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From	
  May	
  19th	
  2011	
  ac0ve	
  on	
  ISS,	
  opera0ng	
  con0nuously	
  since	
  then.	
  
AMS	
  has	
  collected	
  >117	
  billion	
  cosmic	
  rays	
  in	
  7	
  years.	
  

With	
  such	
  a	
  sta0s0cs	
  the	
  most	
  rare	
  components	
  of	
  the	
  cosmic	
  rays	
  are	
  visible.	
  

AMS-­‐02	
  On	
  Orbit	
  

AMS	
  is	
  expected	
  to	
  take	
  data	
  for	
  all	
  the	
  
ISS	
  life0me	
  (now	
  projected	
  at	
  2024).	
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AMS-­‐02:	
  A	
  TeV	
  Mul0-­‐purpose	
  Spectrometer	
  

Mul0ple	
  and	
  Independent	
  Measurement	
  of	
  
Charge	
  (Z),	
  Energy	
  (β,	
  p,	
  E)	
  and	
  Charge	
  Sign	
  (±).	
  

Separates	
  hadrons	
  from	
  leptons,	
  ma]er	
  from	
  an0-­‐ma]er	
  and	
  able	
  to	
  do	
  
CRs	
  chemical	
  and	
  isotopic	
  composi0on	
  in	
  GeV	
  to	
  TeV	
  range.	
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4	
  

Collisions	
  of	
  Dark	
  Ma]er	
  par0cles	
  (ex.	
  neutralinos)	
  may	
  produce	
  a	
  signal	
  of	
  	
  e+,	
  p,	
  D	
  …	
  
Detected	
  above	
  the	
  background	
  from	
  the	
  collisions	
  of	
  CRs	
  on	
  interstellar	
  medium	
  (ISM)	
  

Galac0c	
  Disk	
  

ISS	
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Χ	
  +	
  Χ	
  

p,	
  e+	
  

p,	
  e+	
  

Indirect	
  Search	
  of	
  Dark	
  Ma]er	
  in	
  CRs	
  



positron	
  frac0on	
  

mχ	
  =	
  800	
  GeV	
  

Collision	
  of	
  CRs	
  (p,He	
  +	
  ISM	
  à	
  e+	
  +	
  …)	
  

I.	
  Cholis	
  et	
  al.,	
  JCAP	
  0912	
  (2009)	
  007	
  	
  

mχ	
  =	
  400	
  GeV	
  

Energy	
  (GeV)	
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  e

-­‐ )	
  

Donato	
  et	
  al.,	
  PRL	
  102,	
  071301	
  (2009)	
  

χ	
  +	
  χ	
  →	
  p	
  +	
  …	
  

mχ=	
  1	
  TeV	
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Collision	
  of	
  CRs	
  (p,He	
  +	
  ISM	
  à	
  p	
  +	
  …)	
  

χ + χ → e+ + … 

p-­‐bar/p	
  ra0o	
  

(other	
  scenarios	
  include	
  pulsar	
  produc0on,	
  secondary	
  produc0on,	
  …)	
  

Indirect	
  Search	
  of	
  Dark	
  Ma]er	
  in	
  CRs	
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Collisions	
  of	
  Dark	
  Ma]er	
  par0cles	
  (ex.	
  neutralinos)	
  may	
  produce	
  a	
  signal	
  of	
  	
  e+,	
  p,	
  D	
  …	
  
Detected	
  above	
  the	
  background	
  from	
  the	
  collisions	
  of	
  CRs	
  on	
  interstellar	
  medium	
  (ISM)	
  



Energy	
  (GeV)	
  

e+
	
  /(
e+
	
  +
	
  e

-­‐ )	
  

L.	
  Accardo	
  et	
  al.	
  Phys.	
  Rev.	
  Le].	
  113	
  (2014)	
  121101	
  	
  

AMS	
  Positron	
  Frac0on	
  

11	
  million	
  e±	
  events	
  in	
  2.5	
  years	
  

Steady	
  increase	
  up	
  to	
  275	
  GeV	
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0.35	
  million	
  p	
  events	
  and	
  	
  
2.4	
  billion	
  p	
  events	
  in	
  2.5	
  years	
  	
  

AMS	
  p/p	
  Flux	
  Ra0o	
  

no	
  rigidity	
  dependence	
  above	
  60	
  GV	
  

M.	
  Aguilar	
  et	
  al.	
  Phys.	
  Rev.	
  Le].	
  117	
  (2016)	
  091103	
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Cosmic	
  rays	
  primaries	
  are	
  mostly	
  produced	
  at	
  astrophysical	
  sources	
  (ex.	
  p,	
  He,	
  C,	
  O,	
  …),	
  
secondaries	
  (ex.	
  Li,	
  Be,	
  B,	
  …)	
  are	
  mostly	
  produced	
  by	
  the	
  collision	
  of	
  cosmic	
  rays	
  with	
  the	
  ISM.	
  

Cosmic	
  Rays	
  Nuclei	
   8	
  

Galac0c	
  Disk	
  

ISS	
  

Galac0c	
  Halo	
  

primary	
  

secondary	
  

The	
  understanding	
  of	
  primary	
  and	
  secondary	
  cosmic	
  rays	
  reveal	
  details	
  of	
  sources	
  and	
  
propaga0on	
  of	
  all	
  CRs	
  species.	
  In	
  par0cular	
  with	
  respect	
  to	
  secondary	
  produc0on	
  of	
  e+	
  and	
  p-­‐bar	
  

	
  -­‐	
  The	
  cosmic	
  ray	
  fluxes	
  of	
  their	
  “parents”	
  (p,	
  He)	
  	
  
-­‐	
  Behaviour	
  of	
  their	
  propaga0on	
  in	
  the	
  Milky	
  Way	
  (B/C,	
  Be/B,	
  …)	
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Δβ (β=1)	
  ≈	
  0.01÷0.04	
  

RICH,	
  β	
  
Δβ (β=1)	
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  1÷5×10-­‐4	
  

Tracker,	
  R	
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Full	
  Span	
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  2÷3	
  TV	
  

Mul0ple	
  Measurement	
  of	
  Energy	
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Effec0ve	
  acceptance	
  [m2	
  sr]	
  	
  
(from	
  MC,	
  verified	
  with	
  data)	
  

Trigger	
  Efficiency	
  
(measured)	
  

Exposure	
  Time	
  [s]	
  
(1.23×108	
  s,	
  for	
  R	
  >	
  30	
  GV)	
  

Number	
  of	
  par0cles	
  	
  
(subtracted	
  for	
  backgrounds	
  

and	
  corrected	
  for	
  rigidity	
  migra0ons)	
  	
  

Bin	
  width	
  [GV]	
  
(depends	
  on	
  MDR)	
  

Isotropic	
  differen0al	
  flux	
  
	
  [(m2	
  sr	
  s	
  GV)-­‐1]	
  

Flux	
  Measurement	
  /	
  Systema0cs	
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Background	
  contamina0on	
  (par0al	
  XS	
  check)	
  
Rigidity	
  resolu0on	
  func0on	
  (MC	
  verifica0on	
  with	
  ISS	
  and	
  test	
  beam	
  data)	
  
Absolute	
  rigidity	
  scale	
  (residual	
  misalignment	
  verifica0on	
  with	
  ECAL)	
  

Unfolding	
  procedure	
  (use	
  of	
  different	
  methods)	
  

Data/MC	
  correc0ons	
  	
  
Inelas0c	
  interac0on	
  uncertainty	
  
Background	
  contamina0on	
  

No	
  dependence	
  from	
  AMS	
  zenith	
  angle	
  
	
  

Geomagne0c	
  cutoff	
  effect	
  

To	
  match	
  the	
  sta0s0cs	
  (<%	
  error),	
  extensive	
  systema0c	
  errors	
  studies	
  have	
  been	
  made.	
  



We	
  developed	
  a	
  method	
  to	
  verify	
  the	
  effect	
  of	
  interac0ons	
  on	
  AMS	
  acceptance	
  using	
  ISS	
  data	
  
using	
  with	
  data	
  acquired	
  when	
  AMS	
  poin0ng	
  in	
  horizontal	
  direc0on	
  (2	
  days	
  up	
  to	
  now)	
  	
  	
  

	
  	
  Inelas0c	
  XS	
  of	
  Light	
  Nuclei	
  on	
  C	
  and	
  Al	
  (that	
  represent	
  AMS	
  materials	
  for	
  73%	
  and	
  17%	
  in	
  
weight	
  respec0vely)	
  are	
  known	
  with	
  large	
  uncertain0es	
  only	
  below	
  10	
  GV	
  and	
  represent	
  a	
  

large	
  source	
  of	
  errors	
  for	
  the	
  flux	
  determina0on.	
  

projec0le	
  target	
  products	
   target	
  projec0le	
   products	
  

Inelas0c	
  Cross	
  Sec0on	
  Es0ma0on	
  with	
  AMS	
  

What	
  is	
  needed	
  for	
  flux	
  es0ma0on	
  normaliza0on	
  is	
  just	
  the	
  survival	
  probability	
  in	
  AMS	
  materials	
  
in	
  a	
  model	
  dependent	
  way,	
  is	
  possible	
  to	
  derive	
  the	
  inelas0c	
  cross	
  sec0on.	
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Inelas0c	
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Par0al	
  Cross	
  Sec0on	
  Valida0on	
  with	
  AMS	
  

Carbon	
  

Boron	
  
(11GV)	
  

Tracker	
  L1	
  =	
  5.9	
  

TRD	
  =	
  5.7	
  

Tracker	
  L2-­‐L8	
  =	
  4.9	
  

Lower	
  TOF	
  =	
  5.0	
  

RICH	
  =	
  5.5	
  

Upper	
  TOF	
  1	
  =	
  5.8	
  

Upper	
  TOF	
  2	
  =	
  10.9	
  

Nuclei	
  interact	
  in	
  AMS	
  (ex.	
  C	
  +	
  AMS	
  à	
  B),	
  this	
  background	
  is	
  controlled	
  with	
  the	
  top	
  detectors.	
  
Interac0ons	
  in	
  materials	
  above	
  the	
  first	
  detec0on	
  plane	
  can	
  be	
  only	
  es0mated	
  with	
  MC.	
  

L1	
  

L2	
  
L3-­‐L4	
  
L5-­‐L6	
  
L7-­‐L8	
  

L9	
  

Date:	
  2014-­‐167.12:29:19	
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Par0al	
  Cross	
  Sec0on	
  Valida0on	
  with	
  AMS	
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Bkg.	
  generated	
  above	
  L1	
  is	
  calculated	
  using	
  MC	
  and	
  nuclei	
  fluxes	
  measured	
  by	
  AMS.	
  	
  
	
  

MC	
  interac0on	
  channels	
  (ex.	
  C	
  +	
  C,	
  Al	
  à	
  Li,	
  Be,	
  B	
  +	
  X)	
  have	
  been	
  verified	
  with	
  data.	
  
Systema0cs	
  due	
  to	
  interac0ons	
  on	
  top	
  of	
  AMS	
  are	
  <	
  1.5%.	
  

L1	
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L8	
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Proton	
  Flux	
  
M.	
  Aguilar	
  et	
  al.	
  Phys.	
  Rev.	
  Le].	
  114	
  (2014)	
  171103	
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Proton	
  Flux	
  
M.	
  Aguilar	
  et	
  al.	
  Phys.	
  Rev.	
  Le].	
  114	
  (2014)	
  171103	
  

300	
  million	
  Z=1	
  events	
  in	
  2.5	
  years	
  

17	
  



]
1.

7
 G

V
-1

se
c

-1
sr

-2
  [

m
2.

7
R~

 ×
Fl

ux
 

8

9

10
11

12

13

14
310×

AMS-02
Fit to Eq. (3)
 Eq. (3) with Δγ=0  

Rigidity [GV] 
10 210 310

Proton	
  Flux	
  
M.	
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  et	
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  Phys.	
  Rev.	
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  (2014)	
  171103	
  

Not	
  a	
  single	
  power	
  law,	
  	
  
es0mated	
  break	
  Δγ	
  =	
  0.12	
  ±	
  0.04	
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Helium	
  Flux	
  
M.	
  Aguilar	
  et	
  al.	
  Phys.	
  Rev.	
  Le].	
  115	
  (2015)	
  211101	
  

50	
  million	
  Z=2	
  events	
  in	
  2.5	
  years	
  

Not	
  a	
  single	
  power	
  law,	
  	
  
es0mated	
  break	
  of	
  Δγ	
  =	
  0.13	
  ±	
  0.05	
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Different	
  magnitude,	
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  behavior.	
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γp/He	
  =	
  -­‐0.077	
  ±	
  0.007	
  

p/He	
  Spectral	
  Index	
  
M.	
  Aguilar	
  et	
  al.	
  Phys.	
  Rev.	
  Le].	
  115	
  (2015)	
  211101	
  

H	
  and	
  He	
  exhibit	
  a	
  hardening	
  at	
  ~	
  200	
  GV,	
  
their	
  ra0o	
  is	
  a	
  single	
  power	
  law	
  above	
  45	
  GV.	
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Carbon	
  and	
  Oxygen	
  Fluxes	
  

quadratic sum of statistical and systematic errors. In this
and the subsequent figures, the points are placed along
the abscissa at ~R calculated for a flux ∝R−2.7 [27]. Earlier
measurements of the helium [28] and carbon [12] fluxes in
rigidity are also shown. The AMS measurement of the
helium flux is distinctly different from the results of
Ref. [28] which shows a sharp spectrum shape change.
The AMS measurement of the carbon flux is also distinctly
different from the results of Ref. [12], which are 20–25%
lower above 20 GV.
To examine the rigidity dependence of the fluxes, the

variation of the flux spectral indices with rigidity was
obtained in a model independent way. The flux spectral
indices were calculated from

γ ¼ d½logðΦÞ%=d½logðRÞ% ð2Þ

over nonoverlapping rigidity intervals above 8.48 GV,
with a variable width to have sufficient sensitivity to
determine γ. The results are presented in Fig. 1(d). As
seen, the magnitude and the rigidity dependence of the
helium, carbon, and oxygen spectral indices are very
similar. In particular, all spectral indices are identical
within the measurement errors above 60 GVand all spectral
indices harden with rigidity above ∼200 GV.
Figure 2 shows the AMS (a) helium, (b) carbon, and

(c) oxygen fluxes as a function of kinetic energy per nucleon
EK together with the results of previous experiments. At
high energies, the AMS measurement of the helium flux is
distinctly different from the previous experiments. The
AMS measurements of the carbon and oxygen fluxes at
high energies are also very different from previous mea-
surements, being about 20–40% higher above 10 GeV=n.

To examine the difference between the rigidity depend-
ence of the helium, carbon, and oxygen fluxes in detail,
first, the ratio of the helium flux to the oxygen flux, or
He=O ratio, was computed using the data in Tables I and III
of the SM [17], and it was reported in Table IV of the
SM [17], with its statistical and systematic errors.
Figure 3(a) shows the He=O ratio with total errors, the

quadratic sum of statistical and systematic errors, together
with the cosmic ray propagation model GALPROP [31]
prediction based on data available before the AMS. As
seen in Fig. 3(a), above 60 GV the He=O ratio measured by
the AMS is well fit by a constant value of 27.9& 0.6 with
a χ2=d:o:f: ¼ 16=27. This is in disagreement with the
GALPROP model which predicts a He=O ratio decreasing
with rigidity. Figure 6 of the SM [17] shows the AMS
He=O ratio as a function of kinetic energy per nucleon EK
together with the results of a previous experiment [6].
Similarly, the ratio of the carbon flux to the oxygen flux,

or the C=O ratio, was computed using the data in Tables II
and III of the SM [17] and reported in Table Vof SM [17],
with its statistical and systematic errors. Figure 3(b) shows
the C=O ratio with total errors together with the GALPROP

model prediction based on data available before the AMS.
As seen in Fig. 3(b), above 60 GV, the C=O ratio measured
by the AMS is well fit by a constant value of 0.91& 0.02
with a χ2=d:o:f: ¼ 25=27. This is again in disagreement
with the GALPROP model which predicts a C=O ratio
decreasing with rigidity. Figure 7 of the SM [17] shows
the AMS C=O ratio as a function of kinetic energy per
nucleon EK together with the results of previous experi-
ments [4,5,7–11]. As seen, the C=O ratio measured by the
AMS is within 10% of unity.
It is important to note that, whereas protons, helium,

carbon, and oxygen are all considered primary cosmic rays,
the independence of the measured C=O and He=O flux
ratios with rigidity is completely different from the proton
to helium flux ratio rigidity dependence, see Fig. 2(b) of
Ref. [2]. None of these unexpected results, including the
p/He flux ratio rigidity dependence [24,32], can be
explained by the current understanding of cosmic rays.
In conclusion, we have presented precise, high statistics

measurements of the helium, carbon, and oxygen fluxes
from 2 GV to 3 TV, with detailed studies of the systematic
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FIG. 2. The AMS (a) helium, (b) carbon, and (c) oxygen fluxes
as functions of kinetic energy per nucleon EK multiplied by E2.7

K
together with previous measurements [4–12,28,29]. For the AMS

measurement EK ¼ ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2 ~R2 þM2

p
−MÞ=A where Z, M, and A

are the 4He, 12C, or 16O charge, mass, and atomic mass numbers,
respectively. Data from other experiments were extracted using
Ref. [30].
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the carbon and oxygen fluxes and ∼1.5% at 100 GV for the
helium flux.
Detector.—The layout and description of the Alpha

Magnetic Spectrometer (AMS) detector are presented in
Ref. [13]. The key elements used in this measurement are
the permanent magnet [14], the silicon tracker [15], and the
four planes of time of flight (TOF) scintillation counters
[16]. Further information on the performance of the TOF
is included in the Detector section of the Supplemental
Material (SM) [17]. The AMS also contains a transition
radiation detector (TRD), a ring imaging Čerenkov detector
(RICH), an electromagnetic calorimeter (ECAL), and an
array of 16 anticoincidence counters.
The tracker has nine layers, the first (L1) at the top of the

detector, the second (L2) above the magnet, six (L3 to L8)
within the bore of the magnet, and the last (L9) above the
ECAL. L2 to L8 constitute the inner tracker.
Each layer of the tracker provides an independent

measurement of the charge Z with a resolution of ΔZ=Z ¼
9% for helium, 5% for carbon, and 4% for oxygen. Overall,
the inner tracker has a resolution of ΔZ=Z ¼ 3.5% for
helium, 2% for carbon, and 1.5% for oxygen.
The spatial resolution in each tracker layer is 6.5 μm in

the bending direction for helium, 5.1 μm for carbon, and
6.3 μm for oxygen [18]. Together, the tracker and the
magnet measure the rigidity R of charged cosmic rays, with
a maximum detectable rigidity (MDR) of 3.2 TV for
helium, 3.7 TV for carbon, and 3.4 TV for oxygen over
the 3 m lever arm from L1 to L9.
Helium, carbon, and oxygen nuclei traversing AMS

were triggered as described in Ref. [2]. The trigger
efficiencies have been measured to be >94% for helium
and >97% for carbon and oxygen over the entire
rigidity range.
Monte Carlo (MC) simulated events were produced

using a dedicated program developed by the collaboration
based on the GEANT-4.10.1 package [19]. The program
simulates electromagnetic and hadronic interactions of
particles in the material of the AMS and generates detector
responses. The Glauber-Gribov model [19] tuned to repro-
duce the AMS helium data, see Fig. SM 1(a) and SM 1(b)
in Ref. [2], was used for the description of the nuclei
inelastic cross sections.
Event selection.—In the first five years, the AMS has

collected 8.5 × 1010 cosmic ray events. The collection time
used in this analysis includes only those seconds during
which the detector was in normal operating conditions
and, in addition, the AMS was pointing within 40° of
the local zenith and the ISS was outside of the
South Atlantic Anomaly. Because of the geomagnetic field,
this collection time increases with rigidity, becoming
constant at 1.23 × 108 s above 30 GV.
Helium events were selected as described in Ref. [2].

After selection the event sample contains 90 × 106 helium
events with a purity >99.9%.

Carbon and oxygen events are required to be downward
going and to have a reconstructed track in the inner tracker
which passes through L1. In the highest rigidity region,
R ≥ 1.13 TV, the track is also required to pass through L9.
Track fitting quality criteria such as a χ2=d:o:f: < 10 in the
bending coordinate are applied, similar to Refs. [2,20,21].
The measured rigidity is required to be greater than a

factor of 1.2 times the maximum geomagnetic cutoff within
the AMS field of view. The cutoff was calculated by
backtracing [22] particles from the top of the AMS out to
50 Earth’s radii using the most recent IGRF model [23].
Charge measurements on L1, the inner tracker, the upper

TOF, the lower TOF, and, for R > 1.13 TV, L9 are required
to be compatible with charge Z ¼ 6 for carbon and Z ¼ 8
for oxygen, as shown in Fig. 1 of the SM [17] for the inner
tracker. This selection yields purities of 99% for carbon and
>99.8% for oxygen. The residual backgrounds for carbon
and oxygen are discussed in the Event Selection section
of the SM [17] and in Ref. [24]. After background
subtraction we obtain 8.4 × 106 carbon and 7.0 × 106

oxygen nuclei. The overall uncertainty due to background
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FIG. 1. The AMS (a) helium, (b) carbon, and (c) oxygen
fluxes [17] multiplied by ~R2.7 with their total errors as functions
of rigidity. Earlier measurements of helium, see Fig. 4 in Ref. [28],
and carbon [12] fluxes in rigidity are also shown. (d) The
dependence of the helium, carbon, and oxygen spectral indices
on rigidity. In (d), for clarity, the horizontal positions of the
helium and oxygen data points are displaced with respect to
carbon. As seen, above 60 GV (indicated by the unshaded region)
the spectral indices are identical.
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the carbon and oxygen fluxes and ∼1.5% at 100 GV for the
helium flux.
Detector.—The layout and description of the Alpha

Magnetic Spectrometer (AMS) detector are presented in
Ref. [13]. The key elements used in this measurement are
the permanent magnet [14], the silicon tracker [15], and the
four planes of time of flight (TOF) scintillation counters
[16]. Further information on the performance of the TOF
is included in the Detector section of the Supplemental
Material (SM) [17]. The AMS also contains a transition
radiation detector (TRD), a ring imaging Čerenkov detector
(RICH), an electromagnetic calorimeter (ECAL), and an
array of 16 anticoincidence counters.
The tracker has nine layers, the first (L1) at the top of the

detector, the second (L2) above the magnet, six (L3 to L8)
within the bore of the magnet, and the last (L9) above the
ECAL. L2 to L8 constitute the inner tracker.
Each layer of the tracker provides an independent

measurement of the charge Z with a resolution of ΔZ=Z ¼
9% for helium, 5% for carbon, and 4% for oxygen. Overall,
the inner tracker has a resolution of ΔZ=Z ¼ 3.5% for
helium, 2% for carbon, and 1.5% for oxygen.
The spatial resolution in each tracker layer is 6.5 μm in

the bending direction for helium, 5.1 μm for carbon, and
6.3 μm for oxygen [18]. Together, the tracker and the
magnet measure the rigidity R of charged cosmic rays, with
a maximum detectable rigidity (MDR) of 3.2 TV for
helium, 3.7 TV for carbon, and 3.4 TV for oxygen over
the 3 m lever arm from L1 to L9.
Helium, carbon, and oxygen nuclei traversing AMS

were triggered as described in Ref. [2]. The trigger
efficiencies have been measured to be >94% for helium
and >97% for carbon and oxygen over the entire
rigidity range.
Monte Carlo (MC) simulated events were produced

using a dedicated program developed by the collaboration
based on the GEANT-4.10.1 package [19]. The program
simulates electromagnetic and hadronic interactions of
particles in the material of the AMS and generates detector
responses. The Glauber-Gribov model [19] tuned to repro-
duce the AMS helium data, see Fig. SM 1(a) and SM 1(b)
in Ref. [2], was used for the description of the nuclei
inelastic cross sections.
Event selection.—In the first five years, the AMS has

collected 8.5 × 1010 cosmic ray events. The collection time
used in this analysis includes only those seconds during
which the detector was in normal operating conditions
and, in addition, the AMS was pointing within 40° of
the local zenith and the ISS was outside of the
South Atlantic Anomaly. Because of the geomagnetic field,
this collection time increases with rigidity, becoming
constant at 1.23 × 108 s above 30 GV.
Helium events were selected as described in Ref. [2].

After selection the event sample contains 90 × 106 helium
events with a purity >99.9%.

Carbon and oxygen events are required to be downward
going and to have a reconstructed track in the inner tracker
which passes through L1. In the highest rigidity region,
R ≥ 1.13 TV, the track is also required to pass through L9.
Track fitting quality criteria such as a χ2=d:o:f: < 10 in the
bending coordinate are applied, similar to Refs. [2,20,21].
The measured rigidity is required to be greater than a

factor of 1.2 times the maximum geomagnetic cutoff within
the AMS field of view. The cutoff was calculated by
backtracing [22] particles from the top of the AMS out to
50 Earth’s radii using the most recent IGRF model [23].
Charge measurements on L1, the inner tracker, the upper

TOF, the lower TOF, and, for R > 1.13 TV, L9 are required
to be compatible with charge Z ¼ 6 for carbon and Z ¼ 8
for oxygen, as shown in Fig. 1 of the SM [17] for the inner
tracker. This selection yields purities of 99% for carbon and
>99.8% for oxygen. The residual backgrounds for carbon
and oxygen are discussed in the Event Selection section
of the SM [17] and in Ref. [24]. After background
subtraction we obtain 8.4 × 106 carbon and 7.0 × 106

oxygen nuclei. The overall uncertainty due to background
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FIG. 1. The AMS (a) helium, (b) carbon, and (c) oxygen
fluxes [17] multiplied by ~R2.7 with their total errors as functions
of rigidity. Earlier measurements of helium, see Fig. 4 in Ref. [28],
and carbon [12] fluxes in rigidity are also shown. (d) The
dependence of the helium, carbon, and oxygen spectral indices
on rigidity. In (d), for clarity, the horizontal positions of the
helium and oxygen data points are displaced with respect to
carbon. As seen, above 60 GV (indicated by the unshaded region)
the spectral indices are identical.
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the carbon and oxygen fluxes and ∼1.5% at 100 GV for the
helium flux.
Detector.—The layout and description of the Alpha

Magnetic Spectrometer (AMS) detector are presented in
Ref. [13]. The key elements used in this measurement are
the permanent magnet [14], the silicon tracker [15], and the
four planes of time of flight (TOF) scintillation counters
[16]. Further information on the performance of the TOF
is included in the Detector section of the Supplemental
Material (SM) [17]. The AMS also contains a transition
radiation detector (TRD), a ring imaging Čerenkov detector
(RICH), an electromagnetic calorimeter (ECAL), and an
array of 16 anticoincidence counters.
The tracker has nine layers, the first (L1) at the top of the

detector, the second (L2) above the magnet, six (L3 to L8)
within the bore of the magnet, and the last (L9) above the
ECAL. L2 to L8 constitute the inner tracker.
Each layer of the tracker provides an independent

measurement of the charge Z with a resolution of ΔZ=Z ¼
9% for helium, 5% for carbon, and 4% for oxygen. Overall,
the inner tracker has a resolution of ΔZ=Z ¼ 3.5% for
helium, 2% for carbon, and 1.5% for oxygen.
The spatial resolution in each tracker layer is 6.5 μm in

the bending direction for helium, 5.1 μm for carbon, and
6.3 μm for oxygen [18]. Together, the tracker and the
magnet measure the rigidity R of charged cosmic rays, with
a maximum detectable rigidity (MDR) of 3.2 TV for
helium, 3.7 TV for carbon, and 3.4 TV for oxygen over
the 3 m lever arm from L1 to L9.
Helium, carbon, and oxygen nuclei traversing AMS

were triggered as described in Ref. [2]. The trigger
efficiencies have been measured to be >94% for helium
and >97% for carbon and oxygen over the entire
rigidity range.
Monte Carlo (MC) simulated events were produced

using a dedicated program developed by the collaboration
based on the GEANT-4.10.1 package [19]. The program
simulates electromagnetic and hadronic interactions of
particles in the material of the AMS and generates detector
responses. The Glauber-Gribov model [19] tuned to repro-
duce the AMS helium data, see Fig. SM 1(a) and SM 1(b)
in Ref. [2], was used for the description of the nuclei
inelastic cross sections.
Event selection.—In the first five years, the AMS has

collected 8.5 × 1010 cosmic ray events. The collection time
used in this analysis includes only those seconds during
which the detector was in normal operating conditions
and, in addition, the AMS was pointing within 40° of
the local zenith and the ISS was outside of the
South Atlantic Anomaly. Because of the geomagnetic field,
this collection time increases with rigidity, becoming
constant at 1.23 × 108 s above 30 GV.
Helium events were selected as described in Ref. [2].

After selection the event sample contains 90 × 106 helium
events with a purity >99.9%.

Carbon and oxygen events are required to be downward
going and to have a reconstructed track in the inner tracker
which passes through L1. In the highest rigidity region,
R ≥ 1.13 TV, the track is also required to pass through L9.
Track fitting quality criteria such as a χ2=d:o:f: < 10 in the
bending coordinate are applied, similar to Refs. [2,20,21].
The measured rigidity is required to be greater than a

factor of 1.2 times the maximum geomagnetic cutoff within
the AMS field of view. The cutoff was calculated by
backtracing [22] particles from the top of the AMS out to
50 Earth’s radii using the most recent IGRF model [23].
Charge measurements on L1, the inner tracker, the upper

TOF, the lower TOF, and, for R > 1.13 TV, L9 are required
to be compatible with charge Z ¼ 6 for carbon and Z ¼ 8
for oxygen, as shown in Fig. 1 of the SM [17] for the inner
tracker. This selection yields purities of 99% for carbon and
>99.8% for oxygen. The residual backgrounds for carbon
and oxygen are discussed in the Event Selection section
of the SM [17] and in Ref. [24]. After background
subtraction we obtain 8.4 × 106 carbon and 7.0 × 106

oxygen nuclei. The overall uncertainty due to background
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FIG. 1. The AMS (a) helium, (b) carbon, and (c) oxygen
fluxes [17] multiplied by ~R2.7 with their total errors as functions
of rigidity. Earlier measurements of helium, see Fig. 4 in Ref. [28],
and carbon [12] fluxes in rigidity are also shown. (d) The
dependence of the helium, carbon, and oxygen spectral indices
on rigidity. In (d), for clarity, the horizontal positions of the
helium and oxygen data points are displaced with respect to
carbon. As seen, above 60 GV (indicated by the unshaded region)
the spectral indices are identical.
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Before	
  AMS	
  the	
  propaga0on	
  
models	
  were	
  essen0ally	
  tuned	
  
with	
  B/C	
  ra0o	
  (in	
  the	
  ra0o	
  
many	
  systema0cs	
  on	
  
measurement	
  and	
  models	
  
cancel	
  out).	
  	
  
	
  
AMS	
  published	
  high	
  precision	
  
data	
  of:	
  
Li/C,	
  Be/C,	
  B/C	
  and	
  
Li/O,	
  Be/O,	
  B/O.	
  
	
  
This	
  allows	
  extensive	
  study	
  of	
  
propaga0on.	
  Few	
  remarks:	
  
	
  
à  oxygen	
  is	
  “more	
  primary”	
  

than	
  carbon	
  
à  different	
  species	
  have	
  

different	
  measurement	
  
and	
  model	
  uncertain0es	
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Data	
  were	
  fit	
  with	
  a	
  broken	
  
power	
  law	
  with	
  break	
  at	
  192	
  
GV.	
  	
  
	
  
All	
  ra0o	
  show	
  a	
  hardening	
  (at	
  
the	
  level	
  of	
  2σ),	
  consequence	
  
of	
  the	
  fact	
  that	
  secondary	
  
show	
  a	
  hardening	
  stronger	
  
than	
  primaries.	
  
	
  
Globally	
  an	
  average	
  hardening	
  
of	
  0.13	
  ±	
  0.03	
  is	
  observed.	
  
Similar	
  to	
  the	
  break	
  in	
  the	
  
primaries.	
  
	
  
à  this	
  has	
  strong	
  implica0on	
  

for	
  propaga0on	
  models	
  
(break	
  in	
  propaga0on,	
  …)	
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Δ ¼ d½logðΦS=ΦPÞ%=d½logðRÞ%; ð3Þ

whereΦS=ΦP are the ratios of the secondary to primary flu-
xes over rigidity intervals [60.3–192] and ½192–3300% GV
and shown in Fig 3. Above ∼200 GV these spectral indices
exhibit an average hardening of 0.13& 0.03. Figures 9 and
10 of the Supplemental Material [21] show all secondary to
primary flux ratios together with the results of Eq. (3). This
additionally verifies that at high rigidities the secondary
cosmic rays harden more than the primary cosmic rays. This
additional hardening of secondary cosmic rays is consistent
with expectationswhen the hardening of cosmic ray fluxes is
due to the propagation properties in the Galaxy [16].
To examine the rigidity dependence of the secondary

cosmic rays in detail, the lithium to boron Li=B and
beryllium to boron Be=B flux ratios were computed using
the data in Tables I, II, and III of the Supplemental Material
[21] and reported in Tables X and XI of the Supplemental
Material [21] with their statistical and systematic errors.
Figure 11 of the Supplemental Material [21] shows the
(a) Li=B and (b) Be=B ratios as functions of rigidity with
their total errors together with the results of fits to a constant

value above 7 GV for Li=B and above 30 GV for Be=B.
The fits yield Li=B ¼ 0.72& 0.02 with χ2=d:o:f: ¼ 51=53
and Be=B ¼ 0.36& 0.01 with χ2=d:o:f: ¼ 27=35. From
these fits we note that the Li=Be ratio is 2.0& 0.1
above 30 GV; see also Fig. 12 of the Supplemental
Material [21]. The Li and B fluxes have an identical
rigidity dependence above ∼7 GV and all three secondary
fluxes have an identical rigidity dependence above
∼30 GV. In Figs. 13, 14, and 15 of the Supplemental
Material [21], we compare our flux ratios converted to EK
using the procedure described in Ref. [24] with earlier
measurements [2–11,31–33].
In conclusion, we have presented precise, high statistics

measurements of the lithium, beryllium, and boron fluxes
from 1.9 GV to 3.3 TV with detailed studies of the
systematic errors. The Li and B fluxes have identical
rigidity dependence above 7 GV and all three fluxes have
identical rigidity dependence above 30 GV with the Li=Be
flux ratio of 2.0& 0.1. The three fluxes deviate from a
single power law above 200 GV in an identical way. As
seen in Fig. 4, this behavior of secondary cosmic rays has
also been observed in primary cosmic rays He, C, and O
[14] but the rigidity dependences of primary cosmic rays
and of secondary cosmic rays are distinctly different. In
particular, above 200 GV, the spectral indices of secondary
cosmic rays harden by an average of 0.13& 0.03more than
the primaries. These are new properties of cosmic rays.

We thank former NASA Administrator Daniel S. Goldin
for his dedication to the legacy of the ISS as a scientific
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They	
  have	
  the	
  same	
  behavior	
  above	
  30	
  GV	
  (all	
  secondary).	
  
	
  
Differences	
  at	
  low	
  energy	
  can	
  be	
  due	
  to:	
  
1.  a	
  ter0ary	
  component	
  
2.  differences	
  in	
  inelas0c	
  cross	
  sec0on	
  between	
  elements	
  
3.  differences	
  in	
  fragmenta0on	
  cross	
  sec0on	
  between	
  elements	
  
4.   10Be	
  decays	
  with	
  t1/2	
  =	
  1.4	
  My	
  through	
  10Be	
  à	
  10B	
  +	
  e-­‐	
  +	
  ν	
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Conclusions	
  
For	
  all	
  nuclei	
  species	
  considered	
  (1≤Z≤8)	
  the	
  spectral	
  index	
  progressively	
  hardens	
  at	
  rigidi0es	
  
larger	
  than	
  100	
  GV.	
  
	
  
The	
  spectral	
  index	
  hardens	
  idenZcally	
  for	
  primaries	
  nuclei	
  H,	
  He,	
  C	
  and	
  O.	
  The	
  hardening	
  is	
  about	
  
of	
  0.12	
  ±	
  0.04.	
  
	
  
Even	
  if	
  H	
  and	
  He	
  have	
  similar	
  rigidity	
  dependence,	
  the	
  H/He	
  raZo	
  is	
  a	
  well	
  described	
  by	
  single	
  
power	
  law	
  above	
  45	
  GV	
  of	
  index	
  –0.077	
  ±	
  0.007.	
  	
  
	
  
Secondary	
  species,	
  Li,	
  Be	
  and	
  B	
  have	
  idenZcal	
  behavior	
  above	
  30	
  GV.	
  They	
  all	
  harden	
  more	
  that	
  
primary	
  species.	
  Together	
  all	
  secondary-­‐to-­‐primary	
  raZo	
  show	
  a	
  hardening	
  difference	
  of	
  0.13	
  ±	
  
0.03.	
  	
  

	
  	
  
Secondary-­‐to-­‐secondary	
  ra0o,	
  in	
  par0cular	
  Be/B,	
  has	
  a	
  structure	
  at	
  low	
  energy	
  that	
  can	
  be	
  due	
  to	
  
the	
  decay	
  of	
  10Be.	
  	
  
	
  
Nitrogen	
  flux	
  can	
  be	
  described	
  as	
  a	
  superposiZon	
  of	
  a	
  primary	
  specie	
  (Oxygen),	
  and	
  a	
  secondary	
  
one	
  (Boron).	
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  selected	
  with	
  inner	
  tracker	
  (L2-­‐L8).	
  Es0mated	
  background	
  <	
  0.5%.	
  

Systema0c	
  error	
  is	
  negligible.	
  

9	
  GV	
  <	
  R	
  <	
  11	
  GV	
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Tracker L1 Charge
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c) Boron

Background	
  from	
  Interac0ons	
  Below	
  L1	
  

Systema0c	
  error	
  is	
  <	
  0.5%	
  in	
  the	
  whole	
  rigidity	
  range.	
  

Events	
  selected	
  with	
  inner	
  tracker	
  (L2-­‐L8).	
  Es0mated	
  background	
  <	
  3%.	
  

9	
  GV	
  <	
  R	
  <	
  11	
  GV	
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Tracker L2-L8 Charge
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Bkg.	
  generated	
  above	
  L1	
  is	
  calculated	
  using	
  MC	
  and	
  nuclei	
  fluxes	
  measured	
  by	
  AMS.	
  	
  
	
  

MC	
  interac0on	
  channels	
  (ex.	
  C	
  +	
  C,	
  Al	
  à	
  Li,	
  Be,	
  B	
  +	
  X)	
  have	
  been	
  verified	
  with	
  data.	
  
Background	
  for	
  Li,	
  Be	
  and	
  B	
  are	
  2%,	
  13%	
  and	
  8%	
  at	
  3.3	
  TV	
  respec0vely.	
  

Background	
  from	
  Interac0ons	
  Above	
  L1	
  

Uncertain0es	
  on	
  interac0ons	
  above	
  L1	
  by	
  cross-­‐sec0on	
  valida0on	
  give	
  <	
  1.5%	
  systema0c	
  error.	
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R	
  >	
  50	
  GV	
   R	
  >	
  50	
  GV	
   R	
  >	
  50	
  GV	
  

Systema0c	
  errors	
  arising	
  from	
  the	
  understanding	
  of	
  the	
  resolu0on	
  matrix	
  and	
  the	
  bin-­‐to-­‐bin	
  
migra0on	
  unfolding	
  procedures	
  account	
  for	
  1.5%	
  below	
  200GV	
  and	
  8-­‐10%	
  at	
  3.3	
  TV.	
  

The	
  bin-­‐to-­‐bin	
  migra0on	
  of	
  events	
  was	
  corrected	
  using	
  the	
  unfolding	
  procedure	
  using	
  the	
  MC	
  
rigidity	
  resolu0on	
  func0ons.	
  One	
  of	
  the	
  many	
  performed	
  verifica0on	
  of	
  the	
  accuracy	
  of	
  this	
  

func0on	
  is	
  given	
  by	
  the	
  comparison	
  of	
  the	
  tracker	
  spa0al	
  resolu0on.	
  

Rigidity	
  Migra0on	
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Rigidity	
  Scale	
  

Systema0c	
  errors	
  on	
  the	
  migra0on	
  due	
  to	
  rigidity	
  scale	
  is	
  <1%	
  below	
  200	
  GV	
  and	
  5-­‐7%	
  at	
  3.3	
  TV.	
  

Rigidity
Energy

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

Bi
n

Ev
en
ts

10

210

 E>30 GeV+e
 E>30 GeV, Scaled-e

-eE + +eE
-e(E/R) - +e(E/R)

 = 6
1

-eE + +eE
-e(E/R) - +e(E/R)

 = 6
1

-eE + +eE
-e(E/R) - +e(E/R)

 = 6
1

-eE + +eE
-e(E/R) - +e(E/R)

 = 6
1

1/D	
  ~	
  0	
  and	
  	
  s(1/D)=1/30	
  TV
-­‐1	
  

Two	
  contribu0ons	
  to	
  the	
  uncertainty:	
  
	
  

Residual	
  tracker	
  misalignment	
  
checked	
  with	
  EECAL/RTracker	
  ra0o	
  for	
  
electrons	
  and	
  positrons,	
  limited	
  by	
  the	
  
current	
  high	
  energy	
  positron	
  sta0s0cs.	
  	
  
	
  
	
  
	
  
	
  
MagneZc	
  field	
  
mapping	
  measurement	
  (0.25%)	
  and	
  
temperature	
  correc0ons	
  (0.1%).	
  Taken	
  in	
  
quadrature	
  and	
  weighted	
  by	
  the	
  measured	
  
flux	
  rigidity	
  dependence.	
  

CERN, 2010 
Zurich,1997 
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Effec0ve	
  Acceptance	
  
Effec0ve	
  acceptance	
  is	
  determined	
  with	
  MC	
  and	
  corrected	
  for	
  small	
  data/MC	
  in	
  (a)	
  event	
  

reconstruc0on	
  and	
  selec0on,	
  and	
  (b)	
  the	
  inelas0c	
  interac0ons	
  of	
  nuclei	
  in	
  the	
  AMS	
  materials.	
  	
  

Systema0c	
  error	
  for	
  reconstruc0on	
  and	
  selec0on	
  are	
  <	
  2%	
  

�Z
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NZ
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=
NB

i

NC
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·
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· ✏
B
i

✏Ci

��1

EffecZve	
  acceptance	
  [m2	
  sr]	
  	
  
(from	
  MC,	
  verified	
  with	
  data)	
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Probability	
  of	
  detec0ng	
  an	
  hit	
  on	
  L9	
  depends	
  on	
  the	
  inelasZc	
  interacZons	
  in	
  the	
  materials	
  
between	
  L8	
  and	
  L9	
  (“1/3”	
  of	
  the	
  AMS	
  material).	
  Direct	
  measurement	
  of	
  this	
  “survival	
  

probability”	
  allows	
  the	
  control	
  of	
  flux	
  normaliza0on.	
  	
  

Inelas0c	
  Interac0ons	
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Systema0c	
  errors	
  associated	
  to	
  inelas0c	
  interac0on	
  is	
  <	
  2%	
  up	
  to	
  100	
  GV	
  and	
  3-­‐4%	
  up	
  to	
  3.3	
  TV.	
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Measurement	
  Verifica0on	
  

L9	
  

L1	
  

L8	
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Rigidity [GV]
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Fl
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 L
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L9

/L
1-

L8

Ra0o	
  of	
  flux	
  measured	
  using	
  events	
  
passing	
  through	
  L1-­‐L9	
  over	
  the	
  one	
  

measured	
  using	
  events	
  passing	
  through	
  
L1-­‐L8	
  

The	
  observed	
  agreement	
  verifies:	
  
(i)	
  acceptance:	
  the	
  amount	
  of	
  material	
  
traversed	
  is	
  different	
  
(ii)	
  unfolding:	
  bin-­‐to-­‐bin	
  migra0on	
  is	
  
different	
  due	
  to	
  different	
  resolu0on	
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Rigidity [GV]
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