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Two beamlines for
long-living isotope
production

SPES at INFN-LNL

I N F N Istitube Kazionale di Fisica Hucleare
LABORATOR! MATIONALI DI LEGHARD -

SPES front end

ISOLPHARM facility

SPES: B70 cyclotron (BEST Cyclotron Systems)
with energy 30-70 MeV and maximum intensity

750 pA. First Isotope Separation On-Line (ISOL) B"”k‘_ru‘,mpmr”vdm,‘m o
beam in November 24 :

LARAMED nuclear physics experiments

Target station

SPES cyclotron

Alberto Arzenton, PhD - alberto.arzenton@pd.infn.it
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General aim: study the production of medical radionuclides at SPES

Cross-section measurements Yield measurements Mode_ls and simulations for nuclear
for direct production for ISOL production reactions and ISOL processes

i
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R\ b T SPES ion sources:
. P = — e surface
e plasma

laser (LIS)

A theoretical framework for ISOL
) N/ )

D | -
| L - @S :
I]JM)‘ — : h- !!:i"t"‘:‘;ﬁ Y :[G- * @ y ‘Nﬂl[gd * E,E * E'E].[Et]
Proton Production Ex"?:““" Mass
\ [CE;;;E,FD“} \TarQEt/ Innizatiun/ Ceparaﬁun j
Production Extraction
Lo / Time-resolved model:
Atom population in the target box: N; =@— kN; — AN, Decay '
L . : v/ sensitive to more
Atom population in the ion source: N; = &Ny —erN; — (N; — AN; parameters
\ v allows for continuous
This term represents the ion lonization Loss optimization

current coming out of the LIS (pulse efficiency x pulse rate)
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Case study: Mg in SiC targets

I =1.0-0.9-0.9-0.8-0.7-0.6-0.5 mm Lengths in mm

d=13mm
>28Mg: B~ and y-emitting radiotracer with . m
biological and biomedical applications

>t,,=209h small
>Mg isotopes can be produced by ISOL ‘
using SiC targets

Two SPES target

Lengths in mm

Typical parameters of SiC targets geometries
p (g/em?) | v (pm) | rpori(pm)
SiC SA 3.10 4 — 10| | no pori
SICSP| 304 [[4—10]| 50 L’

“bi
Good resistance up to T~ 1800 °C g

T Oqura et al 2018
WS Watson et al 1979
M Manzolaro et al 2021

Alberto Arzenton, PhD - alberto.arzenton@pd.infn.it 5
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Generation of isotopes

>Standard procedure using Monte
Carlo codes

>The peculiar 7-disk geometry of the
SPES target can be built

Protons

protol beatl

dafrta 4.7_'.. ..l.llll.

EFLUKA 6 Geant4

Alberto Arzenton, PhD - alberto.arzenton@pd.infn.it

Neutrons
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28Mg production

With a 40 MeV, 200 pA proton beam, the main
production channel is likely to be 3°Si(p,3p)?Mg
(compound nucleus and proton evaporation).

Production rates predicted by Geant4:
>“Small” target: 8.2 x 1078 atoms/p
>“Big” target: 6.4 x 10~ atoms/p

Disk distribution is also useful information.

Production rate [atoms/p]

€N

Simulations performed in the
CloudVeneto infrastructure
(1070 events, uncertainty < 3%)

28Mg distribution in small SiC target discs

le—8
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Diffusion

From the solution of Fick’s laws in a
sphere, the mean escape time of an
atom diffusing in a target grain with
radius a is

&2

15D
with (Arrhenius equation)

D(T) = D, exp(—E)

(t) aitr =

kT

(t)sx computed for each event using a
normal distribution for a.

Generalized diffusion through pores can be modeled with a different D..

Alberto Arzenton, PhD - alberto.arzenton@pd.infn.it

GEANT4 application G4 ISOL RELEASE

M Ballan et al 2020

Isotope generation

=P Diffusion through grains

- » “Diffusion” through pores

Effusion

M Fujioka, Y Arai 1981
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Effusion

The porous diffusion and effusion time is
simulated by letting the particles bounce until
they reach the transfer line. Mean free path
for porous diffusion: MFP = 2D /v.

Sticking time in the Ta box walls and

reabsorption probability in the disks can
also be set.

() = (Ogitr + (Daitrp + (Degr = K

Free path of a single atom
before exiting the target box

Alberto Arzenton, PhD - alberto.arzenton@pd.infn.it 9



W Jiang et al 2015
U Koster 1999
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Diffusion and effusion of 28MQ ¢ cvems: unceriaimy<0.1%

I |<a>| 0, Dy E, D, , between 10'° cm?/s (“slow”) and 1020 cm?/s (“fast”).
1873 K | Tpum | 1 pm | 0,024871 em?/s | 92,2436 kcal /mol

Sticking times < 1 ms: neglected.

>No signific_ant difference Fast release, disk 1 Fast release, disk 2
between discs and target
configuration - 175
>(Deﬂ’ <1 S, (t)diff,p <<1s § 1:25- &>’ L
() ()
i % 1.00 4 % 1.00 -
>(B)girs = 21.6 h dramatically £ .. L ors
high even in porous target
and comparable with {,,,

25000 50000 75000 100000 125000 150000 175000 200000 25000 50000 75000 100000 125000 150000 175000 200000
Time [s] Time [s]

Alberto Arzenton, PhD - alberto.arzenton@pd.infn.it 10
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Diffusion and effusion of 2Mg improved

A suitable release could be obtained by slightly improving
> grain size (reduction by 1 order of magnitude)

> thermal resistance (up to 2000 °C) Slow release, disk 1
| T <az> L D!] Eu 0.12'.

12273 K [ 0.7 pm | 0.1 pm | 0,024871 em?/s | 92,2436 keal /mol . |

ol

In this way: 3

> (f) = 9.961(3) s in the small target o

> (t) =10.271(3) s in the big target

Time [s]

Alberto Arzenton, PhD - alberto.arzenton@pd.infn.it 11
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Photo-ionization in the SPES LIS

>Level population dynamics of a laser photo-

lonization scheme studied with the quantum
density matrix

Continuum
>This, combined with a volume factor n, gives
the single-pulse ionization efficiency of the

photon-atom interaction, ¢ :
Excited states

> Global photo-ionization rate obtained
multiplying € times the laser pulse rate r

Ground state

Alberto Arzenton, PhD - alberto.arzenton@pd.infn.it 12
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Photo-ionization scheme ~~

[onization ============= o = 61671.05cm™*
: i i :
pu(t) = —3 Qa1 (2) pr2(t) + 3 Qia(t) par(t) + 2(A21 poa(t) + Az pas(t)), Hon-resonant
. . . . J =2 Fr 46 403.065 cm ™!
: — _1 i _ l 1 Resonant }tz .
pa2(t) = 5 Qu2(t) par(t) + 2 21 (2) pr2(t) 3 Q32(t) pas(t) + 5 a3(t) p32(t) 71 A 35 051.26 cm-1
+ 2433 p33(t) — 2421 p2(t), Resonant E E
i i P
193(t) = —= Qas(t t) + = Qaaft t) — 2(Asp + Az + it t), ; '
p3a(t) = —5 Qaa(t) paa(t) + 5 Qaa(t) pa(t) — 2(Asz + Asy + %(2)) pas(t) Coherences | :
pion(t) = 27%i(t) p33(?)- pra(t) = 5 Dualt) (palt) = pus(8)) = 5 Qaalt) past) J=0 et 0cm™!
Populations - (‘iﬂn + Ao + Agp + A + ?Tm) pi2(t),
paalt) = _;ﬂnm (Pﬂa{” _ PH[”] _ %ﬂﬂm p1alt) Aj,- . Einstein coefficients (decay rates)
~ (tﬁz + Ay + Az + Agy + 7i(t) + Em) pas(t), Q; - Rabi frequencies (oscillation frequencies
; ; between levels, o« P2)
fa(t) = 5 Qa(t) pes(t) — 5 Caa(t) pra(t)
- (ﬂ&l +89) + An + A + Asy +%(0) + 2y + zm) ors(t). ¥i: non-resonant ionization rate («x P)

Alberto Arzenton, PhD - alberto.arzenton@pd.infn.it 13
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With powers reachable in the SPES Online Laser Lab:
£ = pi.un(tsat} L 1%

n ~ 0.2 is the ratio between the laser interaction volume

10 20 30 40 50 60 70 80

and the SPES LIS. This is a good result, as r = 104 s71.

A Arzenton et al 2025
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O Il ion fl
0.2 4 —— Small target, 2000*C
—— Big target, 2000°C
> 28Mg flux in the transfer line becomes steady ool S tager, 1600°C
In an acceptable time only at high T W W W W
Time [5]
> Once the steady state in the transfer-line flux is onzei oo e
achieved, the ion flux from the LIS becomes |

steady in a negligible time

[+
i

> The steady state of the ion flux is strongly
influenced by the loss rate (here 103 s™1),
which is tunable with experimental data

»
L

lonized flux out of LIS [ions/s]

N
I

— Small target - 1600 *C
~—— Big target - 1600 °C
- Small target - 2000 °C
- Big target - 2000 *C

> Under this assumption, ~ 0.3 MBq would be
produced in 1h

0.000 0.002 0.004 0.006 0.008 0.010
Time [s]
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Conclusions

<+ Theoretical workflow developed, needs experimental validation

+New Mg laser photo-ionization scheme proposed

< The production of 28Mg is critically hindered by diffusion in grains

<«According to calculations, SiC targets with slightly smaller grain size
and higher thermal resistance could produce “8Mg

Alberto Arzenton, PhD - alberto.arzenton@pd.infn.it 16



Fucaincy 1519 Fip 2026

Cl2426

12v PNTERMATIOMAL
CONFERENCE on ISOTOPES

Thank you!
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