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Physics subjects

Hypernuclear physics
* Proton rich hypernuclei with proton-rich beams
* Neutron rich hypernuclei with charge-exchange reactions

Mesic-nuclei and —atoms

Baryon resonances in exotic nuclei



Physics subjects

Hypernuclear physics
* Proton rich hypernuclei with proton-rich beams
* Neutron rich hypernuclei with charge-exchange reactions

Mesic-nuclei and —atoms
Baryon resonances in exotic nuclei
More physics cases

* Hadron physics with Rl-beams
e Other ideas (astrophysics, applications, ...)




AMS-02 in the International Space Station

Search for anti-matter
* Anti-He isotopes

Search for dark-matter candidates
e Annihilation of neutralino

Search for strangelet

Measurements of high energy cosmic rays
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Beryllium isotopic composition
and Galactic cosmic ray propagation

Paolo Lipari'*
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The isotopic composition of beryllium nuclei and its energy dependence encode information of
fundamental importance about the propagation of cosmic rays in the Galaxy. The effects of decay
on the spectrum of the unstable beryllium-10 isotope can be described introducing the average
survival probability Paur(Eo) that can inferred from measurements of the isotopic ratio Bel0/Bed
if one has o0 of the nuclear cross sections that determine
the isotopic composition of beryllium nuclei at injection. The average survival probability can then
be interpreted in terms of propagation parameters, such as the cosmic ray average age, adopting a
theoretical framework for Galactic propagation. Recently the AMS02 Collaboration has presented
preliminary measurements of the beryllium isotopic composition that extend the observations to a
broad energy range (Eo =~ 0.7-12 GeV/n) with small errors. In this work we discuss the average
survival probability that can be inferred from the preliminary AMS02 data, adopting publically
available models of the nuclear fragmentation cross sections, and interpret the results in the frame-
work of a simple diffusion model, This study shows that the effects of decay decrease more slowly
than the predictions, resulting in an average cosmic ray age that increases with energy. An alterna-
tive possibility is that the cosmic ray age distribution is broader than in the models that are now
commonly accepted, suggesting that the Galactic confinement volume has a non trivial structure
and is formed by an inner halo contained in an extended one.

I. INTRODUCTION

It is now well established that most of the cosmic rays (CR) observed at the Earth in a broad energy
range that extends from E ~ 10° €V to at least E ~ 1016 eV are of Galactic origin, and are generated in
the Milky Way, where they remain partially confined by interstellar magnetic fields for a time of order
1-100 Myr. Understanding the properties of CR propagation, and determining the duration and energy
(or rigidity) dependence of their Galactic residence time remains a problem of crucial importance for high
energy astrophysics.

The study of the flux of the unstable nucleus beryllium-10 (Be10) has been recognised for a long time
as a crucially important source of information about the properties of CR propagation. This is because
the Bel0 decay time (T} p ~ 1.387 % 0.012 Myr) is comparable with the average CR Galactic residence
time, and therefore decay can be a signi “sink” hanism in the formation of the
spectrum. Comparing the spectral shape of Bel(] with those of the stable isotopes Be9 and Be7, allows
in principle to measure the effects of decay, and then infer properties of Galactic propagation.

The experimental study of the spectra of individual isotopes, is however a very difficult task, and
until now measurements for beryllium have been obtained only at low energy (kinetic energy per nucleon
Ey < 2 GeV) and with rather large errors. Recently, at the 37th International Cosmic Ray Conference
in Berlin, the AMS02 Collaboration has presented preliminary measurements of the beryllium isotopes
spectra and of the Bel0/Be9 ratio with small errors (of order 10-20%). and in a broad energy range
(Ey ~ 0.7-12 GeV). These results can be of great value to find answers to some important open questions
about CR Galactic propagation.

In this work, waiting for the publication of the AMS02 observations on the isotopically separated
beryllium spectra, we discuss the preliminary results presented at the ICRC, and the best methods to
study their astrophysical implications.

*Electronic address: paolo.lipari@romal.infn.it

Very recent results
for 1°Be/°Be by AMS-02
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Measurements of the isotopic ratio beryllium—10/beryllium-9 at high energy, plotted as a function of kinetic



What do we want to learn from the '°Be/°Be?
°Be: stable

10Be: T,/, = (1.387+0.012) x 10° years

* Similar to a typical period for cosmic rays staying inside the galaxy

10Be/?Be is sensitive to how cosmic rays propagate in the galaxy

* Information on the distribution of the magnetic field (strength and size)

* It can not be deduced by light since the number of stars in the edge of the galaxy
is not sufficient to observe light
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10Be: T,/, =(1.387+0.012) x 10° years

* Similar to a typical period for cosmic rays staying inside the galaxy

10Be/?Be is sensitive to how cosmic rays propagate in the galaxy

* Information on the distribution of the magnetic field (strength and size)

* It can not be deduced by light since the number of stars in the edge of the galaxy
is not sufficient to observe light

Distribution of the magnetic field of the galaxy

ﬁ

Propagation of cosmic—rays

ﬁ

The amount of X—rays induced by reaction of cosmic—rays

ﬁ

If the excess is observed, it can be contributions from dark matter



What do we need to know?

Where are °Be and 1° Be from?
* Not directly produced by supernova-explosions

* Fragmentation reaction of C/N/O (produced by supernova-explosions)
with hydrogen in space
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Figure 1. Scheme of the 2D model used for the Galaxy structure. Taken from the lecture https:
//w3.iihe.ac.be/~aguilar/PHYS-467 /PA3.html.

Webber | GALPROP | DRAGON?2
Dy (10%® cm?s~1) 2.3 6.65 7.1
va (km/s) 29.9 25.5 27.7
n —0.25 —0.55 —0.6
) 0.42 0.44 0.42
H (kpc) 2.07 6.93 6.76

Table 1. Diffusion parameters used in the CR propagation with the different cross section parame-
terizations. The values have been obtained from the fit of the B/C data from AMS-02 [45, 47] and
of the 1°Be/?Be data from various experiments (see section 8), assuming the different cross section
models.
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work have shown (see for example Fig. GD that the same value of Py, can correspond to very different
values of the average age of the CR particles in different propagation models. Similarly, a measurement
of the energy dependence of the survival probability Py (Fo) can be interpreted with different energy
dependences of the propagation parameters in different propagation models.

It is easy to see that a survival probability that changes very slowly with energy can be consistent with
an average age that is constant or change very slowly with energy if the shape of the age distribution is
very broad.

If the CR age distribution is broad, the average survival probability Psy,v takes (in first approximation)
the physical meaning of the fraction of the observed particles with age in the interval tage < Taec(Fo)-
The decay time grows linearly with the Lorentz factor of the nuclei, and therefore, for a constant shape
of the age distribution, P, increases with energy because the time interval where decay is important
becomes smaller. This growth of Py, with energy is slower for a broader distribution.

In the Minimal Diffusion Model the age distribution is determined by two parameters the diffusion
times and the halo vertical size. It is however possible for the age distribution to have a more com-
plicated shape that depends on more parameters (that could have different energy dependences). The
preliminary AMS02 data (interpreted with current models of the fragmentation cross sections) indicate
that when the decay time grows from approximately 4 Myr to approximately 30 Myr the average survival
probability remains in rather narrow range (Psyv =~ 0.25-0.4) suggesting a very broad age distribution
where large fractions of particles have ages that are both very short (tage S few Myr) and very long
(tage 2 50 few Myr). This broad age distribution could exist if the CR confinement volume is formed
by an inner halo and a more extended halo (perhaps associated with the existence of the Fermi bubbles)
that have confinement times of different orders of magnitude.

The estimate of the CR age distribution is crucially important for the interpretation of the electron
and positron spectra, in particular to establish the existence of a new source of relativistic positrons
[34-36]. A sufficiently long CR age implies that the large rate of energy losses for eT spectra will result
in a strong softening of their spectra, and therefore that the observed hard positron spectrum cannot be
generated by the secondary production mechanism and requires a harder source. The preliminary AMS02
beryllium data, as interpreted in the previous section, indicate a CR age that seems to be in conflict with
the hypothesis of secondary production for CR positrons. This conclusion is again based on the validity
of the current estimates of the nuclear fragmentation cross sections. An approximately constant isotopic
ratio for beryllium could in principle be consistent with energy independent fragmentation cross sections
and with a short CR age, so that the decay effects for Bel0 are small in the entire energy range considered.
This interpretation however requires that the observed isotopic composition is equal to the one generated
at injection, and this hypothesis is at present strongly disfavoured.

The modeling of nuclear fragmentation cross sections is the main source of systematic uncertainties in
extracting the very valuable information encoded in the beryllium isotopic composition. Reducing these
uncertainties with an appropriate program of experimental studies is very desirable and of great value.

Acknowledgments
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What do we need to know?

Where are °Be and 1° Be from?
* Not directly produced by supernova-explosions

* Fragmentation reaction of C/N/O (produced by supernova-explosions) with
hydrogen in space

9Be and 19 Be are also fragmented with hydrogen in space during their
propagation in the galaxy

Uncertainty is originated from fragmentation reaction cross section

Data of fragmentation reactions are limited, especially at high energies



Fragmentation reaction data

With high energy heavy ion beams with a hydrogen target

 Mainly measured at Bevalac in the Lawrence Berkeley Laboratory
(for example, PRC 41 (1990) 547)

Galactic cosmic rays after the AMS-02 observations
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e unprecdented qualityof e i collecie by the AMS.02 expsiment oobourd te Inemaional
cosmic rays.
Here we discuss the |myhml|on) of these data for the injection spectrum of clements with different masses
and for the diffusion coefficient probed by cosmic rays through their journey from the sources to the Earth
uires (1) a break in the energy
ction spectrum that is the same for
all nuclei heavier than helium, and different injections for both protons and helium. Moreover, f to force
n substanially
worsens. Accounting for a small, X, ~ 0.4 gem, grammage accumulated inside the sources leads to a
s b e UC o s et o s i ol v ko
evident. The statistic and systematic error bars claimed by the AMS collaboration exceed the error that is

expected (rom clclations once th ancesinies in e sros scton of producion of secondary nucci
are taken into account, In order to s p el of
2 Targe st of cros sections,relevant for coumic ray physcs, and we imodice the uncemity in the
branching ratios in a way that its effect can be casily grasped.

DOI: 10.1103PhysRevD 99.103023

1. INTRODUCTION cross sections are known with at least ~30% error (even
more for some channels) and the fluxes of elements heavier
than carbon, oxygen and nitrogen remain rather unce

‘Some major breakthroughs have been made possible m
the high precision measurements of AMS-02, first and
foremost the detection of breaks in the spectra of virtually
all nuclei, most likely hinting at a change of regime in the
transport of Galactic CRs at rigidity ~300 GV. The
anomalous hardening of the spectra of secondary stable
nuclei also confirms that most likely the spectral breaks are
related to CR transport rather than to suble aspects of the
acceleration process (6]. The rising positron ratio [7] and

e quasiconstant p/p ratio [8] clearly represent major
achievements of this experimental enterprise, with poten-
tially huge implications for our theories on the origin of
CR, to the point that some authors [9,10) have put forward
radically new ideas on the transport of CRs. Testing such
ideas is extremely important, but to do so the first step is to
understand whether there are serious problems in interpret-
ing data on spectra of primary and secondary nuclei within
standard assumptions.

One such assumption, motivated by the fact that most our
models for acceleration and transport of CRs are based on a
st rgidity dependence of both processes, i tha the
o pectoa o ALkl et the mockéss iy m
bave the s general shap, eapecially o e wa
carmelo.evoli@gssi.it from the injection energy and the maximum rigidity it

For decades the quest for better data has been constant in

the field of cosmic ray (CR) physics. For the fist time, at
least in the energy region E S TeV, the AMS-02 experi-
‘ment onboard the Intemational Space Station has reversed
this situation: statistic and systematic errors on the mea-
sured spectra of protons, helium and other primary nuclei,
as well as on secondary stable nuclei (boron, lithium,
beryllium) are now at the few percent level, thereby
providing an unprecedented framework for testing our
ideas on the origin and transport of cosmic rays.

On the other hand, our theoretical ability to make
predictions on the spectra of nuclei, espe econdary
auce, is B by the umoetinties in the measured
of the cross sections, a point that has been raised by
many authors (141, The impertance of this point can
probably be best illustrated by using the case of boron: the
boron-to-carbon ratio is routinely used to infer the mean
grammage \m\'u\ul y CRs while propagating in the
Galaxy "he reliabiliy of the ranmage depend
ou o kcmiolem el oron oo uction tresy s o S
spallation of heavier elements and on the a of the
mcasurements of the Tuxes of such clemants (at oughly
the same energy per nucleon). Unfortunately the measured

val

2470.0010/2019/99(10)/103023(14) 1030231 © 2019 American Physical Society
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°Be:
* No data at high energies
* Almost no data with 1*N beams

* No data at high energies

Necessity of fragmentation data of
C,N, O — °Be, 10Be
with a hydrogen target
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Figure 1. Scheme of the 2D model used for the Galaxy structure. Taken from the lecture https:
//w3.iihe.ac.be/~aguilar/PHYS-467 /PA3.html.

Webber | GALPROP | DRAGON?2
Dy (10%® cm?s~1) 2.3 6.65 7.1
va (km/s) 29.9 25.5 27.7
n —0.25 —0.55 —0.6
) 0.42 0.44 0.42
H (kpc) 2.07 6.93 6.76

Table 1. Diffusion parameters used in the CR propagation with the different cross section parame-
terizations. The values have been obtained from the fit of the B/C data from AMS-02 [45, 47] and
of the 1°Be/?Be data from various experiments (see section 8), assuming the different cross section
models.



Fragmentation reaction of °Be and °Be

Propagation of °Be and '°Be in the galaxy

e Assumption: same cross section for °Be+p—X and 'Be+p—X,
therefore, no affection on the '°Be/°Be ratio is EXPECTED



Fragmentation reaction of °Be and °Be

Propagation of °Be and '°Be in the galaxy

e Assumption: same cross section for °Be+p—X and 'Be+p—X,
therefore, no affection on the 1°Be/?Be ratio is EXPECTED

HOWEVER,

2.8 T T T T
. PRL 102 (2009) 062503
g 2.7
E 2.6
g 2.5
§ 2.4
z
23 T T T T T
7 8 9 10 11
Be Isotope

FIG. 3 (color online). Experimental charge radii of beryllium
isotopes from isotope-shift measurements (@) compared with
values from interaction cross-section measurements (O) and
theoretical predictions: Greens-function Monte Carlo calcula-
tions (+) [2,24], fermionic molecular dynamics (A) [25],
ab initio no-core shell model ((J) [13,26,27].

Charge radii of °Be and 1°Be are significantly
different



Fragmentation reaction of °Be and °Be

Propagation of °Be and '°Be in the galaxy

e Assumption: same cross section for °Be+p—X and 'Be+p—X,
therefore, no affection on the 1°Be/?Be ratio is EXPECTED
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FIG. 3 (color online). Experimental charge radii of beryllium
isotopes from isotope-shift measurements (@) compared with
values from interaction cross-section measurements (O) and
theoretical predictions: Greens-function Monte Carlo calcula-
tions (+) [2,24], fermionic molecular dynamics (A) [25],
ab initio no-core shell model ((J) [13,26,27].

Charge radii of °Be and 1°Be are significantly
different

9Be: (2.519 fm)? = 6.345 fm?
10Be: (2.357 fm)2 = 5.555 fm?

5.555/6.345 = 0.875

Fragmentation cross section of cosmic °Be and
10Be with a hydrogen target must be different

We need precise fragmentation data



Additional interest on the production of 1°Be

Low—mass single core—collapse supernova (CCSN) may contribute
significantly to understand the the generation/formation of the solar
system, and the CCSN could eject more Be

» 10Be excess in Calcium—aluminum-rich inclusions in a range of
meteoritic samples:

°Be/°Be ~ (7.5+2.5) X 104



Additional interest on the product
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Evidence from stable isotopes and 10Be for solar
system formation triggered by a low-mass

supernova

that the formation of our solar system (SS) might have

been due to a single core-collapse supernova (CCSN)
whose shock wave triggered the collapse of a nearby interstellar
cloud. They recognized that forensic evidence of such an event
would be found in CCSN-associated short-lived (<10 Myr)
radionuclides (SLRs) that would decay, but leave a record of their
existence in isotopic anomalies. Their suggestion was in fact
stimulated by observed meteoritic excesses in 26Mg (ref. 2), the
daughter of the extinct SLR 26A1 with a lifetime of 7 ~ 1 Myr. The
inferred value of 2A1/%’Al in the early SS, orders of magnitude
higher than the Galactic background, requires a special source’.

While simulations support the thesis that a CCSN shock wave
can trigger SS formation and inject SLRs into the early SS*5,
detailed modelling of CCSN nucleosynthesis and an accumu-
lation of data on extinct radionuclides have led to a confusing and
conflicting picture®”. CCSNe of 215 solar masses (M) are a
major source of stable isotopes such as 24Mg, 28Si and “Ca. The
contributions from a single CCSN in this mass range combined
with the dilution factor indicated by simulations*-® would have
caused large shifts in ratios of stable isotopes that are not
observed®. A second problem concerns the relative production of
key SLRs: such a CCSN source grossly overproduces **Mn and
0Fe (ref. 3), while producing (relatively) far too little of 1°Be.
Although the overproduction of **Mn and %°Fe can plausibly be
mitigated by the fallback of inner CCSN material, preventing the
ejection of these two SLRs”®, the required fallback must be
extremely efficient in high-mass CCSNe.

Here we show that the above difficulties with the CCSN trigger
hypothesis can be removed or mitigated, if the CCSN mass was
<12M,. The structure of a low-mass CCSN progenitor differs
drastically from that of higher-mass counterparts, being compact
with much thinner processed shells. Given the CCSN trigger
hypothesis, we argue that the stable isotopes alone demand such a
progenitor. But in addition, this assumption addresses several
other problems noted above. First, we show the yields of **Mn
and %Fe are reduced by an order of magnitude or more in low-
mass CCSNe, making the fallback required to bring the yields into
agreement with the data much more plausible. Second, we show
that the mechanism by which CCSNe produce 1°Be, the neutrino
spallation process 12C(v,v'pp)'%Be, differs from other SLR
production mechanisms in that the yield of Be remains high
as the progenitor mass is decreased. Consequently we find that an
11.8M  model can produce the bulk of the '°Be inventory in the
carly SS without overproducing other SLRs. We conclude that
among possible CCSN triggers, a low-mass one is demanded by
the data on both stable isotopes and SLRs.

It has been commonly thought that '°Be is not associated with
stellar sources, originating instead only from spallation of carbon
and oxygen in the interstellar medium (ISM) by cosmic rays
(CRs°) or irradiation of the early SS material by solar energetic
particles (SEPs!%11) associated with activities of the proto-Sun. It
was noted in Yoshida et al.'? that '°Be can be produced by
neutrino interactions in CCSNe, but the result was presented for a
single model and no connection to meteoritic data was made.
Further, that work adopted an old rate for the destruction
reaction '%Be(o,n)'>C that is orders of magnitude larger than
currently recommended'?, and therefore, greatly underestimated
the 1°Be yield.

10Be has been observed in the form of a 1B excess in a range of
meteoritic samples. Significant variations across the samples
suggest that multiple sources might have contributed to its
inventory in the early $8'41°. Calcium-alumi ich incl

N early four decades ago Cameron and Truran! suggested

have 26A1/7Al much less than the canonical valuelS. As
FUN-CAIs are thought to have formed earlier than canonical
CAIs, it has been suggested!® that the protosolar cloud
was seeded with '°Be/’Be~3x 10~ % the level observed in
FUN-CAIS, by for example, trapping Galactic CRs’, and that the
significantly higher !°Be/’Be values in canonical CAls were
produced later by SEPs!®!1,

A recent study?® showed that trapping Galactic CRs led to
little '°Be enrichment of the protosolar cloud and long-
term _production by Galactic CRs could only provide
10Be/*Be < 1.3 x 10~ % Instead, CRs from either a large number
of CCSNe or a single special CCSN were proposed to account for
10Be/°Be~3 x 10~ % While this pre-enrichment scenario is
plausible, it depends on many details of CCSN remnant
evolution and CR production and interaction. Similarly, further
production of '°Be by SEPs must have occurred at some level, but
the actual contributions are sensitive to the composition, spectra
and irradiation history of SEPs as well as the composition of the
irradiated gas and solids'%!21, all of which are rather uncertain.
In view of both the data and uncertainties in CR and SEP models,
we consider it reasonable that a low-mass CCSN provided the
bulk of the 1°Be inventory in the early S while still allowing
significant contributions from CRs and SEPs. Specifically, we find
that such a CCSN can account for 1%Be/*Be = (7.5 £2.5) x 104
typical of the canonical CAIs?2. Following the presentation of our
detailed results, we will discuss an overall scenario to account for
19Be and other SLRs based on our proposed low-mass CCSN
trigger and other sources.

Results

Explosion modelling. We have calculated CCSN nucleosyn-
thesis for solar-composition progenitors in the mass range of
11.8-30M, . Each star was evolved to core collapse, using the
most recent version of the 1D hydrodynamic code KEPLER?324,
The subsequent explosion was simulated by driving a piston from
the base of the oxygen shell into the collapsing progenitor. Piston
velocites were selected to produce explosion energies of 0.1, 03,
06 and 1.2 B (1 B=10°! ergs) for the 11.8-12, 14, 16 and
18-30M models, respectively, to match results from recent
CCSN simulations?52%. The material inside the initial radius of
the piston was allowed to fall immediately onto the protoneutron
star forming at the core. In our initial calculations, shown in
Fig. 1 and labelled Case 1 in Table 1, we assume all material
outside the piston is ejected. Neutrino emission was modelled by
assuming Fermi-Dirac spectra with chemical potentials p1=0,
fixed temperatures T, ~3MeV and Ty, ~Ty, ~T, ~ Ty, ~
Ty, ~5MeV, and luminosities decreasing exponentially from an
initial value of 16.7Bs~! per species, governed by a time
constant of ~3s. This treatment is consistent with detailed
neutrino transport calculations?” as well as supernova 1987A
observations?®. A full reaction network was used to track changes
in composition during the evolution and explosion of each star,
including neutrino rates taken from Heger et al?.

Nucleosynthesis yields. Figure 1 shows the yields normalized to
the 11.8M, model as functions of the progenitor mass for stable
isotopes 12C, 160, “Mg, 2853, 49Ca and %6Fe as well as SLRs '“Be,
41Ca, 3Mn, %0Fe and 17Pd. It can be seen that except for 1Be,
the yields of all other isotopes increase sharply for CCSNe of
14-30M . Therefore, a high-mass CCSN trigger is problematic,
generating unacceptably large shifts in ratios of stable isotopes
and o ducing SLRs such as >*Mn and ®Fe (ref. 3). Fallback

rich i
(CAIs) with 26A1/27Al close to the canonical value were found to
have significantly higher '°Be/’Be than CAIs with fractionation
and unidentified nuclear isotope effects (FUN-CAIS), which also

2 ATU

of 21M; of inner material in such CCSNe was invoked in
Takigawa ef al.® to account for the data on the SLRs %Al *ICa,
53Mn and ®Fe. Using our models (Supplementary Table 1), we

1713639 | DOL: 10. I

A (Myr)

Figure 2 | Relations between parameters characterizing the core-
collapse supernova trigger. The parameter f denotes the fraction of the
yields of short-lived radionuclides incorporated into the proto-solar cloud,
per solar mass. The parameter A denotes the time between the supernova
explosion and incorporation of short-lived radionuclides into early solar
system solids. Results are calculated from equation (1) using yields for the
11.8-solar-mass model with no fallback (Case 1) and meteoritic data for
1%8e, 4Ica and '°7Pd with 2¢ uncertainties (Table 1). The filled circle at
f~5x10"% and A~1Myr is the approximate best-fit point within the
overlap region.

updated estimates with uncertainties*®.) The yield obtained with
the laboratory rate accounts for almost all of the '$2Hf in the
early SS. This removes a conflict with data on the SLR '2I
that arises when '82Hf is attributed to the rapid neutron-capture
(r) process?6:48,

Role of fallback. The Case 1 results of Table 1 are consistent with
the meteoritic data on 26Al, 3Cl, 13°Cs, 182Hf and 2°Pb, as the
contributions do not exceed the measured values. In contrast,
although the production of **Mn and ®Fe is greatly reduced in
low-mass CCSNe, the >*Mn contribution remains a factor of 60
too large while ®Fe is compatible only with the larger of the two
observed values (Table 1). Both of these SLRs originate from
zones deep within the 11.8M, star: *Mn is produced in the
innermost 10 ~2M, of the shocked material, while ~90% of the
0Fe is associated with the innermost 0.12M . Because of the low
explosion energy used here based on simulations?, the expected
fallback of the innermost shocked zones onto the protoneutron
star®® provides a natural explanation for the discrepancies: most
of the produced **Mn and, possibly, ©°Fe is not ejected. In Case 2
of Table 1, where only 1.5% of the innermost 1.02 x 10 ~2M, is
ejected, **Mn/*Mn is reduced to its measured value
(6.28£0.66) x 100 (ref. 38), while other SLR contributions
are largely unaffected. In Case 3, where only 15% of
the innermost 0.116M, is ejected, additional large reductions
(a factor of ~10) are found for ®Fe and 82Hf, accompanied by
smaller decreases (a factor of ~2) in 26Al, 36CI, 13°Cs and 205Pb.

Case 3 represents the limit of reducing *Mn and %Fe without
affecting the concordance among “Be, *'Ca and Pd
(Suppl ig. 1; 1 y Discussion). Were the
lower observed value for %°Fe (ref. 39) proven correct, we would
have to either reduce its yield by examining the significant
nuclear and stellar physics uncertainties®>! or use even more
substantial fallback and reconsider the low-mass CCSN
contributions to SLRs. Because of the correlated effects of
fallback on ®Fe and 182Hf, more fallback would also rule out
an attractive explanation for the latter, as described above. Note
that the fallback assumed for Cases 2 and 3 is far below that
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ion of 1°Be

invoked for high-mass CCSNe in Takigawa et al.® to account for

Al 41Ca, %*Mn and the higher observed value of %Fe.

If, however, the higher ®Fe value? is correct, then a plausible
scenario like Case 2, where S$ formation was triggered by a
low-mass CCSN with modest fallback, would be in reasonable
agreement with the data on '°Be, *!Ca, *Mn, *Fe and '*’Pd.
The nuclear forensics, notably the rapidly decaying *'Ca,
determines the delay between the CCSN explosion and incor-
poration of SLRs into early SS solids, A~1Myr. The deduced
fraction of CCSN material injected into the protosolar cloud,
f~5x 1074 is consistent with estimates based on simulations of
ejecta interacting with dense gas clouds*® (Supplementary
Discussion). There is also an implicit connection to the CCSN
explosion energy, which infl fallback in hyd i
models.

Discussion

In addition to neutrino-induced production, a low-mass CCSN
can make !°Be through CRs associated with its remnant
evolution?. However, the yield of this second source is modest
(Supplementary Discussion). The net yield in the ISM trapped
within the remnant is limited by the amount of this ISM.
Production within the general protosolar cloud during its initial
contact with the remnant (that is, before thorough mixing of the
injected material) would also be expected, and the yield could
possibly account for °Be/*Be~3x10~% in FUN-CAIs*.
However, FUN-CAIs are rare, and their '°Be inventory may be
more consistent with local production by the CCSN CRs. Taking
the net CR contribution averaged over the protosolar cloud to be
10Be/>Be~ 10~ %, a value that we argue is more consistent with
long-term production by Galactic CRs?’, we add the neutrino-
produced Be/*Be ~ (5.2-6.4) x 10~ (Table 1) from the CCSN
to obtain %Be/’Be~ (6.2-7.4) x 10~ %, which is in accord with
10Be/%Be = (7.5+2.5) x 10~ 4 observed in canonical CAls. In
general, we consider that neutrino-induced production provided
the baseline 1°Be inventory in these samples and the observed
variations'#!6!81% can be largely attributed to local production
by SEPs.

Our proposal that a low-mass CCSN trigger provided the
bulk of the 1°Be inventory in the early SS has several important
features: (1) the relevant neutrino and CCSN physics is known
reasonably well, and the uncertainty in the '“Be yield is
estimated here to be within a factor of ~2; (2) the production
of both 1°Be and #!Ca is in agreement with observations*$%7, a
result difficult to achieve by SEPs!®; and (3) the yield pattern of
Li, Be and B isotopes (Supplementary Table 4) is distinctive,
with predominant production of ’Li and !'B and differing
greatly from patterns of production by CRs and SEPs, so that
precise meteoritic data might provide distinguishing tests
(Supplementary Discussion).

We emphasize that while >*Mn and 5°Fe production is greatly
reduced in a low-mass CCSN, some fallback is still required to
explain the meteoritic data. The fallback solution works well for
53Mn (Table 1). When somewhat different meteoritic values of
53Mn/°*Mn (refs 52,53) are used, only the ejected fractions of the
innermost shocked material need to be adjusted accordingly. The
case of ®Fe is more complicated. The meteoritic measurements
are difficult, especially in view of a recent study showing the
‘mobility of Fe and Ni in the relevant samples>. Another recent
study gave 5x 10~ % <%Fe/*Fe 2.6 x 107 (ref. 55), which
may be accounted for by Case 3 of our model (Table 1). However,
were %°Fe/*Fe~10"% (ref. 39), currently preferred by many
workers, to be confirmed, we would have to conclude that either
the present S*Fe yield of the low-mass CCSN is wrong or its
contributions to SLRs must be reconsidered.

INS |7:13639| DOL: 101038/



Production of 1°Be

* Precise measurement of °Be and '°Be fragmentation reaction cross
section

* Theoretical calculations including the propagation of °Be and °Be

e Deducing the contribution on the amount of 1°Be by the Low—mass
single core—collapse supernova (CCSN)

e Contributing to understand the generation/formation of the solar
system
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Importance of the precision

Not only for C/N/O/Be+p, but also the others
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We need various fragmentation cross section data at high energies



Contribution from heavier nuclei

| Ne, Mg, Si, Fe > Li, Be, B
* 20 % contribution
* Almost NO DATA

The importance of Fe fragmentation for LiBeB analyses
Is a Li primary source needed to explain AMS-02 data?
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ABSTRACT

Context. High-precision data from AMS-02 on Li, Be, and B provide the best constraints on Galactic cosmic-ray transport parameters.
Aims. We re-evaluate the impact of Fe fragmentation on the Li, Be, and B modelling. We discuss the consequences on the transport
parameter determination and reassess whether a primary source o Li s needed o match AMS-02 dat
Methods. We several cross 0 existing data for the most important reactions producing Li, Be,
a0 B, We used the usom code wilh these new cross-section sets to - nalyse LiCs Be/C, and B/C AMS-02 dat

Restults. We built three equally plausible cross-section sets. Compared to the initial sets, they lead ton

production of Li (~ 20 — 50%) and Be (~ 5  15%), while leaving the B flux mostly unchanged. In particular, Fe fragmentation is
found to contribute to up to 10% of the Li and Be fluxes. Used in the combined analysis of AMS-02 Li/C, Be/C, and B/C data, the
fitis significantly improved, with an enhanced diffusion coefficient (~ 20%). The three updated cross-section sets are found to either
slightly undershoot or overshoot the Li/C and B/C ratios: this strongly disfavours evidence for a primary source of Li in cosmic rays.
‘We stress that isotopic cosmic-ray ratios of Li (and to a lesser extent Be), soon to be released by AMS-02, are also impacted by the
use of these updated sets

CGonclusions. Almost no nuclear data exist for the production of Li and B isotopes from Ne, Mg, Si, and Fe, whereas these reactions
are estimated to account for ~ 20% of the total production. New nuclear measurements would be appreciated and help to better exploit
the high-precision AMS-02 cosmic-ray data.

Key words. Astroparticle physics ~ Cosmic rays — Diffusion — Nuclear reactions

1. Introduction

2v2 [astro-ph.HE] 31 Aug 2022

N Galactic cosmic-ray (GCR) Li, Be, and B (hereafter LiBeB for
) short) isotopes are present in minute amount in the Solar Sys-
tem, but are seen in excess in cosmic-ray (CR) data (e.g. Tatis
? cheff & Gabici 2018). These CR species are denoted secondary
N species, as they are generally assumed to be produced only by
a nuclear interaction of heavier CR species on the interstellar
N medium (ISM). The dominant channels for this production are
.+ the direct production of LiBeB from C and O CR fluxes (e.g.
. Génolini et al. 2018). The later fluxes are among the most abun-
dant CR species, and are of primary origin, that is they result
>< almost solely from the diffusive shock wave acceleration of the
+5 1SM material. The study of secondary species, or secondary-to-
primary ratios, plays a central role in CR physics because they
calibrate the transport parameters in the Galaxy. The latter can
give insight into the micro-physics of transport in the turbulent
medium (e.g. Génolini et al. 2019), but it is also a central ingre-
dient for many related studies (e.g. electron and positron spec-
tra, y-ray diffuse emissions, indirect searches for dark matter in
CRs).

* david.maurin@lpsc.in2p3. fr
** e.ferronato.bueno@rug.nl
**+ yoann.genolini@lapth.cnrs. fr

The AMS-02 experiment on-board the International Space
Station has collected an unprecedented number of CRs (Aguilar
et al. 2021a); the data published by the collaboration reach the
few percent level of precision. The LiBeB data, which display
a spectral break at ~ 200 GV (Aguilar et al. 2018a), have been
used by several authors to study the transport of GCRs (Génolini
etal. 2017, 2019; Evoli et al. 2019; Weinrich et al. 2020b; Bos-
chini et al. 2020a,b; Yuan et al. 2020; De La Torre Luque et al
2021a). The above studies assume no extra source of LiBeB, but
it remains possible to have a small amount of secondary produc-
tion inside the acceleration site (Mertsch et al. 2021; Kawanaka
& Lee 2021), or even to have a primary source of Li (Kawanaka
& Yanagita 2018) from nova explosions (Hernanz 2015).

All model calculations rely on a network of CR fragmen-
tation reactions. Uncertainties on these reactions range from
10% to 20%, and are a limiting factor to take full advantage of
the high-precision CR data (Génolini et al. 2018). For this rea-
son, possible excesses or mismatches (between the model and
the data) must be robustly checked against nuclear uncertainties
(among others). A new methodology to account for and propa-
gate these uncertainties was proposed in Derome et al. (2019).
The main idea was to start from a given production nuclear
dataset and, while fitting LiBeB data, to allow the most rele-
vant reactions to vary around their central values; penalties pre-
vent cross sections from wandering far away from their expected

Article number, page 1 of 20



Unpublished
Fragmentation cross section data

Private communication

* Proton target
* 308 -450 A MeV
e 12C, 14N and 13141516,20.220 projectiles

TABLE I. Summary of the fragmentation cross sections (with statistics and systimetical uncertainties) studied in this work
for different projectiles, '*!41516:20.22 14N and '2C, impiging on a proton target. Each reaction channel is caraterize by
the (Z,A) numbers for projectiles (subscript p) and outgoing framgnets (f), and the projectile energies at half fragmentation

target.
E(AMeV)[(ZA),[(Z,A);] 07707 (mB) [E(AMEV) [(Z,A), [(Z,A); | 7770 (w05) |[E(AMEV)[(ZA), [ (Z,A);] 07ray (mb) ]
8,13 - e e 415 8 819 |. . . 6,11 . . .
6,12 8,18 6,10
6,11 8,17 5,11
6,10 8,16 5,10
6,9 8,15 58
5,11 7,19 4,10
5,10 7,18 4,9
58 717 4,7
4,9 7,16 3,8
4,7 7,15 3,7
7,14 3,6
349 8,14 8,13 6,17 450 7,14 7,13
7,13 6,16 7,12
7,12 6,15 6,14
7,11 6,14 6,13
6,12 6,13 6,12
6,11 6,12 6,11
6,10 5,14 6,10
6,9 5,13 5,12
5,11 5,12 5,11
5,10 5,11 5,10
58 4,11 58
4,10 4,10 4,11
49 414 822 | 4,10 4,10
4,7 8,21 4,9
308 8,15 8,14 8,20 4,7
8,13 8.19
7,14 8,18
7,13 8,17
7,12 8,16
6,13 7,21
6,12 7,20
6,11 7,19
6,10 7,18
6,9 7,17
5,11 7,16
5,10 7,15
4,10 7,14
4,9 6,19
4,7 6,18
450 8,16 8,15 6,17
8,14 6,16
7,15 6,15
7,14 6,14
7,13 6,13
7,12 6,12
6,14 6,11
6,13 5,15
6,12 5,14
6,11 5,13
6,10 5,12
5,13 5,11
5,12
5,11
5,10
4,10
4,9
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What do we want to achieve?

Precise measurement of fragmentation reactions at high energies
e With stable heavy ion beams: Be, B, C, N, O, Mg and Si on H/He target
» RI-beams: especially "°Be on H target

* We have to identify final channels (isotopes clearly)
* Possible only with FRS/Super-FRS at GSI/FAIR
* Using the setup at the CBM cave (10 A GeV) is not practical to provide clear isotope identifications

However, we can currently only up to around 2 A GeV with FRS/Super-FRS
We need a robust cross section model up to 10 A GeV

Exclusive measurement including all final states by measuring nuclei, baryons and mesons up to at 2 A GeV

ﬁ

Constructing a robust fragmentation reaction model, also valid at 10 A GeV

:

Validating the model to measure inclusive fragment cross sections at 10 A GeV at the CBM cave

ﬁ

By using the constructed fragmentation model, one can perform theoretical calculations for the propagation
of cosmic—rays, thus then reveal the structure of the galaxy



Measurement of fragmentation cross section up to 2 A GeV

Linear Accelerator Ring Accelerator
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L1/
/ e =

—

Fragment Separator
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Experiment and
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Experiment and
Storage Ring CRYRING

Main Control Room

Experimental Halls

100 meters

Including unstable nuclear beams



Measurement of fragmentation cross section up to

extracted beam
from SIS-18

to other 0 10 20m
experimental areas T [ U o

FRS s

experimental areas

Target area
- target ladder
- beam monitors

F2 area F4 area /

- achromatic focal plane - dispersive focal plane

- plastic scintillators - multi-wire drift chambers
- aerogel Cerenkov counter - plastic scintillators

- aerogel and acrylite Cerenkov counters

2 A GeV



About 1000 nuclear residues

Measurement of fragmentation cro identified

extracted beam
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Analysis of the existing data A7Z (an.)
A/Z-resolution ~10-3




Measurement of fragmentation cross section up to 2 A GeV

extracted beam

from SIS-18 R e v B ey Exclusive fragmentation reaction
Sxpeiimeitaigieas S T i S cross section for different final

FRS states

to other
experimental areas

Target area

- target ladder 2, e 12Cc4H X
- beam monitors /e@@/
: e UN+H—X
o Y R SOR Bl LX
/ ! e e O e =SgK
« 28Si+H — X
- achromatic focal plane - dispersive focal plane
- plastic scintillators - multi-wire drift chambers e 1lIBp4+H X
- aerogel Cerenkov counter - plastic scintillators 12
- aerogel and acrylite Cerenkov counters O C+He X

e XMg+H—X

* Be+H —X

+ 1Be+H—X

* Ne, Mg, Si, Fe & Li, Be, B

Measuring nuclei, baryons and mesons
(especially protons, pions and kaons)

0.5A GeV—-2.0AGeV

SR Developing a robust nuclear fragmentation model/theory

up to 2 A GeV




WASA magnet upgrade is important

*1T->2T i
* Electric cooling p-

Improvement for studying

* Hypernuclei

e Mesic-nuclei and —atoms

* Baryon resonances in exotic nuclei

Also opening new opportunities for studying

* Example: Nuclear fragmentation reaction | A WP T
* To understand the structure of the galaxy
* To deduce the contribution to cosmic photons from dark matters
* To understand the origin of the solar system



WASAPID (Current 1.0T)

Particle ID and Momentum .
P.=0.4 GeV/c

400

0.8
[N [ [N

Entries 5856 F T T Entries 5663 Entries 5669

r 001239 E Mean 0009598 Mean 0.006969
C 0.1235 Std Dev. 0.09719 Std Dev. 0.0847 0.6

F 5827 E Integral 5653 Integral 5652

23.24/11 F 2/ ndf 36.1/11 2/ ndf 27.89/11

[ 5552106 Constant 6728126 Constant 762+ 13.8

[ -0.002392 + 0.001283 Mean  -0.000121+0.000940 600 lean  0.00241120.000804
8 igma 0.06191 = 0.0008¢ igma. 005543 = 0.0007 0.4

0.2

Charge x Momentum [GeV/c]

i i

i
=1 08 -06 -04 -02 08 -06 -04 -02 02 04 0.8 1
37 [

T t Entries 5730 F T T T Entries 677

+ + - 0.004584 F H : fean 0002748
1.75T e e | B8 o

L q H Integral 5725 L Integral 5660

: i 7847111 L # 116.4/11

800 Constant 8905 = 16.4 L Constant 1010+ 188
r Mean  0.0002526 = 0.0006691 Mean  -0.0007397 = 0.0005623

0.04809 + 0.0006' igma 0.04224 + 0.0005:

00

el cied sl sl feiel ponbouniitlcl i
-1 -08 -06 -04 -0.2 -1 -08 -06 -04 -0.2 0 02 04 06 08 1



WASAPID (Current 1.0T)

Particle ID and Momentum
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WASAPID (Current 1.0T)
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Measurement of fragmentation cross section above 10 A GeV
(Validation of the developed model/theory)

=L IV RATL
a s =
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p+p, p+A Magnet
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e Transition
B Radiation ®
Detector

Micro
=4 Vertex
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Only with stable nuclear beams



Summary

* Information on propagation of energetic cosmic-rays is important for
understanding the structure of the galaxy

* Fragmentation of propagating cosmic-rays (nuclei) with an intersteller hydrogen
plays an important role

However, the experimental data are poorly precise or missing

* Nuclear physicists should measure fragmentation reaction cross sections
precisely

e Qur ideas:

e Exclusive measurement up to 2 A GeV with the WASA-FRS setup at GSI,
including fragmentation of rare-isotope beams, in order to develop robust
fragmentation reaction theory/model

* Validate the theory/model by measuring the cross section around at 10 A GeV
by using the CBM setup at FAIR



