b) and
discuss instrumentation specific to those measurements.

3. The BESS-Polar Instruments

In both BESS-Polar instruments (Figure 2), a uniform magnetic field is produced by a thin
superconducting solenoid magnet 0.9 m in diameter and 1.4 m long, incorporating a 0.8 m
diameter, 1.4 m long coaxial warm bore in which detectors are located. The magnet is
capable of stable operation at 1 Tesla (1 T), but in both flights was operated at 0.8 T for
additional stability margin. Drift-chamber tracking detectors in the warm bore measure .
The cylindrical configuration of the BESS-Polar spectrometer gives it a large angular
acceptance. With ~1 77 time-of-flight (TOF) hodoscopes separated by ~1.6 m, the nominal
geometric acceptance of BESS-Polar is ~0.3 m?sr at 10 GV.

The primary TOF system composed of upper (UTOF) and lower (LTOF) plastic scintillator
hodoscopes measures velocity () and differential energy loss (d£/dx) and forms the event
trigger. A thin plastic scintillator middle-TOF (MTOF) ho doscope is installed on the lower
surface of the magnet bore to measure low-energy particles that cannot reach the LTOF. The
MTOF further lowers the threshold energy to about 100 MeV for antiproton or proton
measurements, but has not been used here because the low energy spectra are strongly
affected by solar modulation and our focus is on higher energies.
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A threshold-type silica-aerogel Cherenkov counter (ACC), below the spectrometer, helps
reject ¢ and 4~ backgrounds to the antiproton measurements. This is not used in the proton
and helium analysis reported here because contamination by light backgrounds is
insignificant. Its use in the antiproton analysis has been described previously (Abe et al.
2008, 2012a).

Particle electric charge (Z¢) is determined using dE/dxand B. Particle mass (/m) is calculated
from R, Z and Bas:

m = RZe\1/f* — 1 1

Charge sign is determined by the direction of curvature in the magnetic field.

The superconducting magnet uses NbTi/Cu wire with high-strength aluminum stabilizer
incorporating Ni doped filaments to increase its strength (Makida et al. 2009). The magnet
and cryostat have only 2.46 g/cm?/wall. The magnet operates in persistent mode with a
cryogen hold time of 11 days in BESS-Polar I, using a 400-liter liquid helium (LHe)
reservoir, improved to 25 days in BESS-Polar 11 with 520 liters of LHe. The tracking system
uses a JET-type drift chamber (JET) with essentially no material in the tracking volume,
other than gas, to minimize scattering. Inner drift chambers (IDCs) with two tracking layers
each are located above and below the JET.

The JET and IDCs accurately determine the position of particles passing through each drift
cell from the recorded drift times and measure their d£/dx from the digitized signal
amplitudes at the sense wires. Pure CO fills the drift chambers and fresh gas is circulated
during flight by a semi-active flow control system and exhausted through the pressurized
warm-hore of the magnet to ensure that the drift gas is not contaminated. The signals of the
JET and IDCs are read out using flash analog-to-digital converters (FADC) capable of
recording both the time of detection at the sense wire and the shape and amplitude of the
detected pulse. Particle tracks are measured by up to 52 points (48 from the JET and 2 from
each of the 2 IDCs) with ~125 4m resolution in the bending (r¢) direction (perpendicular to
the magnetic field). The uniform magnetic field of the BESS-Polar solenoid makes the R
measurements relatively insensitive to tracking accuracy in the zco-ordinate (parallel to the
magnetic field), and this is accomplished using vernier pads in each layer of the IDCs,
giving ~650 ym resolution, and JET measurements using charge division to give ~24 mm
resolution. The continuous tracking with minimal scattering provided by its tracking system
enables BESS-Polar to readily distinguish interactions and hard scatters. A truncated mean
of the integrated charges measured by the JET provides an energy loss (dE/dx)
measurements with a resolution of 10%. The maximum detectable rigidity (MDR, the
highest R curved track distinguishable from a straight line) is 240 GV for the longest tracks
through the spectrometer, expecting 52 points to be used in fitting tracks.

The scintillator hodoscopes consist of 10 UTOF and 12 LTOF Eljen E204 scintillator
paddles, each 0.95 m long with cross sections 96.5 mm wide x 10 mm thick in BESS-Polar |
and 100 mm x 12 mm in BESS-Polar Il. Hamamatsu R6504 magnetic-field-tolerant, fine-
mesh photomultiplier tubes (PMTSs) at each end view the scintillators through UV-
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transmitting acrylic light guides. The timing resolution is 120 ps, giving a 81 resolution of
2.5%. The nominal BESS-Polar event trigger is a four-fold coincidence that requires a PMT
on each end of both the UTOF and LTOF to exceed a fixed signal threshold. Coincidences of
the UTOF and MTOF also trigger events.

TOF signals are digitized by low-power common-stop time-to-digital converters (TDCs)
attached to the PMT anodes and 16-bit charge-to-digital converters (QDCs) attached to both
the 13th and 18th dynodes to increase dynamic range. The 18th dynode measurements are
normally used to measure dE/dx for light particles and nuclei. As noted, JET and IDC
signals are digitized by FADCs. All readout electronics are highly parallel and the full
processing and communication time for each event is ~40 ys. Event data are recorded to
onboard hard disk drives with a total capacity of 3.5 terabytes (TB) in BESS-Polar | and 16
TB in BESS-Polar Il. The data acquisition event rate was ~1.4 kHz in BESS-Polar | (due to
PMT issues that reduced the acceptance, discussed below) and ~2.5 kHz in BESS Polar II.
Total power consumption was ~420 W. Because the magnet fixed the orientation of the
payload with respect to the local geomagnetic field, all sides of the payload were exposed to
the sun each day and an omnidirectional photovoltaic array was required.

In-Flight Instrument Issues

The UTOF and LTOF operate at ambient pressure (~5 mbar) and protection against high-
voltage (HV) breakdown was required. In BESS-Polar | this was accomplished by potting
the high-voltage components. In the BESS-Polar | flight, 18 of 44 PMTs in the TOF had to
be turned off because their potting failed under a combination of cold and vacuum, and they
began to draw excessive current. This required the trigger to be changed in flight to a
twofold coincidence between any UTOF PMT and any LTOF PMT. Although some paddles
did not have a working PMT and did not provide trigger signals, this retained 74% of the
nominal trigger geometric acceptance. In BESS-Polar |1 there were no HV issues due to
vacuum, but 2 of the 44 PMTs had HV control problems and were turned off, one on the
UTOF and one on the LTOF. With a change to a twofold coincidence, all TOF paddles
provided trigger signals and 100% of the nominal trigger geometric acceptance was retained.

In BESS-Polar I, the tracking system was stable throughout the flight. In BESS-Polar I,
however, the JET HV suddenly became unstable after more than a day at float and the
voltage and the current began to fluctuate. The HV was immediately reduced to 90% of the
nominal operating value and the CO, pressure was reduced to keep the same drift velocity.
This intervention succeeded and the chamber continued to function well for the remainder of
the flight, although the HV fluctuated for periods between two distinct voltages. Despite
this, normal tracking resolution was obtained for more than 90% of the science observation
time by development of algorithms that calibrate the tracker over short time intervals and
depend on its HV state. Time lost when the HV was unstable is reflected in the trigger live
time discussed in Section 5.4. Straight tracks obtained in flight without magnetic field after
the LHe was expended were used as an absolute reference of events with “infinite 7’ to
check the calibration and ensure that it was not biased.
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5. Data Analysis

5.1. Tracking System Calibration

Each track point in the drift chambers was calculated from the measured drift times in the
JET drift cells and the IDCs. The position reconstruction started with space-time templates
calculated by applying the CERN GARFIELD simulation code (Veenhof 1998) to the
nominal design. These templates were adjusted to match the actual chambers by iteratively
modifying the parameters. The calibration process considered FADC time offsets, electric-
field and CO, pressure-dependent drift velocities, Lorentz-angle corrections, wire position
displacements, and field distortion corrections. Tracks through the magnetic field were
constructed from the measured points and used to calculate 7.

The limitations to the accuracy of the /£ measurements arise from the characteristics of the
spectrometer including the integral magnetic field, field uniformity and absolute value, track
length in the field, and tracking resolution. There are also potential uncertainties from
deflection offsets due to small misalignments of the sense wires.

Prior to flight, the magnet was energized to a central magnetic field of 0.8 T, and then put
into persistent current mode. The subsequent decay of the magnetic field is very slow and it
was essentially constant for the duration of the flight. Thus, the uncertainty in the absolute
magnetic field is dominated by the uncertainty in the excitation current, estimated as 0.5%.
The resulting systematic uncertainties in the observed fluxes were estimated by varying the
magnetic field £0.5% from the nominal value and found to be < 1.5% for both protons and
helium.

The measured distribution of the deflection resolution (o(/1)) in both BESS-Polar | and
BESS-Polar 11 has mean of 4.2 TV 1 for tracks with the longest possible lengths in the
spectrometer. Over the full fiducial volume used in this analysis, the mean of the measured
deflection distribution is 5.0 TV~1 corresponding to an MDR of 200 GV. The precise
alignment of the JET with respect to the IDCs was determined by checking the consistency
between tracks reconstructed by JET and points measured by IDCs. Wire position
displacements were determined using ground muon data for BESS-Polar | and with data
taken without magnetic-field at the end of the flight for BESS-Polar Il. A small net
displacement was observed in both cases. The wire position calibration of the JET gives a
maximum sense-wire alignment uncertainty of <10 gm. It was expected that this would be
random and would have no significant effect on performance. However, a coherent
misalignment of all wires by the maximum 10 zm could introduce a systematic offset in the
deflection measurement of AR~ = 0.33 TV~ and result in the observed deflection
displacement. This was included as part of the systematic error attributed to chamber
alignment. A detailed model of the structure, operating conditions, and response function of
the drift chamber tracker was implemented in a Geant4 Monte Carlo simulation and the
simulated R resolution accurately reproduced the measured resolution.

5.2. Track Reconstruction and Acceptance

Tracks were fit by an iterative method developed to give high track-finding efficiency with
little rigidity dependence. An initial track was first generated using all valid chamber hits.
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This was then refined by removing from the fitting all wires whose measured track position
was more than 20 o4 away from the corresponding value from the previous track fit and
then re-fitting the track using only the surviving points. This process was repeated for 15,
10, and finally 5 7,4 and the final track was fit using points from those wires that survived all
cuts.

For the best Rresolution consistent with maximum efficiency and geometric acceptance,
particles are required to traverse the tracker completely within a fiducial volume defined by
the central six columns of drift cells (out of eight) in the JET and a requirement on the
cosine of the zenith angle of cos Genith > 0.80. This reduced the geometric acceptance at 10
GV to 0.149 m2sr in BESS-Polar | (due to TOF PMT issues discussed in Section 4) and
0.199 m2sr in BESS-Polar I1. For both instruments this requirement gives >40 points
expected from the JET and 4 points required from the IDCs. The error comes from the
uncertainty of the detector alignment of less than 1 mm, corresponding to about 0.2%
systematic error of the acceptance by UTOF and LTOF.

Carlo Simulated Efficiencies

Selection criteria were applied as cuts to the event data. These are characterized by cut
selection efficiencies defined as the probability of an event surviving a particular cut. There
are two classes of selection. Selections whose effects cannot be determined directly from the
flight data are discussed here. Their corresponding selection efficiencies are estimated using
Geant4 (Version 10.00.p01) Monte Carlo simulations and are combined into an overall
selection efficiency eyc. Selections whose effects can be directly determined from flight
data are discussed in Section 5.4.

The selection criteria were almost identical in BESS-Polar | and BESS-Polar Il analyses
with the following exceptions. In the BESS-Polar | analy sis, we allowed only one hit paddle
on either the UTOF or LTOF to be read out by a single PMT and required the hit paddle on
the other TOF layer to be read out by 2 PMTs. The corresponding selection efficiency was
59% for protons and 62% for helium. In BESS-Polar 11, 2 of the 34 IDC wires were
excluded because of low signals due to the HV supply issue. To ensure the best TOF
resolution and to allow z position constancy between the TOF and tracking to be used, we
conservatively required each TOF paddle to be read out by 2 PMTs. The selection efficiency
from the combination of these cuts were 58% for proton and 61% for helium.

To eliminate rare events in which an interaction took place in or near the instrument, single-
track events were required having only one isolated track and no more than two paddles hit
in each layer of the TOF hodoscopes. The non-interaction selection efficiency as a function
of Rwas estimated by applying the single-track criteria to events from Geant4 simulations.
At 10 GeV/nucleon it was about 90% for protons and 77% for helium. The error in the non-
interaction efficiency was estimated by comparing the number of LTOF paddles hit in the
flight data and in the simulated data.

The resolution of the IDCs deteriorates for tracks passing both near the sense wires and at
large drift distances. To ensure the best tracking, an effective IDC fiducial region of about
~85% of the active area was defined by cuts on the drift time to exclude the regions very
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near the sense wires (~10% of the drift distance) and far from the wires (~5% of the drift
distance). The resulting selection efficiency was 54% in BESS-Polar | and 56% in BESS-
Polar II.

5.4. Data Quality Cut Efficiencies

The efficiencies of data quality cuts are determined directly from flight data by the ratio of
events after and before the cut, unlike the event selections discussed in Section 5.3. In
BESS-Polar, these include track quality cuts and electronic hazard flag cuts. The rigidity of
each particle is determined with good accuracy prior to these cuts. This is discussed in more
detail in Section 5.7.

To assure the accuracy of the rigidity measurement, the following track quality cuts were
applied: (1) reduced ;(2 per degree of freedom <5 for track fits in both r¢ and yzplanes
(where yis the vertical direction), (2) track fitting pathlength =500 mm, (3) ratio of fitted
hits in the JET to expected hits >0.6, (4) ratio of dropped hits in the JET and IDCs to
expected hits <0.25, (5) 2 hits in each of the 2 IDCs all giving both x and z positions, and (6)
consistency between independent z positions measured by the tracking system and the TOF
(determined using the time difference between each end of the hit paddle). The efficiencies
from (1) to (4) were ~ 98% for protons and helium nuclei in both flights.

At 10 GeV/nucleon, the efficiencies for protons surviving (5) were (89.53 £ 0.08)% in
BESS-Polar | and (90.37 £ 0.03)% in BESS-Polar 1. The efficiencies from (5) for helium
were (72.09+0.46)% in BESS-Polar | and (71.07 + 0.18)% in BESS-Polar II. Helium
efficiencies were almost 20% lower than for protons due to misidentification from delta-rays
and saturation (overflow) of the FADCs causing 5% of IDC hits to be cut.

At 10 GeV/nucleon, the efficiencies for protons surviving (6) were (97.55+0.04)% for
BESS-Polar | and (98.61 + 0.01)% for BESS-Polar Il. The efficiencies from (6) for helium
were (98.26 £ 0.13)% for BESS-Polar | and (98.65 £ 0.04)% for BESS-Polar Il. In BESS-
Polar I, those detectors with only a single operating PMT did not provide redundant z
positions and cut (6) could not be used.

The TOF QDCs incorporated hazard flags that were set when the QDC was performing a
function that might give an incorrect measurement. Events displaying hazard flags were
rejected. In BESS-Polar I, the QDCs were operated in a mode in which alternating
capacitors were used to sample background noise, which was then subtracted electronically
from the measurements. This process proved to be inefficient at flight trigger rates. In BESS-
Polar 11, the efficiency was greatly improved because the QDCs were operated with a
delayed input and no background subtraction was required. The efficiency of surviving this
cut was estimated as (52.00+0.09)% for protons and (52.23+ 0.35)% for helium nuclei at 10
GeV/nucleon in BESS-Polar I, and as (99.62 £ 0.01)% for protons and (99.62 = 0.02)% for
helium nuclei in BESS-Polar 11. The trigger live time during which events were recorded
was measured exactly by counting 1 MHz clock pulses as 472881 seconds in BESS-Polar |
and 1273381 seconds in BESS-Polar I1. Combining the trigger live time and the hazard flag
cut efficiency give the actual measurement live time 7jjye used in the flux calculations.
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5.5. Flight Data Estimated Efficiencies

The final class of efficiencies that must be considered are due to instrument operation or
event analysis, but do not result from event selections. These are estimated from independent
flight data selections.

The event trigger efficiencies depend on the detection efficiencies from discrimination of
signals in the UTOF and LTOF paddles through which a particle passed and the efficiency of
the event trigger logic. These were estimated using particles that triggered coincidences of
the UTOF and MTOF, passed through all TOF layers (UTOF, MTOF, LTOF), and had R >
10 GV. The trigger efficiencies were estimated from the probability that a normal event
trigger was also generated. These were (99.6 + 0.1)% in BESS-Polar | and (99.7 £ 0.1)% in
BESS-Polar I1.

The JET chamber has insensitive regions very close to the sense wires. When a particle
passes through several such regions near the center of the JET, the track reconstruction
algorithm cannot succeed. The corresponding track reconstruction efficiencies were
estimated by scanning 5 x 103 unbiased events with appropriate TOF hits and enough
overall JET points. The efficiencies for both proton and helium were (99.0 + 0.2)% in
BESS-Polar | and (98.7 £ 0.2)% in BESS-Polar I1.

When a particle unrelated to a measured event (an “accidental”) passes through the JET or
TOF within the resolving time, the single-track selection discussed in Section 5.3 eliminates
the event. The influence of such accidental particles can be estimated by utilizing data
recorded for random triggers that were issued independent of particle triggers at a rate of 10
Hz throughout the flight. Particles seen in these random trigger events were used to estimate
the rates of accidental particles that might have caused real events to fail the single-track
selections. The accidental efficiencies were 97.7% in BESS-Polar | and 96.2% in BESS-
Polar I1.

5.6. Particle Identification

Protons and helium nuclei were identified by dE/dxvs Rand g1 vs Rtechniques using the
UTOF and LTOF. As examples, Figures 3 and 4 show the selection bands for protons and
helium in BESS-Polar I1. In BESS-Polar I, protons and helium nuclei were identified in the
same manner. The efficiency of the TOF dE/dx vs R selections were estimated by applying
them to an independent sample of events selected using the JET dE/dxvs R. Overall, (95.84
+ 0.50)% of protons and (92.19 + 1.50)% of helium nuclei were properly identified in
BESS-Polar I. In BESS-Polar 11, (96.09 + 1.00)% of protons and (93.39 * 1.50)% of helium
nuclei were properly identified. The errors were estimated by comparing the TOF dE/dx
efficiencies in the flight data and in the simulated data.

Since the g ldistribution is a Gaussian and the half-width of the g1 selection band was set
at 4 o, the efficiency is very close to unity for protons. In order to retain helium nuclei which
might have been misidentified due to the contributions of accompanying &-rays, the width of
the selection band was wider in the helium analysis at 8 o. With this adjustment the helium
selection efficiency was also close to unity.
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5.7. Measurement Dependence on Rigidity

The proton and helium measurements made by the BESS-Polar instruments span wide
ranges of R. Their uniform performance over these wide ranges is demonstrated by the very
small dependence on R of two figures-of-merit, the overall detection efficiency and the
effective acceptance. They are both nearly constant, especially at higher R, giving great
confidence in the measured slopes of the interstellar proton and helium spectra.

The track quality cuts required the positions hits in the tracking detector used in the analysis
to fall near the fitted track. Analysis of these cuts at rigidities where multiple scattering can
be neglected show that they do not depend on rigidity. Below 100 GV the tracking resolution
before tracking quality cuts is adequate to measure the rigidity to a small fraction of a
rigidity bin and fluxes with and without quality cuts are essentially identical. There is no
migration of events between rigidity bins due to the cuts.

Figure 5 (top) shows the detection efficiencies, ege, for protons and helium nuclei from the
BESS-Polar |1 analysis, combining the track quality, track reconstruction, trigger, accidental,
and particle identification efficiencies. At the lowest 7, some signals in the JET overflowed
the FADCs due to high dE/dx and inconsistent ztracking between the JET and IDC slightly
reduced detection efficiencies for helium. Above ~2 GV the efficiencies for both protons and
helium were essentially constant. The detection efficiencies were stable with time and the
efficiencies above 20 GV for 4-hour time intervals are estimated as (78.62 + 0.93)% for
protons and (59.35 + 1.88)% for helium nuclei in BESS-Polar I. In BESS-Polar I, they were
(78.21 £ 0.60)% for protons and (59.41 £ 1.21)% for helium nuclei.

To illustrate the uniformity of the BESS-Polar particle acceptance over the full range of ~,
we define an effective acceptance as the product of the geometric acceptance (S©) and the
selection efficiencies discussed in Section 5.3. This is shown in Figure 5 (bottom). The
effective acceptances at 10 GeV/nucleon in BESS-Polar | are 0.043 m?sr for protons and
0.039 mZsr for helium. In BESS-Polar Il they are 0.058 m2sr for protons and 0.052 m2sr for
helium. The systematic error in the effective acceptance primarily results from the
systematic error in the non-interaction efficiency.

5.8. Backgrounds and Measured Species

5.8.1. Light Particles—Interactions of cosmic rays with the atmosphere above BESS-
Polar and with the balloon-flight suspension components, especially the swivel, produce
light particles, including positrons, pions, and muons, that form a background to the proton
measurements. Below 1.6 GV the protons are clearly separated from the lighter particles, as
shown in Figure 4, and so are uncontaminated. However, above 1.6 GV the light particles
can no longer be identified. To estimate the magnitude of the resulting background, the ratio
of light particles to protons was measured as a function of rigidity in the range where both
can be clearly identified. The light particle to proton ratio was 2.1% at 0.8 GV, rapidly
dropping to 0.8% at 1.6 GV, and could be fit well by a power law in R with an index of -1.6,
indicating that contamination is negligible above 1.6 GV. The measurements were
reproduced well by solving simultaneous transport equations using as input BESS-Polar 11
protons and helium nuclei and electrons and positrons from PAMELA measurements.
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Because both the measurements and calculations showed that contamination of the measured
protons by light particles is negligible, no corrections were made.

5.8.2. Deuterons and Tritons—The BESS-Polar spectrometers distinguish deuterons
up to 3 GV and our measurements show that the a/p ratio decreases with increasing rigidity,
falling to 2.5% at 3 GV in BESS-Polar I. Because of its greater atmospheric overburden, the
a/pratio at 3 GV is 3.0% in BESS-Polar 1. Above 3 GV, the deuterons could not be
resolved. Similarly, tritons can be resolved up to 5 GV, where the measured #p ratio was ~
0.5%. Above 5 GV tritons could not be resolved. Thus, above 3 GV the reported protons
have a small admixture of deuterons and above 5 GV an even smaller admixture of tritons.
We conservatively include ~3% uncertainty for deuteron contamination that may have
increased the measured proton flux. Tritons were not included in the uncertainty.

5.8.3. 3He—In both flights, Z=2 nuclei were clearly identified by dE/axvs Rand g1 vs
R techniques using the UTOF and LTOF hodoscopes and were confirmed using dE/dxvs R
from the JET. However, these nuclei included both 3He and “He. Following the practice used
in previous BESS reports of He fluxes, all Z=2 particles were included in the He spectrum.

Flux Calculations and Corrections

5.9.1. Top of Instrument Flux—Nuclei that have enough energy to penetrate to the
LTOF and trigger the instrument have nearly constant energy throughout the tracker. Thus,
the energy that the particle would have had when entering the instrument (top-of-instrument
or TOI) is calculated by integrating its differential energy losses dE/dx for all materials
above the tracker using a detailed model of the instrument components encountered along its
trajectory. The measured differential flux of a given particle species at TOIl (®1qy), binned in
energy with width d£, can then be determined by:

N,
E = : i
@roi(Eron) €det * €MC * 52 - Tiive

where A}, is number of observed particles of that species.

5.9.2. Spectral Deconvolution—For steeply falling particle spectra, observed spectral
shapes can be deformed because of the /R dependence of the magnetic-rigidity spectrometer
Rresolution, or because of the energy dependence of the energy resolution of a calorimeter,
extensive air shower detector, etc.. The details of this deformation depend on the absolute 7
or absolute energy dependence of the measurement resolution. Response functions of
different measurement techniques differ with energy and sometimes (e.g. calorimeters) with
particle species. For magnetic-rigidity spectrometers like BESS-Polar, the resolution
deteriorates as /R approaches the MDR. The more abundant lower R particles are
misidentified as higher R, and, by number conservation, fluxes are correspondingly depleted
at slightly lower R, giving an apparent dip in the spectrum and then a recovery to a harder
spectral index than the underlying spectrum. Depending on the underlying spectral index,
small R errors of this sort can result in a considerable change in the observed spectral shape
and power law index (or indices). To compensate, reported high /2 spectra from magnetic
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rigidity spectrometers are usually the result of a “deconvolution” procedure to reproduce the
most probable real spectrum that would have resulted in the observed spectrum, taking into
account the finite /R resolution. For the results reported here, the deconvolution was
accomplished using a statistical procedure based on iteratively applying Bayes’ theorem. In
this method, the finite resolution effect is described by a convolution matrix in deflection
space, which was estimated from a simulation using the appropriate (1) resolution. As
noted above, for both BESS-Polar | and BESS-Polar I, o(”™1) =5.0 TV~L. An initial
spectrum must be chosen as the starting point for the deconvolution. Based on results from
previous measurements in the BESS-Polar rigidity range, single power laws with spectral
indices of —2.80 for protons and —2.70 for helium nuclei were used. The systematic error of
the deconvolution procedure was estimated to be about 1% at 160 GV from the deviation
due to input index errors (0.05) and o{ R™1) error (0.3 TVD).

5.9.3. Atmospheric Loss and Production Corrections—In order to obtain the
absolute flux of primary protons and helium nuclei at TOA, corrections were applied for the
survival probability in the residual atmosphere (7) and estimated atmospheric secondary
production ratio (R,j;). Both were estimated by solving simultaneous transport equations
(Papini et al. 1996). The primary spectrum at TOA (®1poa) Was determined in an iterative
procedure so that the estimated spectrum at TOI (Pq,) agreed with the observed spectrum.
For BESS-Polar I, with residual atmosphere of 4.33 g/cm?, the survival probability at 10
GeV/nucleon was estimated as (94.42 + 0.56)% for protons and (90.77 £ 1.2)% for helium.
For BESS-Polar 11, with residual atmosphere of 5.81 g/cm?, the survival probability was
estimated as (92.47 + 0.74)% for protons and (87.63 + 1.5)% for helium. The proton
secondary-to-primary ratio at 10 GeV was calculated as 0.0174 £ 0.0020 in BESS-Polar |
and 0.0227 + 0.0026 in BESS-Polar 1. Atmospheric secondary helium nuclei above 1 GeV/
nucleon are dominated by the fragments of heavier cosmic-ray nuclei. The secondary-to-
primary helium ratio at 10 GeV/nucleon was calculated as 0.0209 + 0.0043 in BESS-Polar |
and 0.0271 = 0.0054 in BESS-Polar II. The errors in atmospheric correction were
estimated by multiplying the factors which represent the uncertainty of residual air
depth as 10%, cross section of primary protons as 5%, and the cross section of primary
heavier cosmic ray nuclei as 20%.

5.9.4. Top of Atmosphere Flux—Utilizing these atmospheric loss and production
calculations, the measured differential flux of a given particle species extrapolated at the top
of the atmosphere (®1pa) and binned in energy with width d£is expressed as:

Dro1(Etorn)
Esrm) + RailEaTm)

droa(Eton) = '1(

where Exm iS a shorthand for the energy used in each step of the iterative process described
above in which the energy of the particle passing through the atmosphere is calculated at 0.1
g/c? intervals. The loss and production calculations are made over the same intervals using
the corresponding Eatm-
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6. Systematic Uncertainties

The overall systematic uncertainties for protons and helium share nine components; particle
identification, track reconstruction, trigger, geometric acceptance, non-interacted single
track selection, atmospheric production and loss correction, spectral deconvolution,
magnetic field details, and tracking system alignment. For protons, deuteron contamination
may also contribute by increasing the measured proton flux. Details of those factors are
discussed above and their relative values as functions of particle energy are illustrated in
Figure 6 which shows the systematic and statistical uncertainties in BESS-Polar 11 proton
measurements. The total systematic uncertainty in the proton measurements is asymmetric
and is shown both with and without deuteron contamination. The upper (additive) total
systematic uncertainty in the measured proton spectrum does not include deuteron
contamination. The lower (subtractive) total systematic uncertainty in the measured proton
spectrum includes deuteron contamination. The proton total systematic uncertainties at 10
GeV are 1.9% (upper), 3.4% (lower) in BESS-Polar | and 2.1% (upper), 3.7% (lower) in
BESS-Polar II. The difference arises from the greater atmospheric overburden in BESS-
Polar I1. The helium total systematic uncertainties are symmetric above and below the
measured spectral points. At 10 GeV/nucleon they are 3.0% in BESS-Polar I, and 3.2% in
BESS-Polar 1. However, the uncertainty of the non-interacted single track selection for
helium is worse at high energy in BESS-Polar | because it is difficult to simulate the effect
of &rays and interactions for TOF paddles with only one PMT. Thus, at 80 GeV/nucleon the
helium total systematic uncertainties are 5.3% in BESS-Polar I, and 5.0% in BESS-Polar II.

7. Measured Spectra

We have measured the absolute TOA fluxes of protons 0.2-160 GeV and helium nuclei
0.15-80 GeV/nucleon using both BESS-Polar | and BESS-Polar 1, where the lower energy
was set by the requirement for particles to penetrate to the LTOF and upper energy was
chosen to give flat detection efficiency. The corresponding ranges are 0.6-160 GV for
protons and 1.1-160 GV for helium. The BESS-Polar measurements are summarized in
Tables 1 and 2. The overall uncertainties, including both statistical and systematic errors, are
less than +10% for BESS-Polar | protons, £6% for BESS-Polar Il protons, £7% for BESS-
Polar I helium, and £5% for BESS-Polar 11 helium. The TOA proton and helium spectra are
shown in Figure 7 in comparison with BESS98 (Sanuki et al. 2000), BESS-TeV (Haino et al.
2004a), ATIC-2 (Panov et al. 2007), PAMELA (Adriani et al. 2011, 2014), and AMS-02
(Aguilar et al. 2015a,b). We note that the BESS98 and BESS-Polar flights took place at very
low and nearly constant geomagnetic cutoff. Their measured spectra do not have the
systematic uncertainties at lower energies that result from the rigidity-dependent live time
required by orbiting instruments such as PAMELA (70° inclination), and AMS-02 (51.6°
inclination) to account for measurements in varying geomagnetic cutoff. CREAM proton
and helium spectra (Ahn et al. 2010) are not shown in Figure 7 because most points are at
higher energies.
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7.1. High Energy Interstellar Spectra

At energies above 30 GeV for protons and 15 GeV/nucleon for helium, the effects of solar
modulation (discussed in Section 7.2) are effectively negligible and the proton spectra
measured BESS-Polar | and BESS-Polar 1l are essentially identical, differing by less than
1% at 160 GeV despite having been obtained during quite different periods of solar activity
(see further discussion below). The same is true of the helium spectra above ~15 GeV/
nucleon where the BESS-Polar | and BESS-Polar |1 results differ by less than 1% at 80 GeV/
nucleon. Thus, the interstellar spectra can be assumed to be the same as the measured TOA
spectra over 30-160 GeV for protons and 15-80 GeV/nucleon for helium. Over these
ranges, the measured spectra appear to follow single power laws. Thus, a given spectral ~

. S _Ek
can be parameterized by a power law in Kinetic energy, £, as F(E) = ®g, Ej "~ where

@, is the normalization constant. For the results reported here, systematic errors related to

spectral index (deconvolution and alignment) were taken into account, and a fitting range of
30-160 GeV was used for protons and 15-80 GeV/nucleon for helium. The best fit values

and uncertainties for protons (yf") and helium nuclei (yﬁé‘) for the two flights are:

Ey

Yp(Polarl) = ~ 2.715 + 0.006(stat) + 0.010(syst)

Ey

Yp(Polarl) = ~ 2736 % 0.002(stat) + 0.010(syst)

Ey

YHe(PolarT) = — 2606 & 0.017(stat) + 0.012(syst)

Eg

He(Polarll) = —2.627 + 0.006(stat) + 0.012(syst)

For both protons and helium, fits can be made over 30-160 GV to a single power law in 7,

. _,R . - .
parameterized as F(R) = ®gR~7 . The best fit values and uncertainties over a fitting range
of 30-160 GV for both protons () helium (y{3,) for the two flights are:

VicPolarl)y = — 2763 & 0.006(stat) = 0.010(sys0)
YagPolarll) = — 2784 & 0.002(stat) = 0.010(sys0)
Mre(PolarTy = — 2690 + 0.016(stat) + 0.011(syst)
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Pe(Polarty = — 2709 + 0.006(stat) + 0.011(syst)

At high-energy, PAMELA (Adriani et al. 2011, 2014), AMS-02 (Aguilar et al. 2015a,b) and
BESS-Polar proton and helium spectra agree within one oz We note, however, that the
BESS-Polar spectra do not extend to high enough energy to test the spectral hardening
reported by PAMELA, ATIC-2 (Panov et al. 2007), CREAM (Ahn et al. 2010) and AMS-02.

7.2. Low Energies and Solar Modulation

GCR entering the heliosphere are scattered by irregularities in the heliospheric magnetic
field (HMF) and undergo convection and adiabatic deceleration in the expanding solar wind.
The resulting modification of the GCR energy spectra, is known as “solar modulation”.
Reflecting variations in solar activity and HMF polarity, large differences at low energies
have been observed in the proton and helium spectra measured by the BESS collaboration
since 1993. The solar cycle includes both a sunspot activity period of ~11 years and a ~22
year magnetic cycle with alternating positive (A>0) and negative (A<0) phases. A<O polarity
cycles are defined as the periods when the HMF is directed towards the Sun in its northern
hemisphere. HMF polarity reverses at a time when solar activity is maximum, and the global
magnetic field profile also reverses throughout the heliosphere with time lag due to
propagation of the fields. Positive and negative particles traversing the HMF drift in opposite
directions, taking different routes to arrive at the Earth and giving rise to “flat” and “peaked”
periods in neutron monitor data around “solar minimum?. Thus, the details of the effect of
the solar wind and its entrained magnetic fields on the incoming GCR have to be taken into
account in deriving interstellar spectra at lower energies. At energies below 30 GeV for
protons and 15 GeV/nucleon for helium (discussed above) we report only the measured
TOA fluxes. However, we note the rich information on solar modulation that can be derived
from BESS and BESS-Polar antiproton, proton, helium, and light isotope spectra obtained
over more than a full solar cycle, including a reversal of solar magnetic polarity. To illustrate
the range of solar activity spanned by BESS and BESS-Polar, Figure 8 shows the Bartol
neutron monitor counting rate (blue dashed curve) (Bieber 2014) and the number of sunspots
(orange curve) (Hathaway 2015) together the data of BESS flights (red circles and blue
stars). The ATIC-2 (light blue circle), PAMELA (gray bar) and AMS-02 (green bar) flights
are also indicated.

Differences in the spectra measured by BESS-Polar | and BESS-Polar 11 from solar activity
below ~10 GeV for protons in Figure 9 and below ~5 GeV/nucleon for helium in Figure 10
are high-lighted and compared to measurements by earlier BESS instruments and to
PAMELA measurements for four years before and during the most recent solar minimum.
Varying solar modulation strongly affected proton and helium spectra measured by BESS
(BESS 97, 98, 99) approaching the HMF polarity reversal from positive to negative in 2000,
prior to the BESS 00 flight. Proton and helium measurements following the HMF polarity
reversal (BESS 00, BESS-TeV, BESS-Polar I, BESS-Polar Il) show much smaller variations
with solar activity. This is consistent with the effect expected from charge-sign dependent
drift (Bieber et al. 1999; Asaoka et al. 2002; Potgieter 2014). The proton spectra observed
by BESS at solar minimum in 1997 and and by BESS-Polar Il and PAMELA in 2007, near
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the next solar minimum are very similar. As would be expected, the low-energy PAMELA
proton spectrum from 2006, prior to solar minimum falls below BESS-Polar Il or PAMELA
in 2007, and the PAMELA results from 2008 and 2009 during the deepest solar minimum
are higher. The BESS and BESS-Polar measurements of antiprotons and protons, which
differ only in charge-sign and interstellar spectral shape, provide an excellent test case for
charge-sign dependent solar modulation (Asaoka et al. 2002). A full discussion solar
modulation and of the implications of the BESS results is beyond the scope of the present

paper.

7.3. Proton-to-Helium Ratio

Comparing the spectra of protons and helium gives important information on the sources
and acceleration of the light cosmic-rays and a test of cosmic-ray origin and propagation
models. The measured power-law indices of protons and helium, given above, are slightly
different. This is most easily shown in /2 space because our measurements for both species
reach 160 GV. The measured proton/helium flux ratios in / from BESS-Polar | and BESS-
Polar 11, with protons rebinned to match helium, are shown in Figure 11 and compared to
PAMELA (Adriani et al. 2011, 2014) data and with AMS-02 results (Aguilar et al. 2015b).
The BESS-Polar proton/helium flux ratios are summarized in Table 3. A simple model of
solar modulation, appropriate when comparing two species of the same char.ge-sign, shows
that the effect of solar modulation on this ratio should be negligible above 20 GV. This is
borne out by the measured ratios. As expected, p/He above 20 GV is well represented by a
single power-law with an index which is just the difference of the indices of the protons and
helium as (AyR = y§ - y{}e). This was also determined directly using a power-law fit to

p/He above 20 GV, as shown in Figure 11. The fit values obtained were

AR - fit = —0.081 + 0.010(stat) + 0.020(syst) for BESS-Polar I and

A R-fit = —0.086 + 0.004(stat) + 0.022(syst) for BESS Polar II. These compare well to the
calculated values of 4,R —cale = —0.073 + 0.017(stat) + 0.015(syst) for BESS-Polar | and
AR —cale = —0.075 + 0.006(stat) + 0.015(syst) for BESS-Polar 11. Above 10 GV the two

BESS-Polar ratios and AMS-02 agree well within error bars, while the PAMELA ratio is
slightly higher and flatter with increasing R.

8. Conclusion

With the BESS-Polar | long-duration balloon flight in 2004 and the BESS-Polar I flight in
2007/2008, we have measured the energy spectra at the top of the atmosphere of protons in
the range 0.2-160 GeV and helium nuclei in the range 0.15-80 GeV/nucleon, corresponding
to magnetic-rigidity ranges of 0.6-160 GV for protons and 1.1-160 GV for helium. At
energies above the effects of solar modulation, the spectra of either species measured in the
two flights differ by less than 1% at the highest measured energy (rigidity). Within the
measured ranges, the high energy (rigidity) spectra of both species can be represented very
well by single power laws. We have also determined the measured proton to helium ratio and
show that at high energies it is also fit by a single power law.
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Fig. 1.—.
Flight trajectories over Antarctica of BESS-Polar | in 2004 (green) and BESS-Polar Il in
2007/2008 (first orbit blue, second orbit red).
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Fig. 2.—.
Crosssection and side views of the BESS-Polar Il instrument
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Fig. 3.—.
Proton and helium bands in dE/dx vs R (top: UTOF, middle: LTOF, bottom: JET) from
BESS-Polar Il. The superimposed lines show the selection criteria for protons and helium

nuclei. The inset graphs show the results of those selections above 30 GV.
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Fig. 4.—.
BESS-Polar 11 proton (top) and helium (bottom) bands in 71 vs R after the selections shown
in Figure 3. The superimposed lines show the selection criteria for protons and helium. The

inset graphs show the results of those selections above 30 GV.
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Fig. 5.—.

BESS-Polar Il detection efficiencies for protons and helium (top) and effective acceptances
(bottom) as functions of R.
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Fig. 6.—.
Individual and total systematic uncertainties and the statistical uncertainty for BESS-Polar |1

proton measurements. The total systematic uncertainty for protons is asymmetric. The lower
(subtractive) uncertainty includes deuteron contamination but the upper (additive) does not.
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Fig. 7.—.

Absolute differential energy spectra of primary protons and helium nuclei at TOA multiplied
by E%{ measured by BESS-Polar | and BESS-Polar 1. Spectra reported by BESS98 (Sanuki
et al. 2000), BESS-TeV (Haino et al. 2004a), ATIC-2 (Panov et al. 2007), PAMELA

(Adriani et al. 2011, 2014), and AMS-02 (Aguilar et al. 2015a,b) are shown for comparison.
Differences in the BESS-Polar | and BESS-Polar 11 spectra at low energies are due to solar

modulation.
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Variation of Bartol neutron monitor counts and sunspot number from 1991 to 2015. The
BESS, ATIC-2 and BESS-Polar flights are marked as circles at the corresponding sunspot
number. The periods for which PAMELA and AMS-02 proton and helium spectra have been
reported are shown as bars at the approximate average sunspot number. The BESS-Polar 11
flight was carried out very near the deepest solar minimum.
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Fig. 9.—.

Absolute differential energy spectra of primary protons measured by BESS-Polar | and
BESS-Polar |1 together with earlier BESS measurements and the PAMELA spectra
compiled yearly (Adriani et al. 2013). The effect of solar modulation is evident at lower
energies. Low energy measurements at similar solar modulation, e.g. BESS97, BESS-Polar
I, and PAMELAO7 are consistent within reported errors. The AMS-02 results in Figure 7
are not reported by time period.
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Absolute differential energy spectra of helium nuclei measured by BESS-Polar | and BESS-
Polar 11 together with earlier BESS measurements. BESS97 and BESS-Polar 11
measurements at similar solar modulation are consistent within reported errors except at the

lowest energies.
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Proton/helium flux ratios measured by BESS-Polar | and BESS-Polar Il (with protons
rebinned to match helium). The ratio reported by PAMELA (Adriani et al. 2011, 2014) and
the AMS-02 ratio (Aguilar et al. 2015b) are also shown. Above 10 GV the two BESS-Polar
ratios and AMS-02 agree well within error bars, while the PAMELA ratio is slightly higher
and flatter with increasing R.
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