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Cosmic-Ray Related Measurements with NA61/SHINE

• Particle Production in Air Showers
• p+C Interactions

(31, 60, 90 120 GeV/c)

• π+C Interactions
(30, 60, 158, 350 GeV/c)

• Galactic Cosmic Rays
• p̄, d and d̄ Production

(p+p at 20, 31, 40, 80, 158, 400 GeV/c)

• Nuclear Fragmentation
(C+C, C+CH2 at 13.5 AGeV/c)

PRC 84 (2011) 034604, PRC 85 (2012) 035210, PRC 89 (2014) 025205, EPJ C74 (2014) 2794, EPJ C76 (2016) 84,

EPJ C76 (2016) 198, EPJ C77 (2017) 671, EPJ C77 (2017) 626, PRD 98 (2018) 052001, PoS(ICRC2019)446
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Summary

A detailed knowledge of the fragmentation cross sections of intermediate mass nu-
clei is of paramount importance to understand the propagation of cosmic rays in our
Galaxy and to evaluate the background for dark matter searches with space-based
cosmic-ray experiments such as AMS.

Therefore, we suggest a one-week test run in 2018 with secondary ions to estab-
lish the capabilities of NA61/SHINE to measure fragmentation cross sections at iso-
tope level. No major modifications to the experimental setup of NA61/SHINE are
needed to perform this feasibility study. The experience gained during the test run
will be used to formulate a comprehensive measurement campaign for cosmic-ray
related fragmentation cross sections for the possible extension of the NA61/SHINE
physics program beyond 2020. The test data on carbon-proton and oxygen-proton
interactions at 13A GeV/c that we intend to collect during the proposed test run have
already the potential to reduce the current cross section uncertainties.

c© 2017 CERN for the benefit of the NA61/SHINE Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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The accuracy of the current generation of cosmic-ray (CR) experiments, such as AMS-02,
PAMELA, CALET, and ISS-CREAM, is now reaching ∼1–3% in a wide range in energy per nucleon
from GeV/n to multi-TeV/n. Their correct interpretation could potentially lead to discoveries of
new physics and subtle effects that were unthinkable just a decade ago. However, a major obstacle
in doing so is the current uncertainty in the isotopic production cross sections that can be as high
as 20–50% or even larger in some cases. While there is a recently reached consensus in the astro-
physics community that new measurements of cross sections are desirable, no attempt to evaluate
the importance of particular reaction channels and their required accuracy has been made yet. It is,
however, clear that it is a huge work that requires an incremental approach. The goal of this study
is to provide the ranking of the isotopic cross sections contributing to the production of the most
astrophysically important CR Li, Be, B, C, and N species. In this paper, we (i) rank the reaction
channels by their importance for a production of a particular isotope, (ii) provide comparisons plots
between the models and data used, and (iii) evaluate a generic beam time necessary to reach a 3%
precision in the production cross-sections pertinent to the AMS-02 experiment. This first roadmap
may become a starting point in the planning of new measurement campaigns that could be car-
ried out in several nuclear and/or particle physics facilities around the world. A comprehensive
evaluation of other isotopes Z ≤ 30 will be a subject of follow-up studies.

I. INTRODUCTION

The centennial anniversary of the discovery of CRs (in
2012) was marked by a series of exciting discoveries made
a few years before it and during the following years [1–
10]. It became possible due to the superior instrumenta-
tion launched to the top of the atmosphere (e.g., BESS-
Polar, CREAM) and into space (PAMELA [11], AMS-02
[3], Fermi-LAT [12]) and whose accuracy is now reach-
ing an astonishing level of 1–3% (see a collection of CR
data in [13]). Not surprisingly, these recent developments
raised anticipations that new measurements of compo-
sition and spectra of CR species may reveal signatures
of yet unknown effects or phenomena and consequently
led to the surge of interest in astrophysics and particle
physics communities. Meanwhile, achieving this goal de-
mands the appropriate level of accuracy from theoretical
models used for interpretation of the data collected by
the modern or future experiments. The major obstacle
to this is the accuracy of the existing measurements of
the nuclear production cross sections [14–18] whose er-
rors are reaching 20–50% or even worse [15, 19–23] and
are unacceptable by nowadays standards.

An accurate calculation of the isotopic production
cross sections is a cornerstone of all CR propagation cal-
culations. The cross sections are necessary to calculate
the production of secondary isotopes (e.g., isotopes of
Li, Be, B) in spallation of CR in the interstellar medium

(ISM) and to derive propagation parameters [24–27] that
provide a basis for a number of other studies [28]. Even
slight excesses or deficits of certain isotopes in CRs rel-
ative to expectations from propagation models [29, 30]
can be used to pin down the origins of various species,
their acceleration mechanisms and propagation history;
they also help to locate other deviations [1, 31, 32] that
otherwise could remain unnoticed. In turn, such infor-
mation is necessary for a reliable identification of subtle
signatures of the dark matter or new physics [33, 34], and
for accurate predictions of the Galactic diffuse emission
and disentangling unexpected features [9, 35–37]. This
calls for a dedicated effort to improve on the accuracy
of the nuclear production cross sections, especially in the
context of recent anomalies seen in CRs, such as, e.g.,
spectral breaks [2, 4, 5, 38–40]. Note that the production
cross sections are also the key ingredient for calculations
of the production of cosmogenic radionuclides by Galac-
tic CRs in Earth’s atmosphere and meteorites [41–43]
and for human radiation shielding applications [44].

The realization that the correct interpretation of the
CR measurements requires a corresponding accuracy of
the nuclear cross sections is not entirely new. An evi-
dence can be found in the proceedings of the 16th In-
ternational Cosmic Ray Conference (ICRC, Kyoto) pub-
lished back in 1979, as quoted from a talk by Raisbeck
[45]: “...this is the first time anyone involved in the ex-
perimental determination of nuclear cross sections has
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Study of Hadron-Nucleus and Nucleus-Nucleus Collisions
at the CERN SPS

Early Post-LS2 Measurements and Future Plans

The NA61/SHINE Collaboration and the CERN team
http://na61.web.cern.ch/

Abstract

NA61/SHINE proposes to continue measurements of hadron and nuclear frag-
ment production properties in reactions induced by hadron and ion beams. The new
measurements requested will provide unique data on (i) charm hadron production
in Pb+Pb collisions for heavy ion physics, (ii) nuclear fragmentation cross sections
for cosmic ray physics and (iii) hadron production in hadron-induced reactions for
neutrino physics. The measurements require upgrades of the NA61/SHINE detec-
tor that shall increase the data taking rate to about 1 kHz. NA61/SHINE is the only
experiment which can conduct the measurements in the near future.

In this document the beam request for the early post-LS2 measurements in 2022
is presented. Plans for a continuation of measurements are also discussed.

May 27, 2018
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New Results from the Cosmic-Ray Program of the
NA61/SHINE facility at the CERN SPS

Michael Unger∗ for the NA61/SHINE Collaboration†

Karlsruhe Institute of Technology (KIT), Postfach 3640, D-76021 Karlsruhe, Germany
E-mail: michael.unger@kit.edu

The NA61/SHINE experiment at the SPS accelerator at CERN is a unique facility for the study
of hadronic interactions at fixed target energies. The data collected with NA61/SHINE is relevant
for a broad range of topics in cosmic-ray physics including ultrahigh-energy air showers and the
production of secondary nuclei and anti-particles in the Galaxy.
Here we present an update of the measurement of the momentum spectra of anti-protons produced
in π−+C interactions at 158 and 350 GeV/c and discuss their relevance for the understanding of
muons in air showers initiated by ultrahigh-energy cosmic rays.
Furthermore, we report the first results from a three-day pilot run aimed at investigating the ca-
pability of our experiment to measure nuclear fragmentation cross sections for the understanding
of the propagation of cosmic rays in the Galaxy. We present a preliminary measurement of the
production cross section of Boron in C+p interactions at 13.5 AGeV/c and discuss prospects for
future data taking to provide the comprehensive and accurate reaction database of nuclear frag-
mentation needed in the era of high-precision measurements of Galactic cosmic rays.

36th International Cosmic Ray Conference -ICRC2019-
July 24th - August 1st, 2019
Madison, WI, U.S.A.

∗Speaker.
†http://shine.web.cern.ch/content/author-list

c© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). http://pos.sissa.it/
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Nuclear Fragmentation with SPS and NA61/SHINE
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Nuclear Fragmentation with SPS and NA61/SHINE
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Nuclear Fragmentation with SPS and NA61/SHINE
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The Super Proton Synchrotron (SPS) at CERN

Maximum BeamMomentum: Z× 450 GeV/c, accelerates p, p̄, O, S, Ar, Pb...



H2 Beam Line: Primary Beam, fragments, π±, K±...



Interaction Target at NA61/SHINE (H2, C, ...)



Particle Production Measurement at NA61/SHINE

• large acceptance≈ 50% at pT ≤ 2.5GeV/c

• momentum resolution: σ(p)/p2 ≈ 10−4(GeV/c)−1

• tracking efficiency: > 95%, pid with dE/dx and ToF



2018 Pilot Run on Nuclear Fragmentation
composition of secondary ion beammeasured during data taking:
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• primary Pb beam on Be target, rigidity selection in H2 beam line

• special H2 beamline optics (simulation and operation by N.Charitonidis)

• three days of data taking at 27 GV

• 1.1× 106 beam trigger on Z2 = 36

• offline selection: 3.6× 105 12C beam particles

• 20k (12C+CH2) and 17k (12C+12C) interactions 11/20



2018 Pilot Run on Nuclear Fragmentation

~13 m

MTPC-R

MTPC-L

VTPC-2VTPC-1

Vertex magnets

Targets

Beam

A

BPD-1 BPD-2

BPD-3

V1V1V0
p

S1

~240m

“C+p = (C+CH2) - (C+C) - OUT”

ToF(A to S1) + dE/dx(S1)→ (A, Z2)beam
∆ + dE/dx(MTPC) → (A, Z2)fragment

↕ ∆
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12C Beam Selection

triggered beam composition:

20 30 40 50 60
2
beamZ

0.4−

0.2−

0

0.2

0.4

0.6

0.8

t/n
s

∆

1

10

210

en
tri

es

B11

B10

C14

C13

C12

C11

N14

N15

Beam Selection12C

offline beam selection:

• 12C purity: 99.2%

• B contamination: <0.1%
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Identification of Isotopes Produced in Target (MTPC)
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Charge-Changing C+C & C+CH2 Cross Section (preliminary)

12C+12C→ (Z<6) + X 12C+CH2 → (Z<6) + X
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adapted from L. Shiver et al, Adv. Space Research 49 (2012) 812

F. Sutter, Masters Thesis KIT 2019
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Direct 10B +11B Production (preliminary)

σ(12C+ p →10B+X) + σ(12C+ p →11B + X) =
47.7 ± 3.0 (stat.) ± 2.3 (syst.) mb
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Fit: Evoli+19, Data: Korejwo+02, Korejwo+99, Webber+98, Webber90, Olson+83, Fontes+77 16/20



Plans For Run3
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Plans For Run3

Beam request for 24 days of secondary light ion beam at 13 A GeV/c

PRELIMINARY SCHEDULE OF IONS IN RUN 3 

(SCHEDULE NOT APPROVED YET)
RUN3

Pb source& 

Linac3 beam 

commissioning

LEIR & PS beam commissioning

SPS beam commissioning + slip stacking

LHC PbPb collision

LHC Oxygen 

pilot run

OO and Op 

collisions

Pb Pb

Difficulties in RUN 3: 
• Strong competition with the proton commissioning  LHC Injector Upgrade many new hardware 

to be commissioned for the first time
• Strong competition with the ion commissioning towards LIU intensities  slip stacking in SPS is a priority

LHC
SPS

No experimental 

program 

approved to run 

ions in 2024 for the 

moment

LHC PbPb collision

LHC pPb collision

25/9/2019NA61/SHINE collaboration meeting at CERN

Reyes Fernandez, “Ion beams in 2021-2024”, open session, NA61 Collab Meeting September 2019

18/20



Plans For Run3

reaction Ninter A/Z
16O+ H 250k 2
12C+ H 150k 2
16O+ He 100k 2
14N+ H 40k 2
10B+ H 5k 2
11B+ H 5k 2
12C+ He 5k 2
13C+ H 5k 11/5
15N+ H 5k 13/6

20Ne+ H 5k 15/7
24Mg+ H 5k 2
28Si+ H 5k 2
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New Collaborators Welcome!!

• upgrade of detector
• planning of data taking
• optimization of trigger
• targets
• data analysis

NA61/SHINE Collaboration Meeting September 2019


