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Motivation

The impact of cosmic rays and ions on atmospheric chemistry and climate evolution is still poorly understood:
* jons affect reaction rates (up to 10 orders of magnitude) and types of reactions depending on the ionization

state.
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Monte Carlo for studying induced ionization

« Most of the simulation useful for the purpose are based on MC codes such as Geant4 (Oulu
CRAC:CRIlI , ATMOCOSMIC, AtRIS, RUSCOSMICS, .))

ATLAS, CMS, LHCDb, ALICE GAIA
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http://geant4.web.cern.ch/geant4/applications/hepapp.shtml
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Monte Carlo for studying induced ionization

Current State-of-the-Art approach: A new approach with Geant4-DNA:
« Condensed history * Step-by-step modelling
» Description of target molecular

« Limited low-energy applicability oroperties

 Can simulate diffusion, dissociation,
chemical reactions

» No description of target molecular
properties

* Average number of ions pair
[cm~3571] (no ions description)

Required input for chemistry models
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Geant4-DNA for atmosphere
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N, and 0, implementation in Geant4-DNA (10eV-10MeV)

Interaction type

Impact ionisation

Elastic scattering

Electronic
excitation

3 new model classes, 2 new model structure classes
Designed to handle a mix of materials

Cross section type Model name Implementation type
Total and differential (production energy of RBEB (except for k-shells Analytical
secondaries) ionisation which used the

averaged RBEB)
- including partial cross sections for 6
subshells for 02, 5 for N2,

Total and differential (scattering angle) SCAR (Screening Corrected Data tables:
Additivity Rule) with optimized free
potential parameters .1 sigmadiff_cumulated_elastic_e- N2_atm.dat

.| sigma_elastic_e-_N2_atm.dat

Total Formulas based on Porter et al, Data tables:

- 27 states for 02, 32 states for N2, fitted cross section parameters

Autoionization process is included /] sigma_excitation_e_N2_atm.dat

Nicolanti F, et al. . Calculation of electron interaction models in N2 and O2. In: Phys Med.

F . Nicolanti, et al. Geant4-DNA development for atmospheric applications: N2, O2 and CO2 models Implementation (Accepted by Phys Med. 2024)
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Stopping power and Range validation
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C0O, molecule

Recently added €0, molecule:
(Air composition fraction: 0.04%)

Elastic: TCS and SDCS
lonization: TCS and SDCS

Excitation: TCS for 15 excitation states (corrections applied to Porter’'s CS

as described in [1], auto-ionization included)
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Cosmic Rays simulation

To study the impact of primary cosmics on atmospheric
lonisation a two-steps simulation was developed:

CORSIKA code:
« for simulating CR spectra at 10 km altitude (primary

protons energy: 10E14 - 10E16 eV)
A Geant4 simulation:

 Primaries generator:
* A custom thread-safe primary generator was
implemented for importing CORSIKA output

« Combined Physics:
« emstandard_opt4
+ G4AtmDNAPhysics for e- (E<10MeV)

« uniform magnetic and electric field are incorporated
into the simulation

Average particles composition at 10Km from 100
101* eV proton:

e —————— oy ==
CORSIKA IDs:
100000 | D1y
m ID2: e*
ID3: e
vy 10000 f L+
§ ID 5:,u+
3 ID 6.;10
O ol ID7: 1
ID8: ™
ID9: ™
100 ID13: n '
ID14: p L

01 2 4 5 67 8 9101M12131415161718 1920 212223 24 25

Particle ID
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Cosmic Rays simulation

What an output from one 101% eV proton looks like:

N; spatial distribution 1r, state
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Physico-chemical stage
T —

t=10"1%s t=10"12s

« After physical interaction molecules can dissociate or relax
« The physico-chemical stage has been implemented for N, and 0, ( work in progress for C0O- )

5103 htemp

= saes STGETe N2  Process Type Channels Branching ratios
10000 __ Std Dev 0.6074 (%)

i lonization N} -- NS 80
8000 — Dissociative decay N+N* 20

i Excitation vib, A3, B3, W3, B3, Non-dissociative deexc. N, + AE 100
6000 — a'l, wl,E3, a"

i a',Cc3,b, b, ¢}t Dissociative deexc. N+ N 12, 50, 95, 84, 10
4000— Non-dissociative deexc. N, + AE (respectively )

- (100-dissociative)
2000— Rydberg, 17.3 eV Dissociative deexc. N+N 100

- and 15.8eV peak

12
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Extending physical models to positron impact

have a rough first estimate using the same cross-section models modified for e* impact (repulsive
columbian interactions, no exchange effects)

oL J— Particle composition at 10km _____

Processes: o i
CORSIKA IDs:
« lonisation: RBEB (Relativistic Binary Encounter 100000 ID1:y
Bethe) with the Wannier-type threshold law [1] ID2: e
(RBEB-W) ID3:e”
" 10000 | ID 5: ‘u+
« Elastic: (SCAR) Screening Corrected Additivity Rule § ID6: u*
S 1000 ID 7: °
« Excitation: D8: 7wt
« Experimental data for e™ impact on ID9: T~
N,, 0, scarce or absent 100y ID 13: n '
 Treating the excitation of N2 and O2 by e+/e- in ‘ ID 14: p ‘
the same way [2] ‘0 A E AR Y AR

0123 45 67 8 9101121314151617181920 21222324 25

Particle ID

[1]Franz,M.; Wiciak-Pawtowska, K.; Franz, J. Binary-Encounter Model for Direct lonization of Molecules by Positron-Impact. Atoms 2021, 9, 99.

[2] Champion C, Le Loirec C. Positron follow-up in liquid water: |I. A new Monte Carlo track-structure code. Phys Med Biol. 2006 Apr 7;51(7):1707-23.
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Extending physical models to positron impact

Missing contribution from

Positronium formation

e+/N2 Cross Sections
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Next steps

» Extending physical models to positron impact

» Fitting the free parameters of RBEQ and Porter's formula to the total cross section
obtained by application of the optical theorem

* Running simulation at high (with the help of Cineca GALILEO100)

» The simulation output will be used as input for chemistry models

Perspectives:

* Including chemical stage (experimental G-values required)
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Thank you for your attention!

Studying the impact of ionisation on atmospheric chemistry

Geant4 models:
« Not cares what happens to the medium after the physical interactions

« Allows to obtain the number of ions produced, the ionisation states,
chemical species, ..

v" We have developed and implemented electron impact model with
N,, 0,,C0, molecules, including dissociation and relaxation after the
pﬁysmal Interactions

v" We have written a Geant4-code to simulate CR propagations in air
with high statistic... !

Geant4 Collaboration Meeting 2024, Catania, Italy
Francesca Nicolanti, 09/10/24
Contact: francesca.nicolanti@uniromal.it
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Extending physical models to positron impact

I Processes: le—16 e+/N2 - Partial lonization Cross Sections
— ---- BEB (e-)
* lonisation: BEB-W model [1] 3.01 —— BEB (e+)
55 —— BEB-W (e+)
« Elastic Scattering: SCAR ' = Bluhme (1998)
20. *  Marler (2005)
. Electronic excitation: ? T Brunger et al
2 1.51
S
2.0
0.5
Wannier law near threshold [
o(E) o (E — B) ™. 0.0 LA
(several_parametrizations 101 102 103 104
are possible) E (eV)

e+/e- cross section
merge for ~ E>1keV

[1] Fedus, K.; Karwasz, G.P. Binary-encounter dipole model for positron-impact direct ionization. Phys. Rev. A 2019, 100, 062702.
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Extending physical models to positron impact

— 02/e+

1 02/5_

---- Chiari et al
Mori et al. (2024) - CCC-SCAR

---- Reid and Wadehra
Ellis-Gibbings et al.
e-: Williart et al.

I e-:lgaetal

| Processes:

=

9
|
(9]

 Jonisation: BEB-W model

=

<
=
(o)}

Elastic Scattering: SCAR

Cross-section

« Electronic excitation:; ?

=
9
o
~
- I -
] 1

e+/e- cross section

merge for ~ E>1keV - —— (CS(02/e-) / CS(02/e+)
o
= 5.0-
From ICRU 77 report, at E = 10 keV: o
* Au: R=1.06
« Al:R=1.05 2.5-
* C:R=1.02

For 02 at 10 keV: R = 1.025 100 102 100 10t 1o°

Energy (eV)
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Extending physical models to positron impact

. 1-2 T T T UL L T T T T T T 11 T T T L r1'|
| Processes: | 1.0 target
[ Metarget
- lonisation: BEB-W model 10 - 17
« Elastic Scattering: SCAR 0.8 |- -
- Electronic excitation: ? § 46l 1
2 _ /
= o 04| .
CS of Ne excitation by i
positron and electron impact /
. 0.2 =
show very small differences |
[/
0.0 1 1 s o3 3 aal
10' 10° 10° 10°

: . . E __(eV)
Treating the excitation of N2

+/e- i [1] Champion C, Le Loirec C. Positron follow-up in liquid water: |. A new Monte Carlo track-
and 02 by e /e In the Same structure code. Phys Med Biol. 2006 Apr 7;51(7):1707-23. doi: 10.1088/0031-9155/51/7/005.
way may be an option [1]
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Extending physical models to positron impact:

Target

He
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Kr
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H;

Water (11,0)
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Extending physical models to positron impact:

Regularities in positronium formation for
atoms and molecules

J R Machacek', F Blanco’, G Garcia’, S J Buckman'** and J P Sullivan'

Semiempirical formula fitted to exp data
flx) = AxPe ",

Fitted parameters:

Parametri ottimalli e errorli assoclati:

¥ = 11.872%9 = B.5541
A = 1.238Be-16 = 2.584%e-17
p = B.4%31 = B.1148
b = B.8426 = B.00508

3.5 1

3.0 1

2.5~

cs (x107-18)

1.0

0.5 1

0.0

Positronium impact cross sectione™ — N,

2.0 1

1.5

le—16 Fitting della formazione di Ps
° Fit
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g Marler
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