
1	Nuclear	Physics	for	Cosmic-ray	Physics	

V.	Ta6scheff	(IJCLab) 	 	 				KO	mee6ng	GT	“Nuclear	Physics	in	the	Cosmos”	 	 										10	February2022	

Some	needs	of	nuclear	physics	
for	cosmic	ray	physics	

1  Propaga)on	of	Galac)c						
cosmic-rays	in	the	AMS-02	era	

2  Propaga)on	of	extragalac)c	
cosmic-rays	(see	Olivier’s	talk)	

3  Tracing	low-energy	cosmic-rays	
by	nuclear	gamma-ray	lines	

4  On	the	origin	of	60Fe	in	the	GCRs	
from	a	local	source	
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Fig. 1 Spectrum of cosmic rays
at the Earth (courtesy Tom
Gaisser). The all-particle
spectrum measured by different
experiments is plotted, together
with the proton spectrum. The
subdominant contributions from
electrons, positrons and
antiprotons as measured by the
PAMELA experiment are shown

the showers in electron-poor (a proxy for light chemical composition) and electron-
rich (a proxy for heavy composition) showers and showed that the light component
(presumably protons and He, with some contamination from CNO) has an ankle-like
structure at 1017 eV. The authors suggest that this feature signals the transition from
Galactic to extragalactic CRs (in the light nuclei component). The spectrum of Fe-like
CRs continues up to energies of ∼1018 eV, where the flux of Fe and the flux of light
nuclei are comparable. A similar conclusion was recently reached by the ICETOP
Collaboration (Aartsen et al. 2013). This finding does not seem in obvious agree-
ment with the results of the Pierre Auger Observatory (Abraham et al. 2010), HiRes
(Sokolsky and Thomson 2007) and Telescope Array (Sokolsky 2013), which find a
chemical composition at 1018 eV that is dominated by the light chemical component.

The presence of a knee and the change of chemical composition around it have
stimulated the idea that the bulk of CRs originates within our Galaxy. The knee could
for instance result from the superposition of cutoffs in the spectra of the different
chemicals as due to the fact that most acceleration processes are rigidity dependent:
if protons are accelerated in the sources to a maximum energy Ep,max ∼ 5 × 1015 eV,
then an iron nucleus will be accelerated to EFe,max = 26Ep,max ∼ (1–2) × 1017 eV
(it is expected that at such high energies even iron nuclei are fully ionized, therefore
the unscreened charge is Z = 26). A knee would naturally arise as the superposition
of the cutoffs in the spectra of individual elements (see for instance Hörandel 2004;
Blasi and Amato 2012a; Gaisser et al. 2013).

The apparent regularity of the all-particle spectrum in the energy region below
the knee is at odds with the recent detection of features in the spectra of individual
elements, most notably protons and helium: the PAMELA satellite has provided ev-
idence that both the proton and helium spectra harden at 230 GeV (Adriani et al.
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o  AMS-02	experiment:		
•  Installed	on	ISS	in	May	2011	
•  ∼ 60	millions	par)cles	detected	per	day,	

~ 200	billions	CR	events	so	far	

o  Uncertain)es	in	CR	flux	data	(a	few	%	
with	AMS-02)	are	now	well	below	those	
in	cross	sec6ons	of	spalla6on	reac6ons	
above	100	MeV/nucleon	(10-15%)		

Spallation 
12C + p ! Be or B 

12C	
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o  “Need	support	for	nuclear	physics	and	high	energy	physics	communi)es	
•  Few	%	accuracy	required	on	key	channels	(100	MeV/n	to	mul)-GeV/n	
•  Improve	model	if	possible...”		
h"ps://indico.in2p3.fr/event/17759/contribu:ons/65127/a"achments/49868/63495/Maurin.pdf	

References:	
•  Maurin,	Putze	&	
Derome	(2010)	

•  Génolini,	Maurin,	
Moskalenko	&	
Unger	(2018)	
(arXiv:1803.04686)	

•  See	also	
h"ps://
lpsc.in2p3.fr/usine	
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•  UHECR	composi)on	becomes	increasingly	
heavier	with	energy	(Pierre	Auger	coll.)					
see	Olivier’s	talk	

•  UHECR	spectrum	and	composi)on	are	
modified	by	interac6ons	with	the	CMB						
(~1	meV)	+	IR,	op)cal	and	UV	backgrounds	
(excita)on	of	the	giant	dipole	resonance)	
⇒ Need	of	total	photo-absorp6on	cross	
sec6ons	and	n-,	p-,	α-,	γ-	decay	branching	
ra6os	for	4He,	12C,	16O...,	28Si…	56Fe	

•  Predicted	GDR	peak	energies	and	cross	
sec)ons	vary	significantly	between	nuclear	
models	(e.g.	TALYS)	

Denis	Allard		
PANDORA	
Workshop	2020	

≠	TALYS	inputs	

•  PANDORA:		Photo-Absorp+on	of	Nuclei	and	Decay	Observa+on	for	Reac+ons	in	Astrophysics	
Project	ini)ated	by	D.	Allard	(APC)	(see	also	Khan,	Goriely,	Allard	et	al.	2005)	and	led	
by	A.	Tamii	(RCNP,	JP),	L.	Pellegri	(iThemba	LABS,	SA),	P.-A.	Söderström	(ELI-NP,	RO)	
(about	60	scien)sts	from	ins)tutes	in	8	countries)	
⇒  Coulomb	excita)on	meas.	at	iThemba	and	RCNP	+	photodissocia)on	at	ELI-NP	
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o  First	PANDORA	experiment	at	iThemba	LABS	scheduled	in	2022	
(approved	in	2019;	6	days):	photo-absorp)on	cross	sec)ons	and	p,				
α	and	γ	decay	of	12C	(uncertain	(γ,xα)	channels)	and	27Al	(reference)	
•  Photo-absorp)on:	(p,p’)	@	200	MeV,	with	the	magne)c	

spectrometer	K600,	at	0°	and	4°	
•  Proton	and	alpha	decay:	CAKE	(Si	DSSSDs)	
•  Gamma-ray	decay:	ALBA	(LaBr3)	

o  Next	PANDORA	experiment	at	RCNP	approved	in	2021	(8	days):	
photo-nuclear	reac)ons	of	B,	C,	Al	and	Mg	nuclei,	with	the	Grand	
Raiden	spectrometer,	SAKRA	Si	detector	array	and	LaBr3	detectors	

CAKE	
ALBA	

Table 1: Features of the three facilities for the E1 excitation and decay measurements.

facility iThemba LABS RCNP ELI-NP
beam p at 200 MeV p at 392 MeV LCS �

photon virtual virtual real
E

x

range 8-24 7-32 0.2-19.5
total strength yes yes no

polarized photon no no yes
polarization transfer no yes no

decay detection p,↵, � p,↵, (�) n, xn, p,↵, �

RCNP (and iThemba LABS) facility is suitable to study the electric dipole strength distribution

with a single experimental setup in a broad energy region across the particle decay thresholds.

• At ELI-NP, high-intensity polarized gamma-ray beams will be provided by Laser Compton back-

ward Scattering (LCS) [40]. Reaction channels of (�, n), (�, xn), (�, p), (�,↵) and (�, �0) are

planned to be measured. The maximum (minimum) gamma beam energy is 19.5 (0.2) MeV.

With the real gamma-ray beams, highly accurate model-independent determination of the ab-

solute cross section of photo-nuclear reactions is possible. Also, the electric and magnetic dipole

contributions can be decomposed model-independently from the distribution of the azimuthal

emission angle in (�, �0) reactions. Neutron, gamma and charged particle detectors are al-

ready developed and are individually tested. Arrays of these detectors, ELI Gamma Above

Neutron Threshold (ELIGANT), Extreme Light Infrastructure Silicon Strip Array (ELISSA),

are currently in a construction phase [50]. Excitation spectra will be scanned by changing the

gamma-beam energy step by step.

All of three facilities are capable of measurements with a high excitation-energy resolution of �E=30-

50 keV, which is beneficial for checking the mutual consistency among the three facilities as well as

for confirming the accuracy of the multipole determination by analyzing isolated excited states.

It is important to establish consistency in the data measured at the three facilities. We plan to measure

27Al at each facility as a reference target to ensure the mutual consistency. Also, minimal but su�cient

amount of data for the reference target will be acquired in each of the separated beam-time to ensure

the data consistency. The 27Al target was selected due to its easiness of fabrication/treatment, 100%

natural isotopic abundance, the availability of (�, abs) data [51], and prediction of reasonably large

branching ratios of the p-, n- and ↵-decay channels with threshold energies below 13.1 MeV (see Fig 6

in Sec. 3.2).

3.1 Overall experimental planning and schedule

Assuming 56Fe is the heaviest nucleus in UHECR, almost all the stable nuclei below mass A = 56

are involved in the photo-disintegration path. The reactions, (�, n), (�, 2n), (�, 3n), (�, p), (�, pn),

and (�,↵), are thought to contribute to the path. It is unpractical to measure all the ⇠ 60 stable

nuclei as well as the relevant unstable nuclei in the photo-disintegration path of A ⇠ 56 nuclei down

to a proton. Instead, the key nuclei for establishing nuclear model predictions for the simulating
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ALBA	•  MeV	gamma-ray	astronomy:	only	direct	way	
of	studying	the	effects	of	hadronic	LECRs						
(E	<	1	GeV	nucleon-1)	in	the	ISM:	ioniza6on,	
hea6ng	(important	for	star	forma)on),	
astrochemistry,	large-scale	MHD	turbulence,	
nucleosynthesis	(LiBeB)		

•  Voyager	1	measurements	of	low-energy	cosmic-
ray	spectra	down	to	3	MeV	nucleon-1	

⇒  CR	ioniza)on	rate:	ζH = (1.51 - 1.64) × 10-17 s-1,	
a	factor	>10	lower	than	the	mean	CR	ioniza)on	
rate	in	diffuse	clouds,	ζH = 1.78 × 10-16 s-1 
(Indriolo	et	al.	2015,	Neufeld	et	al.	2017)	

•  H3
+	observa6ons	show	that	the	density	of	LECRs	

strongly	varies	from	one	region	to	another	and	
suggest	the	existence	of	various	sources	of	
LECRs	in	the	Galaxy	(SNRs,	microquasars,	
anomalous	CRs...?)		

Radiator 
Platform  

Solar panel 

e-ASTROGAM	

H energy spectrum is ∼15 times that of the peak intensity of H
at 1 AU.

The V1 GCR H/He ratios in the LISM in three energy intervals
are shown in Table 2. The ratio is essentially energy independent
from 3–346MeV nuc−1 (see green line in left panel of the
Figure 3) with an average value of 12.2 ± 0.9. We note that such
an energy-independent ratio would not be expected in the energy
region of the peak intensities if the particles were being subjected
to rigidity-dependent solar modulation.

Figure 3. Top row: differential energy spectra of H (left) and He (right) from V1 for the period 2012/342–2015/181, and solar-modulated spectra at 1 AU from a
BESS balloon flight in 1997 (Shikaze et al. 2007) and from IMP8 in the latter part of 1996 (McDonald 1998). The three different symbols for the V1 data correspond
to different telescope types described in the Appendix. All data are plotted with their statistical and systematic uncertainties added in quadrature. Also shown are
estimated spectra in the LISM from a leaky-box model and three GALPROP models as described in the text. Middle row: ratio of model intensities to V1 observations
below ∼600 MeV nuc−1 and to BESS observations above ∼10 GeV nuc−1. Bottom row: ratio of models to GALPROP DR model. Note that for H and He, the
GALPROP PD1 and PD2 models are essentially identical. Data analysis techniques used to derive the Voyager data are described in the Appendix and the Voyager
data are listed in Tables 7 and 8.

Table 2
Ratios of GCR H to He from V1 for the Period 2012/342–2015/181

Energy Range, MeV H/He ratio

3.0–7.7 12.2 ± 0.9
7.7–56 12.0 ± 0.9
134–346 12.3 ± 0.9

Note. Uncertainties are statistical and 5% point-to-point systematic added in
quadrature.

3

The Astrophysical Journal, 831:18 (21pp), 2016 November 1 Cummings et al.

Cummings	et	al.	(2016)	
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o  GRAPE:	Gamma-Ray	emission	in	Accelerated	Par+cle	
Environments	(Coll.	IJCLab,	South	Africa,	Algeria,	
Germany;	PI:	J.	Kiener)	
!  p		=>		C,	O,	Mg,	Al,	Si,	Ca,	Fe 	E	=	30	–	180	MeV		

2013-2017		iThemba	LABS,	South	Africa	
!  α		=>		C,	Mg,	Si,	Fe													 					E	=	50	–	90	MeV				

2015-2016		HMI	Berlin,	Germany	

o  Nuclear	model	parameters	(op)cal	model	poten)als,	
level	structure)	must	be	adjusted	from	measurements	

ALBA	

W. YAHIA-CHERIF et al. PHYSICAL REVIEW C 102, 025802 (2020)
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FIG. 10. Calculated nuclear γ -ray line emission spectra for LECRs produced by shock acceleration with the parameter Ec = 60 MeV [26]
interacting with interstellar matter in the inner Galaxy. The energies of γ -ray lines analyzed in this work are indicated by vertical labels in
units of keV. The four spectra are calculated for various assumptions for the cross section data and the metallicity of the ambient medium.
Black: cross section data derived with our modified parameters in the TALYS code and M = 3, i.e., three-times solar metallicity; red: same, but
M = 1; green: cross section data derived with the default parameters of TALYS and M = 3; blue: cross section data from the compilation of
Murphy et al. [16] and M = 3.

[50]. More robust determinations of the accelerated heavy-ion
populations in SFs will be henceforth possible with the newly
determined weak-line component.

Space telescopes of improved technology with higher
energy resolution and better sensitivity are now projected
for near future satellite missions, such as e-ASTROGAM
(and All-Sky ASTROGAM) or COSI [51]. The possible
observation of the predicted low-energy nuclear γ -ray line
emission spectrum with Eγ ≈ 0.1–10 MeV should provide the
most compelling signature of the LECRs interactions within
the inner Galaxy and may help to elucidate the puzzling
composition and energy spectrum of the latter component of
cosmic rays. With the present new data and the improvements
obtained in TALYS calculations, more reliable and accurate
predictions are available for comparison with eventual future
observations.

VII. SUMMARY AND CONCLUSION

In the present work, we report experimental cross section
excitation functions for 41 γ -ray lines produced in interac-
tions of 30, 42, 54 and 66 MeV proton beams delivered by the
SSC facility of iThemba LABS with Mg, Si and Fe nuclei, that
are abundant in the SFs and ISM astrophysical sites. While
cross section data for half of these lines are reported for the
first time, the other half consists of lines resulting from the
deexcitation of low-lying excited nuclear states for which data
at lower energies already exist. Our experimental cross section
data for these lines are found to be fairly consistent with
previous data sets measured at the Washington [8] and Orsay
[11,12,18,19] tandem accelerators for Ep < 27 MeV, that are
thus extended to higher proton energies. The observed small
differences are likely due to variations in the experimental

025802-18

Predicted	γ-ray	line	emission	from	LECRs	(Yahia-Cherif	et	al.	2020)	
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Figure 7: Cross section for emission of the 4.44-MeV line in ↵-particle reactions with natural carbon
targets in the present experiment and in Belhout et al. [4] and with enriched 12C targets in Dyer
et al. [9]. The dotted cyan line shows the values of the MKKS compilation [14], the dot-dashed
black line is the result of calculations with the TALYS-1.6 code [11] with default parameters,
including �-ray lines in the window E

�

= 4439±140 keV, while the dashed magenta line shows the
contribution of the 4439-keV line of 12C.
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(Kiener	et	al.	2021)	

12C(α,α’γ)12C	

3-	Gamma-ray	line	produc6on	by	low-energy	cosmic-rays	



−400
−200

0
200

400

−500
0

500
−200

−100

0

100

200

X (pc)

Tr 10

Vela OB2

LCC

Ori OB1c

UCLUS

Ori OB1a

Sun

Y (pc)

Ori OB1b

_ Per

Cep OB6

Per OB2
Lac OB1

Z 
(p

c)

Grenier et al (2004) 

Gould Belt 

8	

10 

ACE-CRIS Iron & Cobalt Isotope Distributions 

•  With 16.8 years of data, CRIS detects 15 60Fe and 2.95 x 105 56Fe. 
•  15 60Fe events have mean mass estimate of A=60.04 and a standard deviation 

from mean of 0.28 ± 0.05 amu, consistent with 0.245 ± 0.001 amu for 56Fe. 
•  The 60Fe that we observe are almost all primary, not products of interstellar 

fragmentation 
•  So this is the first observation of a primary cosmic-ray clock 
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•  Strongest argument that this is not a tail of the 58Fe peak can be seen by looking 
at upper edge of 59Co distribution. Only 1 event near 61Co, but for 60Fe have 15.  

•  Detec)on	with	16.8	years	of	data	of	ACE/CRIS	
of	15	nuclei	of	60Fe	(life6me	τ60=3.8 Myr)	and	
2.95 × 105 56Fe	(in	~50 - 500 MeV/nucl.)	(Binns	
et	al.	2016)	

•  Approximate	maximum	distance	to	the	source:						
L ~ (D γ τ60)1/2 ~ 400 ÷ 700 pc (i.e.	local)	
where	D ~ (1 ÷ 3) × 1028  cm2 s-1 is	the	CR	
diffusion	coefficient	at	~300 MeV/nucl (e.g.	
Evoli	et	al.	2019)	and	γ = 1.3	the	Lorentz	factor	

4-	On	the	origin	of	60Fe	in	the	Galac6c	cosmic	rays	
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•  Nearest	young	OB	associa6on:	
Scorpius-Centaurus	
(subgroups	LCC:	17	Myr,	118	
pc;	UCL:	16	Myr,	140	pc;	US:	
11±3	Myr,	145	pc),	at	the	
origin	of	the	Local	Hot	Bubble	
surrounding	the	Sun	from	the	
explosion	of	~ 15	supernovae	
(Zucker	et	al.	2022,	Nature)	

Sco Cen 
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o  60Fe	detected	in	deep-sea	crusts	suggest	two	nearby						
(<	100	pc)	and	recent	SNe:	6.5	-	8.7	Myr	and	1.5	-	3.2	
Myr	ago	(Wallner	et	al.	2016)	

o  Do	60Fe	in	GCRs	come	from	accelera6on	of	material	in	
the	Local	Hot	Bubble	by	a	recent	supernovae?														
(De	Séréville,	VT,	Gabici	&	Cristofari,	in	prep)	

o  Stochas6c	model	of	local	chemical	enrichment	
•  Stellar	masses	generated	randomly	from	the	known	
stellar	popula)ons	of	the	Sco-Cen	subgroups	and	the	
Ini6al	Mass	Func6on	of	Kroupa	et	al.	(1993)	
⇒  about	15±5	supernovae	

•  Supernova	yields	and	massive	star	wind	composi6on	
from	Limongi	&	Chieffi	(2018)	and	references	therein	

⇒  Calculated	enrichment	of	the	Local	Hot	Bubble	
consistent	with	the	measured	60Fe/56Fe	ra)o	in	GCRs	

⇒  Other	isotopic	signatures	of	this	local	CR	source?	

4-	On	the	origin	of	60Fe	in	the	Galac6c	cosmic	rays	
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