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ABBREVIATIONS

AMS = Alpha Magnetic Spectrometer

BON = Badhwar - O’Neill (model)

DLR = Deutsches Zentrum für Luft (German Aerospace Center)

ESA = European Space Agency

GCR = Galactic Cosmic Ray

ISMT = International Standards Maturation Team

ISO = International Standardization Organization

PAMELA = Payload for Antimatter Matter Exploration and
Light-nuclei Astrophysics

SINP = Skobeltsyn Institute for Nuclear Physics

SPENVIS = SPace ENVIronment Information System

TIM = Technical Interchange Meeting
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INTRODUCTION & TIM#4 ACTIONS

Actionees:

NASA Langley Research Center: John Norbury
European Space Agency: Daniel Matthiä
Skobeltsyn Institute of Nuclear Physics / Moscow State University:
Nikolay Kuznetsov, Mikhail Podzolko

Actions:

1 The Russian team will provide the SINP-2016 GCR environment
model to the ISMT Radiation Experts Team
(Kuznetsov, Podzolko)

2 NASA team will implement SINP-2016 into OLTARIS (Norbury)
3 Publish analysis of AMS-II data presented at TIM#4

(Norbury, Matthiä, Kuznetsov, Podzolko)
4 Analyze new AMS-II data when the data become available

(Norbury, Matthiä, Kuznetsov, Podzolko)
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ACTION #1: RUSSIAN TEAM WILL PROVIDE SINP-2016
GCR ENVIRONMENT MODEL TO ISMT RADIATION

EXPERTS TEAM (KUZNETSOV, PODZOLKO)

NASA JSC team (Kerry Lee, Katie Whitman) implemented
SINP-2016 GCR model from published results

Very useful help from Prof. Kuznetsov
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ACTION #2: NASA TEAM WILL IMPLEMENT SINP-2016
INTO OLTARIS (NORBURY)

SINP-2016 GCR environment model now available on OLTARIS

Thanks to Chris Sandridge, Tony Slaba, Kerry Lee, Katie Whitman
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ACTION #3: PUBLISH ANALYSIS OF AMS-II DATA

PRESENTED AT TIM#4 (NORBURY, MATTHIÄ, KUZNETSOV, PODZOLKO)

Contents lists available at ScienceDirect

Life Sciences in Space Research

journal homepage: www.elsevier.com/locate/lssr

Comparison of space radiation GCR models to recent AMS data
John W. Norbury⁎,a, Kathryn Whitmanb, Kerry Leeb, Tony C. Slabaa, Francis F. Badavic
a NASA Langley Research Center, Hampton, Virginia 23681, USA
bNASA Johnson Space Center, Houston, Texas 77058, USA
cOld Dominion University, Norfolk, Virginia 23529, USA

A R T I C L E I N F O

Keywords:
Space radiation
Galactic cosmic rays
Alpha magnetic spectrometer

A B S T R A C T

This paper is the third in a series of comparisons of American (NASA) and Russian (ROSCOSMOS) space ra-
diation calculations. The present work focuses on calculation of fluxes of galactic cosmic rays (GCR), which are a
constant source of radiation that constitutes one of the major hazards during deep space exploration missions for
both astronauts/cosmonauts and hardware. In this work, commonly used GCR models are compared with re-
cently published measurements of cosmic ray Hydrogen, Helium, and the Boron-to-Carbon ratio from the Alpha
Magnetic Spectrometer (AMS). All of the models were developed and calibrated prior to the publication of the
AMS data; therefore this an opportunity to validate the models against an independent data set.

1. Introduction

Plans are underway for further human exploration of deep space,
beginning in the cis-lunar region with later expansion to Mars. Such
large-scale exploration missions will continue to involve significant
amounts of international cooperation. One of the major hazards for
exploration of deep space is the harmful effects of space radiation on
both astronauts/cosmonauts and electronic systems. A series of meet-
ings has been taking place in Moscow, Russia between radiation experts
from the space agencies of USA, Russia, Europe, Japan and Canada. Part
of the aim of these meetings is to compare a wide variety of space ra-
diation calculations and predictions, as well as to identify best-practice
models and methods where possible. As a result of these meetings, two
papers have already been published which compared flux calculations
and pion cross section predictions from the American (NASA) and
Russian (ROSCOSMOS) space radiation transport codes, HZETRN and
SHIELD respectively (Norbury et al., 2017; 2018). The present work
represents the third publication in this series which compares the ga-
lactic cosmic ray models used by NASA, ROSCOSMOS and the European
Space Agency (ESA). The NASA GCR environment tool is the Badhwar-
O’Neill model (O’Neill et al., 2015); the ROSCOSMOS tools are the
International Standardization Organization ISO GCR model (Nymmik
et al., 1992; 1994; 1996; International Standardization Organization
ISO, 2004) and the new SINP (Skobeltsyn Institute of Nuclear Physics)
model (Kuznetsov et al., 2017), while the ESA tool is the DLR (Deuts-
ches zentrum für Luft- und Raumfahrt) model (Matthia et al., 2013).
These models are compared to the most recent data available from the
Alpha Magnetic Spectrometer (AMS) (Aguilar et al., 2015; 2015a;

2016) which is currently taking measurements from the International
Space Station (ISS).

A variety of sensitivity studies have recently been performed to
quantify the relative importance of specific ions and energies in the
GCR spectrum to exposure behind shielding and tissue (Slaba and
Blattnig, 2014, 2014a; Slaba et al., 2014), which included comparisons
between NASA and DLR models to Advanced Composition Explorer /
Cosmic Ray Isotope Spectrometer (ACE/CRIS), balloon data, and high
energy PAMELA (Payload for Antimatter Matter Exploration and Light-
nuclei Astrophysics) data (Slaba et al., 2014). The paper by
Slaba et al. (2014) includes a detailed analysis of GCR model un-
certainties. Highly efficient methods were developed to propagate GCR
model uncertainty into exposure quantities behind shielding, and these
efforts led to automated procedures that were subsequently used to
refine GCR model parameters and significantly reduce uncertainties
(O’Neill et al., 2015). (Obviously if a quantity is propagated through a
material then the associated uncertainty must be propagated as well.)
The same quantitative assessment tools were used to inform and define
requirements for obtaining new and highly significant measurements
from AMS. An important realization from these studies has been that
90% of the effective dose behind shielding is induced by GCR with
energies above 500 MeV/n, which is the upper energy limit of the ACE/
CRIS satellite that has contributed to most of the GCR measurement
data. Clearly, higher energy data are needed, and that is why the AMS
measurements are so important. Therefore, the present work focuses on
comparisons to AMS measurements. The recommendation to compare
various GCR models to high energy measurements also came out of the
Moscow meetings mentioned previously.

https://doi.org/10.1016/j.lssr.2018.05.003
Received 27 February 2018; Received in revised form 17 April 2018; Accepted 12 May 2018

⁎ Corresponding author.
E-mail address: john.w.norbury@nasa.gov (J.W. Norbury).

Life Sciences in Space Research 18 (2018) 64–71

2214-5524/ Published by Elsevier Ltd on behalf of The Committee on Space Research (COSPAR).
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Comparing HZETRN, SHIELD, FLUKA and GEANT transport codes

John W. Norbury⁎,a, Tony C. Slabaa, Nikolai Sobolevskyb, Brandon Reddellc

a NASA Langley Research Center, Hampton, Virginia 23681, USA
b Institute for Nuclear Research of the Russian Academy of Sciences, Moscow, Russia
c NASA Johnson Space Center, Houston, Texas 77058, USA

A R T I C L E I N F O

Keywords:
Space radiation
Radiation transport
HZETRN
SHIELD

A B S T R A C T

For the first time, the American (NASA) and Russian (ROSCOSMOS) space radiation transport codes, HZETRN
and SHIELD respectively, are directly compared to each other. Calculations are presented for Galactic Cosmic
Ray (GCR) minimum Hydrogen, Oxygen and Iron projectiles incident on a uniform Aluminum cylinder of
varying thickness. Comparisons are made for the flux spectra of neutrons, light ions (Z≤ 2), heavy ions (Z> 2)
and pions emitted from the back of the Aluminum cylinder. In order to provide more benchmark comparisons,
some calculations with the GEANT and FLUKA transport codes are also shown.

1. Introduction

International cooperation in the exploration of space is expected to
continue with human missions to Mars. Protection of astronauts from
the harmful effects of space radiation is a major factor that needs to be
taken into consideration in mission planning. Accurate prediction of
expected radiation dose levels that will be encountered by astronauts is
of utmost importance. Such predictions are made with space radiation
transport codes, and various space agencies typically rely on a
particular code that has been developed within their own national
space agencies. For example, the HZETRN code (Wilson et al., 2015a;
2015b; 2016; Slaba et al., 2016) is typically used by NASA, the SHIELD
code (Dementyev and Sobolevsky, 1999; Hansen et al., 2012) is
typically used by the Russian Space Agency, the GEANT code
(Agostinelli, 2003) is used by the European Space Agency, and the
PHITS code (Sato et al., 2006; 2013) is used by the Japanese Space
Agency. Other codes that receive significant use are FLUKA (Battistoni,
2015) MCNP (McKinney et al., 2006) and HETC-HEDS (Charara et al.,
2008; Townsend et al., 2005).

When international partners are planning joint space missions and
predicting radiation effects, it is obviously important that the transport
codes being used are in reasonable agreement with one another, as well
as with measured data. The current special issue of this journal is
devoted to comparisons between different codes and data, specifically
oriented to a Mars mission. There have been many studies of the
comparisons of transport codes with each other in the literature
(Matthia et al., 2016; Slaba et al., 2017; Wilson et al., 2014; 2015a;
2015b; 2016; Lin et al., 2012; Heinbockel et al., 2011a; 2011b) and also
in the present special issue. However, a significant gap in the literature

is a direct comparison of the American and Russian codes HZETRN and
SHIELD respectively, with each other. The present paper represents the
first such direct comparison of these two important space radiation
transport codes.

While the main focus of this paper is to compare the NASA
deterministic HZETRN code and the ROSCOSMOS Monte Carlo
SHIELD code, some comparisons to the Monte Carlo GEANT and
FLUKA codes are also provided to give insight into possible differences
between HZETRN and SHIELD. Brief descriptions of the various
transport codes are provided below.

HZETRN2015 calculations were done by J. Norbury, subsequent to
previous calculations using HZETRN2010 done by T. Slaba and J.
Norbury. SHIELD calculations were done by N. Sobolevsky. GEANT
calculations were done by T. Slaba. FLUKA calculations were done by B.
Reddell.

2. Description of transport codes

2.1. HZETRN

The HZETRN (High charge (Z) and Energy TRaNsport) code (Wilson
et al., 2015a; 2015b; 2016; Slaba et al., 2016) is a deterministic
transport code specifically developed by NASA for space radiation
transport. It employs numerical solutions to the time-independent,
linear Boltzmann equation. It utilizes the continuous slowing down
approximation in which discrete atomic interactions are represented by
stopping power. The HZETRN code has undergone regular updates with
releases in 2010 and 2015 denoted as HZETRN2010 and HZETRN2015.
HZETRN2010 was a one-dimensional (1D) code that employed the

http://dx.doi.org/10.1016/j.lssr.2017.04.001
Received 13 February 2017; Received in revised form 27 March 2017; Accepted 17 April 2017

⁎ Corresponding author.
E-mail address: john.w.norbury@nasa.gov (J.W. Norbury).

Life Sciences in Space Research 14 (2017) 64–73

2214-5524/ Published by Elsevier Ltd on behalf of The Committee on Space Research (COSPAR).
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SHIELD and HZETRN comparisons of pion production cross sections

John W. Norburya,⁎, Nikolai Sobolevskyb, Charles M. Wernetha

aNASA Langley Research Center, Hampton, VA, USA
b Institute for Nuclear Research of the Russian Academy of Sciences, Moscow, Russia

A B S T R A C T

A program of comparing American (NASA) and Russian (ROSCOSMOS) space radiation transport codes has
recently begun, and the first paper directly comparing the NASA and ROSCOSMOS space radiation transport
codes, HZETRN and SHIELD respectively has recently appeared. The present work represents the second time
that NASA and ROSCOSMOS calculations have been directly compared, and the focus here is on models of pion
production cross sections used in the two transport codes mentioned above. It was found that these models are in
overall moderate agreement with each other and with experimental data. Disagreements that were found are
discussed.

Future exploration-class human space missions will continue to rely
heavily on international cooperation, and a program has recently begun
with the aim of comparing space radiation calculations between the
American (NASA) and Russian (ROSCOSMOS) space agencies. This
activity has involved several workshops in Moscow, with radiation
experts sharing calculations and results from a wide variety of space
radiation topics. The activity has recently expanded to include other
space agencies from Europe, Japan and Canada. The first published
paper to come out of these meetings has recently appeared [1]. That
work focused on transport code flux predictions and represented the
first time that the NASA and ROSCOSMOS space radiation transport
codes, HZETRN [2,3] and SHIELD [4,5], respectively, had been directly
compared to each other. (HZETRN stands for High charge (Z) and En-
ergy TRaNsport.) An extensive discussion of the HZETRN and SHIELD
codes is presented in that work [1] and will not be repeated in this Short
Communication.

Recent work has shown that pion production can make a large
contribution to the space radiation dose1 received from galactic cosmic
ray (GCR) particles under realistic shielding scenarios [6–8]. Therefore,
it is important that space radiation transport codes are able to accu-
rately calculate pion production flux. Consequently, the pion produc-
tion cross sections, which are used by transport codes, must be accu-
rately modeled. HZETRN has recently been extended to include pion
contributions and the associated electromagnetic cascade process [8,9],
and because of this recent advance with HZETRN, there is special in-
terest in comparing pion production models with other transport codes.

The first paper that studied comparisons between HZETRN and
SHIELD [1] also included a comparison of pion flux calculated by

transporting the full GCR energy spectrum for the H, O and Fe projectile
components being separately transported through various thicknesses
of Al shielding (1, 10, 100 g/cm2). That study also included compar-
isons with the FLUKA code [10]. It was found that HZETRN, SHIELD
and FLUKA were in excellent agreement for thick (100 g/cm2) shielding
for H, O, and Fe projectiles and also in excellent agreement for high
energy (> 500MeV) pion production from H projectiles for thinner (1,
10 g/cm2) shielding. However, for thinner (1, 10 g/cm2) shielding, poor
agreement with HZETRN was obtained for O and Fe projectiles and for
lower energy (< 500MeV) pion production from H projectiles, with
HZETRN results significantly smaller than SHIELD and FLUKA. These
differences for thinner shielding were thought to be due to differences
in nuclear models which are expected to manifest themselves for thin
shields. However, to properly investigate this hypothesis, one needs to
compare nuclear models directly, which is part of the motivation for the
present work. In particular, why did HZETRN give consistently smaller
results than SHIELD for the previous thick target transport study [1]?
Was the reason because of smaller cross sections or differences in
transport methods?

A paper has been previously published by Werneth, Norbury and
Blattnig [11] which compared two different pion production cross section
models to experimental data. The first model was a simple thermal model
parameterization [12,13] based on a Boltzmann distribution, while the
second model was the high energy parameterization (appropriate to the
GeV region and above) of Badhwar [14–16] based on Feynman scaling. The
paper [11] made recommendations as to which model should be included in
the HZETRN code, and these recommendations have now been im-
plemented, so that the current pion cross section model used in the HZETRN

https://doi.org/10.1016/j.nimb.2017.12.009
Received 20 November 2017; Received in revised form 4 December 2017; Accepted 8 December 2017

⁎ Corresponding author.
E-mail address: john.w.norbury@nasa.gov (J.W. Norbury).

1 Note that the large contribution is to absorbed dose, not dose-equivalent.

Nuclear Inst, and Methods in Physics Research B 418 (2018) 13–17

0168-583X/ Published by Elsevier B.V.

T

NORBURY TIM#6: AMS DATA FEBRUARY 18 - 19, 2019 9 / 62



ACTION #4: ANALYZE NEW AMS-II DATA WHEN DATA

BECOME AVAILABLE (NORBURY, MATTHIÄ, KUZNETSOV, PODZOLKO)

New results shown today
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PRIMARY (H, HE, C, N, O ...) VS. SECONDARY (LI, BE, B) GCR

https://apod.nasa.gov/apod/ap171024.html
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PRIMARY (H, HE, C, N, O ...) VS. SECONDARY (LI, BE, B) GCR

http://imagine.gsfc.nasa.gov/Images/science/abund2.gif
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INTRO. AMS & DARK MATTER - BORON/CARBON

C produced & accelerated in astrophysical sources

B entirely produced by collision of heavier nuclei (C, O, etc.) with
interstellar medium

B/C ratio measures amount of interstellar material traversed
Aguilar et al., Phys. Rev. Lett. 117, 231102, 2016; 120, 021101, 2018

Positron excess discovered by AMS
Aguilar et al., Phys. Rev. Lett. 110, 141102, 2013

Consistent with Dark Matter (DM) particle (Neutralino) of mass 1 TeV
Dark Matter or Pulsars?
Theories which explain e+ excess with conventional sources make B/C predictions,
because both e+ and B/C traverse same paths
- if can’t model B/C correctly then e+ excess likely DM!
Very high energy measurements underway
- high energy more direct path: easier model
- behavior of fall-off after maximum will provide definitive signature
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INTRODUCTION - AMS & SPACE RADIATION

Sensitivity studies for GCR environmental modeling:
Slaba et al., Space Weather 12, 217, 2014

90% effective dose contributed from GCR energies > 250 MeV/n
= Upper energy limit of the Advanced Composition Explorer /
Cosmic Ray Isotope Spectrometer (ACE/CRIS) satellite, which
has contributed to most GCR data

Higher energy data are needed, which is why the AMS-II
measurements are so important
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INTRODUCTION - AMS & SPACE RADIATION

GCR ion in free space before propagating into any shielding material. The contribution from each ion and
boundary energy to effective dose depends directly on the shielding material, shielding thickness, and
solar conditions. Therefore, the sensitivity analysis is performed for different shielding materials, shielding
thickness, and solar conditions.

Throughout this section, it is important to remember that the ions and energies being discussed refer to the
energy of each ion before impinging on any shielding material. The discussion should not be confused
with the local particles and energies depositing energy at the tissue site. The intent of this analysis and
discussion is to determine how exposure quantities depend on the GCR field before interacting with
shielding materials or human tissue.

The quantity that describes effective dose as a function of boundary ion energy may be written as

hZ EBð Þ ≡ ∂
∂EB

HZ E > EBð Þ; (1)

where EB is the boundary energy and HZ and hZ are the cumulative and differential effective dose rates as a
function of boundary kinetic energy for GCR ion Z. The cumulative effective dose rate, HZ (E> EB), is the
effective dose delivered by boundary energies greater than EB from GCR ion Z. The differential effective dose
rate is simply the derivative of HZ with respect to EB.

Monte Carlo transport codes are, in principle, well suited to simulate the quantity in equation (1), since
contributions to specific exposure quantities can be directly tallied as a function of the radiation type and
energy impinging on the shielding geometry. However, in practice, performing the full sensitivity analysis for
each GCR ion and boundary energy and a range of shielding thicknesses and materials is computationally
expensive. An alternative approach utilizing HZETRN-π/EM [Wilson et al., 1991; Slaba et al., 2010b, 2010c;
Norman et al., 2013] is implemented in this work. The numerical procedure and computational tools used to
express effective dose as a function of boundary energy for each GCR ion is described in Appendix A.

For all calculations in the sensitivity study, effective dose is computed using the International Commission
on Radiological Protection (ICRP) 60 quality factor [International Commission on Radiological Protection (ICRP),
1990] and ICRP 103 tissue weights [ICRP, 2007] with the FAX (Female Adult Voxel) human phantom
[Kramer et al., 2004] as described by Slaba et al. [2010a]. Radiation transport has been performed using the
HZETRN-π/EM code. The BON2010 [O’Neill, 2010] model was used to evaluate the GCR spectrum for solar
minimum and solar maximum conditions, and October 1976 and June 2001 were used as representative
dates for solar minimum and maximum, respectively. These dates were chosen to bound the range of solar
conditions that might occur. One would not expect the relative importance of specific ions and energy

Figure 2. Differential effective dose rate as a function of boundary kinetic energy behind 20 g/cm2 of aluminum exposed
to solar minimum conditions described by BON2010 model. Results for specific ions have been scaled to improve plot
clarity. The location of the peak distribution values along the horizontal axis indicates which boundary energies are most
important to effective dose behind shielding.

Space Weather 10.1002/2013SW001025

SLABA AND BLATTNIG ©2014. American Geophysical Union. All Rights Reserved. 219

Effective dose contributions as a function of energy
Slaba & Blattnig, Space Weather 12, 217, 2014
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INTRODUCTION - AMS & SPACE RADIATION

RIGIDITY rG = GYRO-RADIUS, Q = Ze = CHARGE

R ≡ |p|c
Q
≡ rG B

• Particles of same rigidity have same path in magnetic field

• Same gyro-radius rG (radius of circular motion if circle ⊥ to B)

Nucleus R (GV) KE (MeV/n) KE (GeV/n) R (GV)
1H 1 433 1 1.7

4He 1 125 1 3.4
16O 1 125 1 3.4
56Fe 1 109 1 3.6
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AMS PUBLICATIONS - TIM#4 ANALYSIS - BEFORE

HYDROGEN (H) → Primary GCR
May 19, 2011 – November 26, 2013→ Total
Aguilar et al., Phys. Rev. Lett. 114, 171103, 2015

HELIUM (He) → Primary GCR
May 19, 2011 – November 26, 2013→ Total
Aguilar et al., Phys. Rev. Lett. 115, 211101, 2015

BORON / CARBON (B/C) ratio → Secondary / Primary GCR
May 19, 2011 – May 26, 2016→ Total
Aguilar et al., Phys. Rev. Lett. 117, 231102, 2016
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AMS PUBLICATIONS - TIM#6 ANALYSIS - TODAY

HELIUM (He), CARBON (C), OXYGEN (O) → Primary GCR
May 19, 2011 – May 26, 2016→ Total
Aguilar et al., Phys. Rev. Lett. 119, 251101, 2017

LITHIUM (Li), BERYLLIUM (Be), BORON (B) → Secondary GCR
Li/C, Be/C, B/C, Li/O, Be/O, B/O ratios → Secondary / Primary
Li/B, Be/B ratios → Secondary / Secondary
May 19, 2011 – May 26, 2016→ Total
Aguilar et al., Phys. Rev. Lett. 120, 021101, 2018
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AMS PUBLICATIONS - TIM#7 ACTIONS - FUTURE

HYDROGEN (H), HELIUM (He) → Primary GCR
May 15, 2011 – May 9, 2017→ 79 Bartels rotations
Aguilar et al., Phys. Rev. Lett. 121, 051101, 2018

NITROGEN (N) → Primary & Secondary GCR
N/O ratio → (Primary & Secondary) / Primary
N/B ratio → (Primary & Secondary) / Secondary
May 19, 2011 – May 26, 2016→ Total
Aguilar et al., Phys. Rev. Lett. 121, 051103, 2018
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AMS DATA: HYDROGEN (PRIMARY) FLUX VS. RIGIDITY
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Scaled flux (right) emphasizes high energy shape
Famous break near 300 GV

Spectrum much harder than previous measurements

Previous measurements lie higher after break - i.e. softer
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AMS & OTHER DATA: HYDROGEN FLUX VS. RIGIDITY

This verifies that the detector performance is stable over
time and that the flux above 45 GV shows no observable
effect from solar modulation fluctuations for this measure-
ment period. The variation of the proton flux due to solar
modulation will be the subject of a separate publication.
Figure 2(c) shows that the ratios of fluxes obtained using
events which pass through different sections of L1 to the
average flux are in good agreement and within the assigned
systematic errors; this verifies the errors assigned to the
tracker alignment. Lastly, as seen from Fig. 2(d), the flux
obtained using the rigidity measured by only the inner
tracker is in good agreement with the flux measured using
the full lever arm; this verifies the systematic errors
assigned from the unfolding procedures and the rigidity
resolution function for two extreme and important cases.
First, at the inner tracker MDR (∼300 GV) where the
unfolding effects and resolution functions of the inner
tracker and the full lever arm (2 TV MDR) are very
different. Second, at low rigidities (1 to 10 GV) where the
unfolding effects and the tails in the resolution functions of
the inner tracker and full lever arm are also very different
due to large multiple and nuclear scattering.
Most importantly, several independent analyses were

performed on the same data sample by different study
groups. The results of those analyses are consistent with
this Letter.
Results.—The measured proton flux Φ including stat-

istical errors and systematic errors is tabulated in Ref. [25]
as a function of the rigidity at the top of the AMS detector.
The contributions to the systematic errors come from (i) the
trigger, (ii) the acceptance, background contamination,
geomagnetic cutoff, and event selection, (iii) the rigidity
resolution function and unfolding, and (iv) the absolute
rigidity scale. The contributions of individual sources to the
systematic error are added in quadrature to arrive at the total
systematic uncertainty. The Monte Carlo event samples
have sufficient statistics such that they do not contribute
to the errors. Figure 3(a) shows the flux as a function of
rigidity with the total errors, the sum in quadrature of
statistical and systematic errors [26]. In this and the
subsequent figures, the points are placed along the abscissa
at ~R calculated for a flux ∝ R−2.7 [27]. Figure 3(b) shows
the AMS flux as a function of kinetic energy EK together
with the most recent results (i.e., from experiments after the
year 2000).
A power law with a constant spectral index γ

Φ ¼ CRγ ð2Þ

where R is in GV and C is a normalization factor, does not
fit the flux reported in this work [25] and shown in Fig. 3(a)
at the 99.9% C.L. for R > 45 GV. Applying solar modu-
lation in the force field approximation [28] also does not fit
the data at the 99.9% C.L. for R > 45 GV. We therefore fit
the flux with a modified spectral index [29]

Φ ¼ C

�
R

45 GV

�
γ
�
1þ

�
R
R0

�
Δγ=s

�
s
; ð3Þ

where s quantifies the smoothness of the transition of the
spectral index from γ for rigidities below the characteristic
transition rigidity R0 to γ þ Δγ for rigidities above R0.
Fitting over the range 45 GV to 1.8 TV yields a χ2=d:f: ¼
25=26 with C ¼ 0.4544� 0.0004ðfitÞþ0.0037

−0.0047ðsysÞþ0.0027
−0.0025

ðsolÞ m−2sr−1sec−1GV−1, γ ¼ −2.849 � 0.002ðfitÞþ0.004
−0.003

ðsysÞþ0.004
−0.003ðsolÞ, Δγ ¼ 0.133þ0.032

−0.021ðfitÞþ0.046
−0.030ðsysÞ �

0.005ðsolÞ, s ¼ 0.024þ0.020
−0.013ðfitÞþ0.027

−0.016ðsysÞþ0.006
−0.004ðsolÞ, and

R0 ¼ 336þ68
−44ðfitÞþ66

−28ðsysÞ � 1ðsolÞ GV. The first error
quoted (fit) takes into account the statistical and uncorre-
lated systematic errors from the flux reported in this work
[25]. The second (sys) is the error from the remaining
systematic errors, namely, from the rigidity resolution
function and unfolding, and from the absolute rigidity
scale, with their bin-to-bin correlations accounted for using
the migration matrix Mij. The third (sol) is the uncertainty
due to the variation of the solar potential ϕ ¼ 0.50 to
0.62 GV [30]. The fit confirms that above 45 GV the flux is
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FIG. 3 (color). (a) The AMS proton flux multiplied by ~R2.7 and
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of kinetic energy EK as multiplied by E2.7

K compared with recent

measurements [3–6]. For the AMS results EK ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~R2þM2

p

q
−Mp

where Mp is the proton mass.
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AMS data harder than previous high energy measurements
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AMS DATA: HELIUM (PRIMARY) FLUX VS. RIGIDITY
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AMS DATA: HELIUM (PRIMARY) FLUX VS. RIGIDITY
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AMS & OTHER DATA: HELIUM FLUX VS. RIGIDITY

performance is stable over time and that the flux above
45 GV shows no observable effect from solar modulation
fluctuations. Figure SM2(c) in Ref. [22] shows that the flux
obtained using the rigidity measured by only the inner
tracker is in good agreement with the flux measured using
the full lever arm. The flux ratio uses the two different event
samples corresponding to the inner tracker acceptance and
to the L1 to L9 acceptance used for the results in this Letter.
This verifies the systematic errors from the acceptance, the
unfolding procedure, and the rigidity resolution function
for two extreme and important cases. First, at the MDR of
the inner tracker, 0.55 TV, where the unfolding effects and
resolution functions of the inner tracker and the full lever
arm are very different. Second, at low rigidities (2 to
10 GV) where the unfolding effects and the tails in the
resolution functions of the inner tracker and full lever arm
are also very different due to multiple and nuclear scatter-
ing. Figure SM2(d) in Ref. [22] shows the good agreement
between the flux obtained using the rigidity measured by
tracker L1 to L8, MDR 1.4 TV, and the full lever arm, MDR
3.2 TV, again using different event samples, thus verifying
the systematic errors on the rigidity resolution function
over the extended rigidity range.
Most importantly, several independent analyses were

performed on the same data sample by different study groups.
The results of those analyses are consistent with this Letter.
Results.—The measured He flux Φ including statistical

errors and systematic errors is tabulated in Ref. [22],
Table I, as a function of the rigidity at the top of the
AMS detector. The contributions to the systematic errors
come from (i) the trigger, (ii) the geomagnetic cutoff,
the acceptance, and background contamination, (iii) the
rigidity resolution function and unfolding which take into
account the small differences between the two unfolding
procedures described above, and (iv) the absolute rigidity
scale. The contribution of individual sources to the sys-
tematic error are added in quadrature to arrive at the total
systematic uncertainty. The Monte Carlo event samples
have sufficient statistics such that they do not contribute
to the errors. Figure 1(a) shows the flux as a function of
rigidity with the total errors, the sum in quadrature of
statistical and systematic errors [25]. In this and the
subsequent figures, the points are placed along the abscissa
at ~R calculated for a flux ∝ R−2.7 [26]. Figure 1(b) shows
the AMS flux as a function of kinetic energy per nucleon
EK together with the most recent results (i.e., from experi-
ments after the year 2000).
A power law with a constant spectral index γ,

Φ ¼ CRγ; ð2Þ
where R is in GV and C is a normalization factor, does not
fit the flux reported in this work [22] and shown in Fig. 1(a)
at the 99.9% C.L. for R > 45 GV. Applying solar modu-
lation in the force field approximation [27] also does not fit
the data at the 99.9% C.L. for R > 45 GV. We therefore

fit the flux with a double power law function [8]

Φ ¼ C

�
R

45 GV

�
γ
�
1þ

�
R
R0

�
Δγ=s

�
s
; ð3Þ

where s quantifies the smoothness of the transition of the
spectral index from γ for rigidities below the characteristic
transition rigidity R0 to γ þ Δγ for rigidities above R0.
Fitting over the range 45 GV to 3 TV yields a χ2=d:f: ¼
25=27 with C¼ 0.0948�0.0002ðfitÞ�0.0010ðsysÞ �
0.0006ðsolÞm−2 sr−1 sec−1GV−1, γ¼−2.780�0.005ðfitÞ�
0.001ðsysÞ�0.004ðsolÞ, Δγ ¼ 0.119þ0.013

−0.010ðfitÞþ0.033
−0.028ðsysÞ�

0.004ðsolÞ, s ¼ 0.027þ0.014
−0.010ðfitÞþ0.017

−0.013ðsysÞ � 0.002ðsolÞ,
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FIG. 1 (color). (a) The AMS helium flux [22] multiplied by ~R2.7

with its total error as a function of rigidity. (b) The flux as a
function of kinetic energy per nucleon EK multiplied by E2.7

K
compared with measurements since the year 2000 [3–6]. For the
AMS results EK ≡ ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 ~R2 þM2

p
−MÞ=4 where M is the 4He

mass as the AMS flux was treated as containing only 4He. (c) Fit
of Eq. (3) to the AMS helium flux. For illustration, the dashed
curve uses the same fit values but with R0 set to infinity.
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AMS data harder than previous high energy measurements
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AMS DATA: CARBON (PRIMARY) FLUX VS. RIGIDITY
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AMS DATA: OXYGEN (PRIMARY) FLUX VS. RIGIDITY
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AMS DATA: LITHIUM (SECONDARY) FLUX VS. RIGIDITY

----------------------------------------------------------
---

-
--

-

-

-

----------------------------------------------------------
---

-
--

-

-

-

■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■
■■■

■
■■

■

■

■

1 10 100 1000
10-9

10-7

10-5

0.001

0.100

Rigidity [GV]

F
lu
x
[(
m
2
sr
s
G
V
)-
1
]

Lithium (2011May19-2016May26)

-
-
-
-

-

-

-

-
-
-
-
-
-
-
-
--
--------------

------
----

--
---
--
------

---
-

--
--

-
- - -

-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
--
---
------------

------
----

--
---
--
------

----
--
--

-
-
- - -

■
■
■
■

■
■
■

■
■
■
■
■
■
■
■
■■
■■■■■■■■■■■■■■

■■■■■■
■■■■

■■
■■■
■■
■■■■■■

■■■
■

■■
■■

■
■
■ ■ ■

1 10 100 1000
0

2

4

6

8

10

12

14

Rigidity [GV]

F
lu
x
x
R
2.
7
[m

-
2
sr

-
1
s-
1
G
V
1.
7
]

Lithium (2011May19-2016May26)

Scaled flux (right) emphasizes high energy shape
Secondary GCR spectra harder than primary spectra
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AMS DATA: BERYLLIUM (SECONDARY) FLUX VS. RIGIDITY
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AMS DATA: BORON (SECONDARY) FLUX VS. RIGIDITY
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Secondary GCR spectra harder than primary spectra
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AMS & OTHER DATA: B/C RATIO

and L3–L8. This residual background is < 3% for the
boron sample and < 0.5% for carbon.
The background from carbon, nitrogen, and oxygen

interactions on materials above L1 (thin support structures
made by carbon fiber and aluminum honeycomb) has been
estimated from simulation, using MC samples generated
according to AMS flux measurements [32]. The simulation
of nuclear interactions has been validated using data as
shown in Fig. 3 of the Supplemental Material [31]. The
background from interactions above L1 in the boron
sample is 2% at 2 GV and increases up to 8% at 2.6
TV, while for the carbon sample it is< 0.5% over the entire
rigidity range. The total correction to the B=C ratio from
background subtraction is −2% at 2 GV, −3% at 20 GV,
−7% at 200 GV, and −10% at 2 TV.
After background subtraction the sample contains

2.3 × 106 boron and 8.3 × 106 carbon nuclei.
Data analysis.—The isotropic flux ΦZ

i for nuclei of
charge Z in the ith rigidity bin ðRi; Ri þ ΔRiÞ is given by

ΦZ
i ¼ NZ

i

AZ
i ϵ

Z
i TiΔRi

; ð1Þ

where NZ
i is the number of events of charge Z corrected

for bin-to-bin migrations, AZ
i is the effective acceptance, ϵZi

is the trigger efficiency, and Ti is the collection time.
The B=C ratio in each rigidity bin is then given by

�
B
C

�
i
¼ ΦB

i

ΦC
i
¼ NB

i

NC
i

�
AB
i

AC
i

ϵBi
ϵCi

�−1
: ð2Þ

In this Letter the B=C ratio was measured in 67 bins from
1.9 GV to 2.6 TV with bin widths chosen according to the
rigidity resolution.
The bin-to-bin migration of events was corrected

using the unfolding procedure described in Ref. [4]

independently for the boron and the carbon samples.
This results in a correction on the B=C ratio of −2.4%
at 2 GV, −0.5% at 20 GV, −5% at 200 GV, and −13%
at 2 TV.
Extensive studies were made of the systematic errors.

These errors include the uncertainties in the two back-
ground estimations discussed above, in the trigger effi-
ciency, in the acceptance calculation, in the rigidity
resolution function, and in the absolute rigidity scale.
The systematic error on the B=C ratio associated with

background subtraction is dominated by the uncertainty of
∼10% in the boron sample background estimation for
interactions above L1, see, for example, Fig. 3 of the
Supplemental Material [31]. The total background sub-
traction error on the B=C ratio is < 1% over the entire
rigidity range.
The systematic error on the B=C ratio associated with the

trigger efficiency is < 0.5% over the entire rigidity range.
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10 210 310

Δ

0.6−

0.4−

0.2−

0

0.2

FIG. 2. The B=C spectral index Δ as a function of rigidity.
The dashed red line shows the single power law fit result to the
B=C ratio above 65 GV; see Fig. 1.
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FIG. 3. The boron to carbon ratio as a function of kinetic energy
per nucleon EK compared with measurements since the year 1980
[12–21]. The dashed line is the B=C ratio required for the model
of Ref. [7].
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FIG. 1. The AMS boron to carbon ratio (B=C) as a function of
rigidity in the interval from 1.9 GV to 2.6 TV based on 2.3 million
boron and 8.3 million carbon nuclei. The dashed line shows
the single power law fit starting from 65 GV with index Δ ¼
−0.333� 0.014ðfitÞ � 0.005ðsystÞ.

PRL 117, 231102 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

2 DECEMBER 2016

231102-4

AMS & other data for B/C ratio
Theoretical model (dashed line) explaining AMS e+ & p− results by

secondary production ruled out by B/C data
Aguilar et al., Phys. Rev. Lett. 119, 251101, 2017
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AMS DATA SUMMARY

AMS measurements of primary cosmic rays, H, He, C, O show
spectral hardening above 200 GV.

Above 60 GV, the He, C, and O spectra found to have identical
rigidity dependence.

If spectral hardening related to injected spectra at source, then
similar hardening expected for both primaries & secondaries.

But, if hardening related to propagation in Galaxy, stronger
hardening expected for secondaries compared to primaries.

“No theoretical model predicted the observed spectral behavior of
either the primary or secondary cosmic rays seen with AMS”

Aguilar et al., Phys. Rev. Lett. 120, 021101, 2018
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RESULTS

Four models will be compared to AMS data:

Badhwar - O’Neill (BON14) model
O’Neill, Golge, Slaba, NASA Tech. Paper 218569, 2015

DLR model
Matthia et al., Adv. Space Res. 51, 329, 2013

SINP model
Kuznetsov, Popova, Panasyuk, J. Geophys. Res. Space Phys. 115, 1463, 2017

ISO15390 model - taken from SPENVIS
Nymmik et al., Adv. Space Res. 17, 19, 1996
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RESULTS: HYDROGEN FLUX VS. KINETIC ENERGY
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RESULTS: HYDROGEN FLUX VS. KINETIC ENERGY
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RESULTS: HYDROGEN FLUX (SCALED) VS. KINETIC ENERGY
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RESULTS: HELIUM FLUX VS. KINETIC ENERGY
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RESULTS: HELIUM FLUX VS. KINETIC ENERGY
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RESULTS: HELIUM FLUX (SCALED) VS. KINETIC ENERGY
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RESULTS: CARBON FLUX VS. KINETIC ENERGY
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RESULTS: CARBON FLUX VS. KINETIC ENERGY
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RESULTS: CARBON FLUX (SCALED) VS. KINETIC ENERGY
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RESULTS: OXYGEN FLUX VS. KINETIC ENERGY
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RESULTS: OXYGEN FLUX VS. KINETIC ENERGY
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RESULTS: OXYGEN FLUX (SCALED) VS. KINETIC ENERGY
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RESULTS: B/C RATIO VS. KINETIC ENERGY
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RESULTS: LITHIUM FLUX VS. KINETIC ENERGY
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RESULTS: LITHIUM FLUX VS. KINETIC ENERGY
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RESULTS: LITHIUM FLUX (SCALED) VS. KINETIC ENERGY

- --
-
-
-
-
-
-
-

-

-

-
-
-
-
-
-
-
--
--
---

-----------
----

--
---
--
------

---
-

--
--

-

-
- -

-

- --
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
--
--
---

-----------
----

--
---
--
------

---
-

--
--

-

-
-

-
-

■■■
■
■
■
■
■
■
■
■
■

■
■
■
■
■
■
■
■■
■■
■■■

■■■■■■■■■■■
■■■■

■■
■■■
■■
■■■■■■

■■■
■

■■
■■

■

■
■ ■

■

1 10 100 1000
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Kinetic Energy [GeV/n]

F
lu
x
x
K
E
2.
7
[m

-
2
sr

-
1
s-
1
(G
eV

/n
)1
.7
]

Lithium (2011May19-2016May26)

ISO

SINP

DLR

BON14

DATA

Model comparisons to scaled data
Models show spectral hardening for secondaries vs. primaries

NORBURY TIM#6: AMS DATA FEBRUARY 18 - 19, 2019 48 / 62



RESULTS: BERYLLIUM FLUX VS. KINETIC ENERGY
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RESULTS: BERYLLIUM FLUX VS. KINETIC ENERGY

-
-

-

-

-

-

-

-

-
-
-
-
-
-
----------------------

-
-

-

-

-

-

-

-

-
-
-
-
-
-
----------------------

■
■

■

■

■

■

■

■

■
■
■
■
■
■
■■■■■■■■■■■■■■■■■■■■■■

0.5 1 5 10
0.0

0.1

0.2

0.3

0.4

0.5

Kinetic Energy [GeV/n]

F
lu
x
[(
m
2
s
sr
G
eV

/n
)-
1
]

Beryllium (2011May19-2016May26)

ISO

SINP

DLR

BON14

DATA

Model comparisons to data - linear plot

NORBURY TIM#6: AMS DATA FEBRUARY 18 - 19, 2019 50 / 62



RESULTS: BERYLLIUM FLUX (SCALED) VS. KINETIC ENERGY
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RESULTS: BORON FLUX VS. KINETIC ENERGY
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RESULTS: BORON FLUX VS. KINETIC ENERGY
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RESULTS: BORON FLUX (SCALED) VS. KINETIC ENERGY
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RESULTS: SUMMARY PLOTS

Next 3 pages show all plots on single slides, for inter-comparison
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SUMMARY

AMS data of sufficiently high quality to distinguish between
different models for both primary & secondary spectra

Low energy behavior < 20 GeV (space radiation region)
- ISO model shows largest deviations (except for Li)
- BON14, DLR, SINP similar for primary ions (He, C, O)
- SINP under-predicts secondary ions (Li, Be, B)

(Due to He scaling? Better to scale secondaries to Li?)

- SINP cannot predict GCR ratios as function of energy
(Because all heavy ion fluxes are simply He scaled by a constant factor)

High energy TeV behavior (not important for space radiation)
- General comparisons of models to data not good

Month by month data would be very useful
- New PAMELA data now published
- New AMS monthly data now published

NORBURY TIM#6: AMS DATA FEBRUARY 18 - 19, 2019 59 / 62



SUMMARY OF ACTIONS

1 The Russian team will provide the SINP-2016 GCR environment
model to the ISMT Radiation Experts Team (Kuznetsov, Podzolko)
NASA JSC team implemented SINP-2016 GCR model from
published results. Very useful help from Prof. Kuznetsov.

2 NASA team will implement SINP-2016 into OLTARIS (Norbury)
SINP-2016 GCR environment model now available on OLTARIS
Thanks to Chris Sandridge, Tony Slaba, Kerry Lee, Katie Whitman

3 Publish analysis of AMS-II data presented at TIM#4
(Norbury, Matthiä, Kuznetsov, Podzolko)
Norbury, Whitman, Lee, Slaba, Badavi,
Life Sciences in Space Research 18, 64, 2018

4 Analyze new AMS-II data when the data become available
(Norbury, Matthiä, Kuznetsov, Podzolko)
New results shown today
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