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Electron capture decay

« Electron capture (EC) decaying nuclei

”.: + =_> decay by capturing a K-shell electron

Orbital
electron

« Most Cosmic-Ray (CR) nuclei are

A
z-1X

completely ionized.

59 59 « EC decay in CR nuclei depends on
- 20NI+ e = Fglo+ v attachment and stripping processes
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Why to study EC decay?

Direct CRs detection experiments are providing high-precision data on GCR fluxes

and are extending the measurements on heavy elements:

( N [/ )
AMS-02 high-precision cosmic-ray TOA Measurements Voyager IS fluxes from H to Ni
fluxes up to Iron (Aguilar et al. 2021) (Cummings et al. 2016)

. J J
[ N\ [/ )
Isotopic composition for 29 < Z < 38 by ACE- Elemental ratios for 26 < Z < 40 by SuperTIGER

CRIS (Binns et al. 2022) (Murphy et al. 2016)
. J . J

->We need models as accurate as possible for comparison with data

9 July 2024

Marta Borchiellini



Why to study EC decay?

Direct CRs detection experiments are providing high-precision data on GCR fluxes

and are extending the measurements on heavy elements:

( )
AMS-02 AMS-02 high-precision cosmic-ray Measurements Voyager IS fluxes from H to Ni

CRIS (Binns et al. 2022 Murphy et al. 2016

->We need models as accurate as possible for comparison with data

9 July 2024 Marta Borchiellini



Galaxy model

Good first-order description of the Milky Way for Galactic CR fluxes.

/N°?
Thick halo « 1D, observer at z=0
L=5 kpc . : :
U « Thin disk: gas (density nigy) and
i Thin disk Gas + astrophysical sources CR sources
2h = 0.2 kpc 55 %

=N ( « Thick halo: diffusion and

confinement of CR

Diffusion
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CR propagation

Steady-state transport equation for an EC-unstable species

( 2
d“n .
-D aZZg + 2h8(2){T'ny + '*ny — I'n, } = 2h8(2) q
< 04 n, .
—D -5+ 2h8(z){T'n; — ng + I'ny} + TECny =0
\
Assuming:

« NO convection
* NO energy losses
« 2 populated charged states
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CR propagation

Steady-state transport equation for an EC-unstable species

f 0° o h i a S — 2h
—D 33,2 + 2 6(z){Fn0+I‘ ng— I nl}—Z 5(z) q
< d%n

- D azz; + 2h8(z){I"n; — ny + Iny } 4+ 50y =0
Assuming; CR number density
« No convection n=ng+n,
* NO energy losses ngy = fully ionized
+ 2 populated charged states n, = one electron attached
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CR propagation

Diffusion (random walk) on
magnetic inhomogeneites
(disk and halo)

f 0° No i a S _

—D 72+ 2h8(z){T'ny + Iny — I'n, } = 2h8(z) q
< 04 n, .
- Dj—55+ 2h8(z){T'n; — ng + I'ny} + TECny = 0
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CR propagation

Diffusion (random walk) on
magnetic inhomogeneites

(disk and halo)

f

2
p|Z_to

aZZZ

2 nl
D aZZZ

+ 2h8(z){T'ny + Iny — Sny} = 2h8(z) q

Generic source
term (disk)

+ 2h8(z){I'n; — ny + ISny} 4+ TEny =0
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CR propagation

Diffusion (random walk) on
magnetic inhomogeneites

Generic source

(disk and halo) term (disk)
( 0% n _
1D azzg + 2h8(2){T'ng|+ [ng — I'*n,} = 2h8(2) q
<
0°n _
s azzz + 2h8(2){"ny|— Ing + I*ny } + IECny = 0

Inelastic interaction rate on gas (disk)

i _
[ = nism V Ojpel
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CR propagation

Diffusion (random walk) on
magnetic inhomogeneites
(disk and halo)

Attachment rate of e~ (disk)

ad —
I'® = nigm V Oart

Generic source
term (disk)

( 2
d“ ng
< —D 32,2 +2h6(z){
{5 04 n,
L 0227

i _
[ = nism V Ojpel

Inelastic interaction rate on gas (disk)
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[ng|HTng |- I'®ny } = 2h8(z) q

+ 2h8(z){T'n;| < T?ny - ISn, } + MECn, = 0




CR propagation

Diffusion (r.cmdom WO”(). On | | Attachment rate of e (disk) Generic source
magnetic inhomogeneites M- e ve term (dlisk)
(disk and halo) _BM
( 2
0” Ny i a S
—D 72+ 2h8(2){['n,|+H ny [—[T5n,|} = 2h8(z) q
< d%n
1 .
—D + 2h8(z){T"'ny|T2ng fH|TSn4l} + T'eny; =0
\ azzz ( ){ 1 0 1} 1

Stripping rate of e~ (disk)
Inelastic interaction rate on gas (disk)

S —
[® = NisMm V Ostrip

i _
[ = nism V Ojpel
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CR propagation

Diffusion (random walk) on | | Attgchment rate of e- (dlisk)
magnetic inhomogeneites

(disk and halo)

ad —
I'® = nigm V Oart

Generic source
term (disk)

f

2
]
0272
2n,
D 0272

+ 2h8(2){"'no|-Hny |-[[5ny)} = 2h8(z) q

Inelastic interaction rate on gas (disk)

i _
[ = nism V Ojpel

Stripping rate of e~ (disk)

S —
[® = NisMm V Ostrip
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+ 2h8(z){Tn;| 4 T2ny H-{Tn,} + TEn, = 0

EC decay rate I't¢
(only if e attached)




Characteristic timescales

« Diffusion dominates above a

1010
;Be == 825Pb
e few GeV/n
107 e
el  Attachment more efficient
10° ] than stripping for large 7
E N _____________________ Lt
3 I
o 10!
£
|_
10724 T E—
' —— Diffusion
........ EC decay
1054 e ---- |nelastic
------------------ —.— Stripping
........................ ——— Attachment
10-! 100 101 102 10-! 100 101 102

Exn [GeV/n] Exn [GeV/n]
Borchiellini et al, PoS ICRC2023 (2023) 066
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Characteristic timescales

« Diffusion dominates above a

1010
;Be == 82:Pb
e few GeV/n
107 e
el  Attachment more efficient
10° ] than stripping for large 7
E N _____________________ ot S
E 1 \\ s :
o 10 e . - Net effect of EC decay
= -
oo depends on interplay between
_________ s —_—__D ———
........ EC decay tatt/ tstrip and 1:EC
0>t ---- Inelastic |
o I R . Stripping - EC decay expected to be
.......................... —-—- Attachment
o = - 4o - v - relevant at low E and large Z

Exn [GeV/n] Exn [GeV/n]
Borchiellini et al, PoS ICRC2023 (2023) 066
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Impact on isotopic fluxes

Percentage of CRs isotopes that decays by EC

Borchiellini et al, PoS ICRC2023 (2023) 066

(nEC _ nnoEC)/nnoEC [%]

Jam ACE-CRIS precision for 3{Ar and 4jCa
mam  ACE-CRIS precision for 8]Ga and 13As

short-lived
typ <1073 Myr

iBe
A
=4 |
%iGa

I3
33As

intermediate-lived
1073 < ty, <102 Myr

41
______ zoca

53
5eMn
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Data precision [%]

- No effect on
intermediate-lived
iIsotopes and for
E > few GeV/n

- Short-lived heavy
nuclei all

decay at low E




Impact on elemental fluxes

Percentage of CRs nuclei that decays by EC

Borchiellini et al, PoS ICRC2023 (2023) 066

« Impact of EC decay on

01 0
5. 5 elemental fluxes
. short-lived
-3 . . .
X -10 fiz <1077 Myr 119 weighted by isotopic
g 15 — wAr  15¢ abundances
§ --------- 3o T @
Eu_) =201/ — 3lGa 20 8
S 33As a
C =251 25 © .
L“C -30 ACE-CRIS precision for 31Ga intermediate-lived -30 .
~ 8008 ACE-CRIS precision for 33As 10—3 < t1/2 < 102 Myr deCOy Gt |OW E N GG
-35 £000 SuperTIGER precision for 3;Ga Ca -35
" SuperTIGER precision for 33As 20 1
—40 {0000 Voyager precision for 3;Ti 25Mn - 40 Gnd AS bUt nOt In Ar
101 10° ‘10! 102

Exn (GeV/n)

9 July 2024 Marta Borchiellini



Conclusions and perspectives

What we did:

« We computed relevant timescales for GCR fluxes
. We derived solutions for EC decaying isotopes (2-level model)

« We computed the impact of EC decay on isotopic and elemental fluxes

What we found:
- The net effect of EC decay depends both on Z and tg¢
—2Impact on isotopic fluxes = ACE-CRIS precision

> Impact on elemental fluxes slightly larger than AMS-02 precision and
~ ACE-CRIS precision
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Conclusions and perspectives

Overall, the effect has to be taken properly into account when modelling GCR

transport.

Still to be done:

- Further improvement of this analytical model

- Implementing EC in the USINE code to account for:
« energy losses and Solar modulation

« detailed production of the various isotopes
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Thank youl!
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Solving the transport equations

The trasport equations have been solved analitycally:

 In thin disk approximation

« atz=0, to allow comparison with data

’ S
{ ( q with !
1 [No = D [l EhE :
| o — - —
|4 hL fi + I+ TS DTEC rEC |
I N, — "N, f; = 2 coth TL :
L LT L+ 4T3 \ \ n

| Flux: J= vN/4n |

9 July 2024 Marta Borchiellini




Characteristic timescales

The lower the time,
more dominant is the

corresponding process

2
Diffusion t = — D o EOS
2D
Inelastic 1 5
, R _ /3
scattering tnel = o Oinel < A
1 2
Attachment t, = 04t € 6(E)Z
NisM V Oatt
Strippin t L (E)Z~2
= Octrin X O
PPINg S Nism V Ostrip strip
tEc = YTEC tgc X E
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Attachment vs stripping

Fraction of particle that do

1.0 ===
0.9 not attach an e-
__ 081 .
c « no particle attach e- for
+
c 07 stable isotopes E>1GeV/n
> € =0
< 0.6- — 7=5
— 7=15 _
0.5 — Z=25 « Heavier CRs attach
e 7=35
0.4 Z=45 more e- tha light ones
102  10' 10 10  10°

Exn (GeV/n)
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EC decaying isotopes

We used a selection of EC decaying isotopes
from Letaw et al, 1984, ApJS, 56, 36
EC decaying isotopes can be classified in two

categories:
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Isotope | t1/5 (Myr) | Isotopic

fraction
Be 1.46 10~ 7 0.55
STAr 9.58 108 0.30
3.Ca, 1.00 101 0.07
s3Ti | 4.70 1075 0.04
53Mn 3.70 0.35
7Ga | 8.9310~° | 0.07
BAs | 2201077 | 0.36




EC decaying isotopes

We used a selection of EC decaying isotopes
from Letaw et al, 1984, ApJS, 56, 36

EC decaying isotopes can be classified in two
categories:

« Short-lived isotopes:

Tee < 10_3 Myr
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Isotope | t1/5 (Myr) | Isotopic

fraction
Be | 1.46 1077 0.55
$TAr | 9581078 | 0.30
3.Ca, 1.00 1071 0.07
Ak 4.70 107° 0.04
SsMn 3.70 0.35
87Ga 8.93 10—° 0.07
BAs | 2201077 | 0.36




EC decaying Isotopes

We used a selection of EC decaying isotopes
from Letaw et al, 1984, ApJS, 56, 36
EC decaying isotopes can be classified in two
categories:
« Short-lived isotopes:

Tpc < 1073 Myr
« Intermediate-lived isotopes:

1073 < Tgc < 102 Myr

NB: Escape from the Galaxy before decaying

fOI‘ TEC > 102 Myr
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Isotope | t1/5 (Myr) | Isotopic

fraction
Be | 1.46 1077 0.55
AT 9.58 10—8 0.30
G 1.00 101 0.07
L 4.70 107° 0.04
SeMn 3.70 0.35
87Ga 8.93 10~° 0.07
BAs | 2201077 | 0.36




