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Cosmic Rays: origin, propagation, and spallation

Observable: the '’Be/°Be radioactive clock

Modeling tools: GALPROP transport + HelMod and FFA modulation
Analysis strategy: baseline validation — elemental fluxes — isotope ratios
Results: beryllium fluxes, isotopic ratios, radioactive clock

Conclusions & Outlook



_:CosmicRays ' . = @& f. 0t
> High Energy charged particles arriving isotropically at Earth (~90% protons,

~9% helium, ~1% heavier nuclei and electrons)

Discovered by Victor Hess (1912, balloon experiments)
Observed energy range: 109-102° eV per particle

Magnetic rigidity p = pc/Ze, governing motion in magnetic fields
Only direct sample of million-year-old Galactic matter
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» Origin: Powered by astrophysical accelerators (e.g. Supernova Remnants)
» Maximum Energy: Enax < ZBR

» Diffusion: Scattering on magnetic turbulence dominates

» Coefficient: D, x R’ with § ~ 0.5

» Residence Time: Confined for ~10-20 Myr before escaping
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-Cosmic, Rays: Spallation’

» Spallation: Primaries (C, O) fragment on Interstellar medium (ISM) (H, He)
and produce secondaries (Li, Be, B)

» Secondary-to-Primary Ratio: Directly encode the amount of grammage
traversed by the CRs

» Grammage: (X) = pCresc traced by B/C



.:'AII Partlcle Cosmlc Ray Spectrum

Cosmic Ray Spectra of Various Experiments
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_Observable: The 1°Be/Be “Radioattive Clock”. = -
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> 9Be: stable; '°Be: radioactive with t; o ~ 1.39 Myr
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Ag encodes diffusion; h is halo height; 75 = 3.8 Myr fixed by nuclear physics.
> Clock: '°Be/°Be < residence time
» Low energy — long path — more decay — ratio
> High energy — fast escape — ratio



_Modeling Propagation with GALPROP .

The transport of Galattic dosmic rays is described by the Cosmic Ray Transport
Equation (CRTE):

a¢(r7 P, t) gie Loxs g 2 2 E
source term  spatial diffusion & convection
diffusive reacceleration (1) :
e ﬁ(pw_g(v.v)w) b % & ﬁ
op 8 Tf Tr
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energy losses & adiabatic effects  fragmentation  radioactive decay

» GALPROP.v57 numerically solves the full CRTE -on a 3D galactlc grid. -
3 Produces Local Interstellar Spectra (LIS) for prrmarres and secondarles
> These LIS form the mput for |sotop|c predlctlons in thrs work i i



~Solar Modulation: The Sun’s Influehce
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» Solar wind and the heliospheric magnetic field
reduce CR energy below ~20-30 GeV/n.

> Key processes: convection, diffusion, adiabatic
cooling, drifts, and reacceleration.

> Modulation varies with the ~11-year solar cycle.

: » CRs measured at Earth (1 AU); GALPROP
§ spectra (interstellar space) need modulation
correction.




_Modulation Tools: HelMod vs. FFA®Y = -

» Heliospheric Modulation (HelMod): 3D, time-dependent; includes drifts and
solar-cycle effects.

» Force-Field Approximation (FFA): 1-parameter (¢), ~ 10%x faster, but
drift-free.

» Identical A/Z in isotopes modulation largely cancels in ratios.
» Usage: HelMod for elemental fluxes; FFA for isotopic ratios (< 1% bias).
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. .The Alpha MagnetlcSpectrometer'(AMS02)

» AMS-02: Precision CR spectrometer
operating on the International Space Station
(ISS) since 2011.

> 253 billion triggered events (largest precision
CR sample to date).

> 0.9 T magnet cooled to 1.8 K; the coldest
persistent object in space.

> Has provided the most accurate CR spectra
(p, He B/C L| Be) over more than a decade

AMS-02 on the ISS (NASA)
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> Step 1: Validate GALPROP+HelMod fluxes (p — Fe) vs. AMS-02 (KE &
Rigidity).
> Step 2: Benchmark secondary ratios (B/C, Be/C, Be/B) with FFA modulation.

> Step 3: Predict Be isotopes (’Be/Be, °Be/Be, °Be/°Be) using HelMod;
compare with pre-AMS data.

> Step 4: Propagate uncertainties (propagation, solar modulation, nuclear
cross-sections).
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_Validation of Key Ratio (B/C) " - *

B/C Ratio
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Boron-to-Carbon Ratio: HELMOD vs AMS-02
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~Isotopic Ratios "Be/Be & °Be/Be

SR Model _reb?oqlh_
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“The "“Be/*Be Radioactivé Clock -
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o -:'Uncertalnty AnaIyS|s & Systematlc,’ leltatlons

Be!’/Be” Ratio in Cosmic Rays
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~Conclusions .«

» GALPROP baseline (p, He, B/C) reproduced within 5-10%.

> Light beryllium isotope ratios consistent with the tuned model; '°Be/Be curvature confirms the
diffusion—decay framework at ~10% precision.

> Total uncertainty budget ~10%: +5% from propagation, +£10-12% from nuclear cross sections
and solar modulation.

> Further progress requires (i) high-statistics AMS-02 isotope data and (ii) improved
fragmentation cross-section libraries.

> Developed pipeline is prepared for future joint cross-section + propagation likelihood analyses.
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Be'/Be Ratio in Cosmic Rays
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