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From sources to detection...

SOURCE
- Acceleration in 
astrophysical sources
- Interactions with 
photons and protons

PROPAGATION
- adiabatic losses
- Interactions with 
extragalactic background 
photons
- magnetic fields

EARTH
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Auger, ICRC 2015 TA, ICRC 2015

> Indication of proton composition → TA experiment

> Challenged by multimessenger approach (neutrino and photon fluxes) → see talk by J. Heinze

> Indication of a trend towards heavy composition at highest energies from Auger measurements

➔ What are the conditions for escape of nuclei from the 
various source classes?

➔ How does the presence of nuclei affect the expected 
flux of neutrinos?

UHECR composition

Work in progress
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Interaction framework

Beam of p, A, …
Radiation 

zone:
Interactions QA’,out

Q,out

Q,out

Evolution of density 
for particle species i
Evolution of density 
for particle species i

Energy loss:
  synchrotron
  adiabatic
  …

Energy loss:
  synchrotron
  adiabatic
  …

Escape:
  interactions
  decays  
  …

Escape:
  interactions
  decays  
  …

Boltzmann Equations for each particle species (and energy bin) Boltzmann Equations for each particle species (and energy bin) 

Injection from:
  acceleration zone
  interactions or decays

Injection from:
  acceleration zone
  interactions or decays



Denise Boncioli  | Nuclear Physics and Cosmic Rays  |  Sep 15th, 2016  |  Page 6

How does nuclear physics enter?

> How often does a nucleus/particle in a source interact?

> Depends on:

 target photon field 

 nucleus-photon cross section

Photon energy in nucleus 
rest frame 
Photon energy in nucleus 
rest frame 

> The uncertainties in cross sections and extragalactic photon fields are partially 
studied for the case of propagation of UHECRs                                                    
→ see for example Batista, DB, di Matteo, van Vliet and Walz, JCAP 1510 (2015) 10, 063

> In the current work, we want to:
- model cosmic ray interactions in photon fields
- check situation of available cross section measurements and models
- apply to candidate sources for cosmic ray, in order to study the necessary 
conditions for UHECR escape and for high radiation densities
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What do we need to model interactions in photon fields? 

1) Is a nucleus able to escape the 
source without disintegrating?

→ to answer this, I need to know the 
absorption cross section and to 
compare the interaction length of the 
process to the size of the source

basic calculations based on Puget et al Astrophys.J. 

205 (1976) 638-654                   

2) The radiation field is so dense 
that photodisintegration cannot be 
avoided… a nuclear cascade inside 
the source starts 

→ competitive processes have to be 
taken into account, so residual 
cross sections are needed for the 
development of the cascade              
     

Khan et al, Astropart.Phys. 23 (2005) 191-201 
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What do we need to model interactions in photon fields? 

2) The radiation field is so dense 
that photodisintegration cannot be 
avoided… a nuclear cascade inside 
the source starts 

→ competitive processes have to be 
taken into account, so residual 
cross sections are needed for the 
development of the cascade              
     

Unstable elements are important! Their lifetime is dilated due to 
relativistic boost → they can re-interact and create other secondaries

1) Is a nucleus able to escape the 
source without disintegrating?

→ to answer this, I need to know the 
absorption cross section and to 
compare the interaction length of the 
process to the size of the source
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Situation on experimental data and theoretical models

> EXFOR contains 14 
absorption cross 
sections < Fe

> 47 measurements 
where at least one 
inclusive cross 
section available

> Located mostly on 
main diagonal 
(stable elements)

> All other isotopes 
need model 
prediction → not 
always well 
reproducing data 

DB, A. Fedynitch, W. Winter, 
arxiv:1607.07989
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Impact of nuclear cross sections on astrophysical quantities

DB, A. Fedynitch, W. Winter, 
arxiv:1607.07989

> Ca-40: double magic nucleus

> TALYS predictions not dependent on the element

> PEANUT predictions are different in the same isobar; if data available, at 
least the central GDR peak is reproduced

> Box approximation, used for example in Murase and Beacom, Phys Rev. D81 2010, 
underestimates data and models for A=40
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Impact of nuclear cross sections on astrophysical quantities

DB, A. Fedynitch, W. Winter, 
arxiv:1607.07989

CMB, propagation

GRB, source 
Baerwald, Bustamante and Winter, Astrophys. J. 768 (2013) 186
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Impact of nuclear cross sections on astrophysical quantities

DB, A. Fedynitch, W. Winter, 
arxiv:1607.07989
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Impact of nuclear cross sections on astrophysical quantities

DB, A. Fedynitch, W. Winter, 
arxiv:1607.07989
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Effects on the nuclear cascade

> One nuclide for each A

> Only small fragments can be 
ejected in photodisintegration

> The cascade is not completed, 
smaller masses are not 
populated

> Population of isotopes in terms of total energy per isotope and collision in the shock rest frame

DB, A. Fedynitch, W. Winter, 
arxiv:1607.07989
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Effects on the nuclear cascade

> Much more channels wrt PSB 

> Small fragments ejected:          
p, n, d, t, He-3, He-4

> Chart almost fully populated 
(however, this also depends on 
the target photon density)

> PEANUT gives similar results 

> Population of isotopes in terms of total energy per isotope and collision in the shock rest frame

DB, A. Fedynitch, W. Winter, 
arxiv:1607.07989
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Effects on the nuclear cascade

> Population of isotopes in terms of total energy per isotope and collision in the shock rest frame

> Cross sections reduced by:

- 1 if the absorption cross section is 
measured

- 0.5 if any other cross section is 
measured

- 0 if no data available

> Relying on data, the cascade 
cannot be populated

DB, A. Fedynitch, W. Winter, 
arxiv:1607.07989
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UHECR composition at the source 

> No propagation effects 
considered

> Simplified model PSB leads 
to a sharper increase of 
composition wrt more 
sophisticated models

> If only measured cross 
sections are included in the 
models, similar results to 
PSB

DB, A. Fedynitch, W. Winter, 
arxiv:1607.07989
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Summary and conclusions
 

> The study of interactions of nuclei in sources and extragalactic photon fields is critical 
for our understanding of cosmic-ray astrophysics

> In particular, we are interested in understanding the conditions for escape of nuclei 
from the sources and the connections with neutrinos → work in progress 

➔ We propose systematic measurements to improve the predictability of unmeasured 
cross sections → measuring the total absorption cross section for two or more 
different isobars 

DB, A. Fedynitch and W. Winter,  arxiv:1607.07989

> Measurements of total absorption 
cross sections 
→ needed for interaction rate 
calculations 
→ measurements are sparse

>  Especially, clarify isobar situation 
(unstable elements)

> Development of the cascade depends on 
branching ratios/multiplicities for different 
channels → data on residual cross 
sections will ensure that we don’t have 
systematic offsets in models
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Backup slides



Denise Boncioli  | Nuclear Physics and Cosmic Rays  |  Sep 15th, 2016  |  Page 20

Effects on the nuclear cascade

> Population of isotopes in terms of total energy per isotope and collision in the shock rest frame

DB, A. Fedynitch, W. Winter, 
arxiv:1607.07989

> Cross sections reduced by:

- 1 if the absorption cross section is 
measured

- factor between 0.5 and 1.5 if any 
other cross section is measured

- factor between 0 and 2 if no data 
available
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Pre-selection of isotopes

DB, A. Fedynitch, W. Winter, 
arxiv:1607.07989
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Pre-selection of isotopes

DB, A. Fedynitch, W. Winter, 
arxiv:1607.07989
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Interaction framework and terminology

> We are interested in the total photoabsorption cross section and in the 
inclusive cross sections

Total cross section Distribution of secondaries 
of type i per final state 
energy interval

Average number of 
secondaries produced 
per interaction

Inclusive cross section

Number of 
secondaries of type i 
produced per 
interaction

Exclusive cross 
section

Comparison of models and 
measurements in the 

following

All exclusive cross sections with the same number of 
neutron and proton units in the outgoing channel sum up 
to the same residual nucleus production cross section for 
the final nucleus → residual cross section, as measured 
and used in the following
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Interaction framework and terminology

> Interactions of cosmic rays in the source environment or in the propagation can be 
rigorously followed with a system of differential equations describing the evolution of the 
differential particle density wrt time, taking into account all interactions that can modify 
their number and energy.

> Production rate of particles of 
species i and energy Ei from the 
interactions or decay of the parent j

> After considering isotropy of the photon distribution, and calculating the quantities in 
the shock rest frame:

> All integrations need to be performed only once if the target photon density is 
constant over time → the interaction rate is only a function of energy

Escape rate of 
the primary 
particle
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Data set used in the current work
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and theoretical models

> We use the EXFOR database 
https://www-nds.iaea.org/exfor/exfor.htm 

> No measurements of absorption cross section for the same isobar

Situation on experimental data and theoretical models

Our current model:

> TALYS 1.8 is used with the strenght function strenght 1, based on a Kopecky-Uhl 
generalized Lorentzian model, as in Khan et al. paper

> TALYS is not recommended for A<12. For these nuclei we use a collection from 
CRPropa2 (Khampert et al, Astropart.Phys. 42 (2013) 41-51), based partially on data

www.talys.eu

https://www-nds.iaea.org/exfor/exfor.htm
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and theoretical models

Situation on experimental data and theoretical models

> Model predictions and parametrizations 
→ use of interpolated or fitted absorption cross sections where available, as done in 
PEANUT, ENDF-B-VII.1, JENDL/PD-2004

→ use of parametrizations if cross sections are totally unknown

Other models:
> PSB model is obtained from Puget, Stecker and Bredekamp, Astrophys. J. 205, 638 

(1976). Use of one nucleus for each mass; cross section for one and two nucleon 
emissions is approximated by a Gaussian in the low energy range and by a constant 
above 30 MeV. Threshold for reactions taken from Stecker and Salamon, Astrophys. 
J. 512 (1999). The list of nuclei has been slightly modified to be used in the current 
code for photodisintegration

> Box approximation is used in Murase and Beacom, Phys Rev. D81 2010 



Denise Boncioli  | Nuclear Physics and Cosmic Rays  |  Sep 15th, 2016  |  Page 28

Situation on experimental data and theoretical models

DB, A. Fedynitch, W. Winter, 
arxiv:1607.07989
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GRB parameters used in the current work

> GRB observations exhibit  strong time variability over a scale t_v (in the observer 
frame)

> The fireball has a time evolution: first zone, the shell gets accelerated, powered by 
the energy transfer from the thermal photons to the baryons in the shell. The Lorentz 
factor of the shell grows with the radius until a maximum value is reached. The 
second zone starts: the shell is accelerated to its maximal velocity, so it coasts with 
constant Lorentz factor.

> Development of the cascade of nuclei in the GRB field depends on the photon 
density
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Injection parameters

DB, A. Fedynitch, W. Winter, 
arxiv:1607.07989
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What we measure: UHECR energy spectrum

> Features of the spectrum (ankle, suppression) are associated with 
properties of:
> Sources (distribution of sources, source evolution)
> Transport (modeling of Extragalactic Background Light EBL)
> Composition (protons, nuclei)

of UHECRs

TA, ICRC 2015Auger, ICRC 2015
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Interactions of nuclei

A=14 A=56

A. di Matteo, 
CRIS conference 

2015

R. Alves Batista, DB, A. di Matteo, A. van Vliet, D. Walz, JCAP 1510 (2015)
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- If UHECR are predominantly nuclei, more 
uncertainties have to be considered wrt the 
case of protons: photon fields (sources and 
propagation), details of interactions (cross 
section for photodisintegration)

- Different 
processes 
create similar 
features in 
the energy 
spectrum: 
suppression 
of the flux. 
But...
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Effect of different EBL models on propagated spectra

→ differences are more visible in:
    - hard injection scenarios than in soft ones, because they are mainly due to different
    numbers of low energy secondaries (in soft injection scenarios low energy secondaries
    are subdominant wrt residual primaries)
    -  low-energy intermediate mass secondaries of iron, because they are produced via        
       repeated  photodis by EBL

 brighter EBL → softer spectrum at Earth and lighter composition

R. Alves Batista, DB, A. di Matteo, A. van Vliet 
and D. Walz, JCAP 1510 (2015) 10, 063
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Effect of different choices of cross section for photodis

→ alpha particle ejection results in 
secondaries with 4 times the energy of 
the nucleon secondaries
→ including alpha-ejection: softer 
spectra at Earth and lighter composition

Stecker and Salamon, Astrop.J. 512, (1999), 521-526

R. Alves Batista, DB, A. di Matteo, A. van Vliet 
and D. Walz, JCAP 1510 (2015) 10, 063
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Fitting models to Auger data

> Auger spectrum and composition fitted above 10^18.7 eV (ankle)

> Sources assumed to be identical, homogeneously distributed, injecting 1-
Hydrogen, 4-Helium, 14-Nitrogen and 56-Iron with

> Various models for propagation (SimProp and CRPropa propagation 
codes with different choices for cross sections and EBL models) and air 
interactions were used

> See A. di Matteo for the Pierre Auger Collaboration, PoS(ICRC2015)249 
for details
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Fit results

> SimProp propagation

> PSB cross sections

> Gilmore EBL

> EPOS-LHC air interactions

MODEL

parameters

Rcut 18.67

gamma 0.94

H 0.0

He 62.0

N 37.2

Fe 0.8

Dmin 178.5/119

A=1     A=[2,4]     A=[5,26]    A=[27,56] 
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Fit results

> SimProp propagation

> TALYS cross sections

> Gilmore EBL

> EPOS-LHC air interactions

MODEL

parameters

Rcut 18.60

gamma 0.69

H 0.0

He 0.0

N 98.95

Fe 1.05

Dmin 176.5/119

A=1     A=[2,4]     A=[5,26]    A=[27,56] 
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Fit results

> SimProp propagation

> PSB cross sections

> Dominguez EBL

> EPOS-LHC air interactions

MODEL

parameters

Rcut 18.27

gamma -0.45

H 76.1

He 21.9

N 1.9

Fe 0.0

Dmin 193.4/119

A=1     A=[2,4]     A=[5,26]    A=[27,56] 
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Fit results

> SimProp propagation

> PSB cross sections

> Dominguez EBL

> EPOS-LHC air interactions

MODEL

parameters

Rcut 18.27

gamma -0.45

H 76.1

He 21.9

N 1.9

Fe 0.0

Dmin 193.4/119

A=1     A=[2,4]     A=[5,26]    A=[27,56] 

The propagation is sensitiv
e to details 

of photodis cross sections  and EBL 

models
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