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ABBREVIATIONS

ACE - CRIS = Advanced Composition Explorer - Cosmic Ray
Isotope Spectrometer

AMS = Alpha Magnetic Spectrometer

DLR = Deutsches Zentrum für Luft (German Aerospace Center)

GCR = Galactic Cosmic Ray

ISO = International Standardization Organization

SINP = Skobeltsyn Institute of Nuclear Physics

SPENVIS = SPace ENVironment Information System
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INTRO. AMS & DARK MATTER - ANTIMATTER (e+,p−)

Universe
Ordinary Matter 5%
Dark Matter (DM) 20%
- Most viable particle = Neutralino
= Lightest Supersymmetric Particle (LSP) = Weakly Interacting Massive Particle (WIMP)

Dark Energy 75%

e+,p− prime targets for indirect detection of Galactic DM

Possible sources of e+,p−

Primary Production:
- Annihilation of DM particles
- Evaporation of Primordial black holes
- Kaluza-Klein particles (=WIMP)
- Pulsar, Supernova remnant, Microquasar
Secondary production:
- pp collisions (GCR with protons in Interstellar medium)
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INTRO. AMS & DARK MATTER - ANTIMATTER (e+,p−)
PAMELA (satellite)

Payload for AntiMatter
Exploration & Light
nuclei Astrophysics
p− consistent with
secondary production
Excess of e+

(1 - 100 GeV) (DM?)
ATIC (balloon Antarctica)
(Wefel, Adams)

Advanced Thin
Ionization Chamber
Excess of e+−

(300 - 700 GeV)
e+−=“electrons”
(can’t distinguish charge)

[15] antiprotons and locally produced pions. By scaling the
number of such events for the acquisition time an upper
limit for the negative pion (and protons with the wrong sign
for the reconstructed deflection) contamination in the
cosmic-ray antiproton sample was found to be �3%, in
agreement with simulations.

Table I shows the total number of antiprotons and pro-
tons that survived the data selection. The antiproton-to-
proton flux ratio was corrected for the calorimeter selection
efficiencies and for the loss of particles in the instrument
itself. It is assumed that all antiprotons and protons inter-
acting with the payload material above and inside the
tracking system are rejected by the selection criteria. The
resulting antiproton-to-proton flux ratios are given in
Table I and Figs. 3 and 4. The reported errors are statistical
only. The contamination was not subtracted from the re-
sults and should be considered as a systematic uncertainty.
It is less than a few percent of the signal, which is signifi-
cantly lower than the statistical uncertainty. Figure 3 shows
the antiproton-to-proton flux ratio measured by the
PAMELA experiment compared with theoretical calcula-
tions assuming pure secondary production of antiprotons
during the propagation of cosmic rays in the galaxy. The

PAMELA data are in excellent agreement with recent data
from other experiments, as shown in Fig. 4.
We have presented the antiproton-to-proton flux ratio

over the most extended energy range ever achieved and we
have improved the existing statistics at high energies by an
order of magnitude. The ratio increases smoothly from
about 4� 10�5 at a kinetic energy of about 1 GeV and
levels off at about 1� 10�4 for energies above 10 GeV.
Our results are sufficiently precise to place tight constraints
on parameters relevant for secondary production calcula-
tions: e.g., the normalization and the index of the diffusion
coefficient, the Alfvén speed, and contribution of a hypo-
thetical ‘‘fresh’’ local cosmic-ray component [16]. Further-
more, an important test criteria for cosmic-ray propagation
models is their ability to reproduce both the antiproton-to-
proton flux ratio and the secondary-to-primary nuclei ratio.
Our high-energy data (above 10 GeV) places limits on
contributions from exotic sources, such as dark matter
particle annihilations. The antiproton-to-proton flux ratio
will be modified according to values of the dark matter
particle mass, annihilation cross section, and structure in
the density profile (boost factor).
PAMELA is continuously taking data and the mission is

planned to continue until at least December 2009. The
increase in statistics will allow higher energies to be
studied. An analysis for low-energy antiprotons (down to
�100 MeV) is in progress and will be the topic of a future
publication [13].
We would like to acknowledge contributions and sup-

port from: Italian Space Agency (ASI), Deutsches Zentrum
für Luft- und Raumfahrt (DLR), The Swedish National
Space Board, Swedish Research Council, The Russian
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FIG. 4 (color). The antiproton-to-proton flux ratio obtained in
this work compared with contemporary measurements [8–
10,20–23].
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FIG. 3 (color). The antiproton-to-proton flux ratio obtained in
this work compared with theoretical calculations for a pure
secondary production of antiprotons during the propagation of
cosmic rays in the galaxy. The dashed lines show the upper and
lower limits calculated by Simon et al. [17] for the standard
leaky box model, while the dotted lines show the limits from
Donato et al. [18] for a Diffusion model with reacceleration. The
solid line shows the calculation by Ptuskin et al. [19] for the case
of a plain diffusion model. The curves were obtained using
appropriate solar modulation parameters (indicated as �) for
the PAMELA data taking period.

PRL 102, 051101 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

6 FEBRUARY 2009

051101-4

Antiproton to proton flux
Adriani et al., Phys. Rev. Lett. 102, 051101, 2009
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INTRO. AMS & DARK MATTER - ANTIMATTER (e+,p−)

AMS confirms positron excess

Differences at low energy - due to solar

modulation during the different time

periods that the data sets were taken

Grey band: pp → π → e+ in galaxy

http://ams.nasa.gov The grey band indicates the expected range in the positron fraction.

Aguilar et al., Phys. Rev. Lett. 110, 141102, 2013
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PRIMARY (H, HE, C, N, O ...) VS. SECONDARY (LI, BE, B) GCR

https://apod.nasa.gov/apod/ap171024.html

JOHN NORBURY (NASA LANGLEY) GCR MODELS & AMS DATA APRIL 23 - 26, 2018 7 / 55



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

http://imagine.gsfc.nasa.gov/Images/science/abund2.gif

JOHN NORBURY (NASA LANGLEY) GCR MODELS & AMS DATA APRIL 23 - 26, 2018 8 / 55



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 particle (Neutralino) with mass 1 TeV
- Dark Matter or Pulsars?
- Very high energy measurements underway - behaviour of fall-off

after maximum will provide definitive signature
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INTRODUCTION - AMS & SPACE RADIATION

Sensitivity studies for GCR environmental modeling:

A variety of sensitivity studies have been performed to quantify relative importance of
specific ions and energies in the GCR spectrum to exposure behind shielding and tissue
Slaba et al., Space Weather 12, 217, 2014

Highly efficient methods have been developed to propagate GCR model uncertainty into
exposure quantities behind shielding Slaba et al., Space Weather 12, 217, 2014

These efforts led to automated procedures that were subsequently used to refine GCR
model parameters and significantly reduce uncertainties
O’Neill et al., NASA TP 2015-218569

These quantitative assessments were used to inform and define requirements for obtaining
new and highly significant measurements from the Alpha Magnetic Spectrometer (AMS-2)
detector on the International Space Station (ISS). This updated GCR model has now been
integrated with NASA cancer risk model.

An important realization from these studies has been that 90% of the effective dose is
contributed from GCR energies above 250 MeV/n, which is the upper energy limit of the
Advanced Composition Explorer / Cosmic Ray Isotope Spectrometer (ACE/CRIS) satellite,
which has contributed to most of the GCR data

Higher energy data are needed, which is why the AMS-2 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

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

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

BORON / CARBON (B/C) ratio
May 19, 2011 – May 26, 2016
HELIUM (He), CARBON (C), OXYGEN (O) → primary GCR
May 19, 2011 – May 26, 2016
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, Li/B, Be/B ratios
May 19, 2011 – May 26, 2016
Aguilar et al., Phys. Rev. Lett. 120, 021101, 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
the total error as a function of rigidity. (b) The flux as a function
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.

PRL 114, 171103 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
1 MAY 2015

171103-6

Aguilar et al., Phys. Rev. Lett. 114, 171103, 2015

AMS data harder than previous high energy measurements
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AMS DATA: HELIUM (PRIMARY) FLUX VS. RIGIDITY
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Scaled flux (right) emphasizes high energy shape
Another famous break at same rigidity near 300 GV

Both H and He have similar break at same 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.

PRL 115, 211101 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

20 NOVEMBER 2015

211101-6

Aguilar et al., Phys. Rev. Lett. 115, 211101, 2015

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
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Secondary GCR spectra harder than primary spectra
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AMS DATA: BERYLLIUM (SECONDARY) FLUX VS. RIGIDITY
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Secondary GCR spectra harder than primary spectra
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AMS DATA: BORON (SECONDARY) FLUX VS. RIGIDITY
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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
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0.4−
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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 ration
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

JOHN NORBURY (NASA LANGLEY) GCR MODELS & AMS DATA APRIL 23 - 26, 2018 24 / 55



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 then 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

JOHN NORBURY (NASA LANGLEY) GCR MODELS & AMS DATA APRIL 23 - 26, 2018 26 / 55



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
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RESULTS: BERYLLIUM FLUX VS. KINETIC ENERGY
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RESULTS: BERYLLIUM FLUX VS. KINETIC ENERGY
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RESULTS: BERYLLIUM FLUX (SCALED) VS. KINETIC ENERGY

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

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

--
--
-
-
--
-

-

-

-
-

--

-
--
-
-

-

-
- -

-

-

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

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

--
--
-
-
--
-

-
-

-
-

--

-
--
-
-
-

-
-

-

-

-

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

■■■■■■■■■
■■■■■■

■■
■■
■
■
■■
■

■

■

■
■

■■

■
■■
■
■

■

■
■

■
■

■

1 10 100 1000
0.0

0.5

1.0

1.5

Kinetic Energy [GeV/n]

F
lu
x
x
K
E
2.
7
[m

-
2
sr

-
1
s-
1
(G
eV

/n
)1
.7
]

Beryllium (2011May19-2016May26)

ISO

SINP

DLR

BON14

DATA

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

JOHN NORBURY (NASA LANGLEY) GCR MODELS & AMS DATA APRIL 23 - 26, 2018 45 / 55



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 & CONCLUSIONS

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
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