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Abstract

Isotope Separation On-Line (ISOL) is one of the techniques used for the production of exotic nuclides. This study presents a
workflow for the theoretical modeling of the ISOL production of Mg-28. The production of isotopes in the target irradiated
by protons, the diffusion and effusion processes leading to the release of the species from the target and the laser ionization
of the atoms for the formation of the radioactive ion beam have been analyzed combining Monte Carlo simulations and
theoretical models, in order to optimize the parameters of the system which most affect the production yield of the isotope.

Keywords ISOL - Mg-28 - GEant4 - SPES_MED - Laser photo-ionization

Introduction

Developed in Copenhagen more than seventy years ago, the
ISOL technique is adopted in many facilities to extract a
pure isobaric and isotopic beam, that is lately collected on
an adequate substrate or reaccelerated [1, 2]. In the ISOL
technique, a primary beam of protons is accelerated towards
a thick and hot target, causing several nuclear reactions. The
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produced atoms diffuse and effuse from the target material
and eventually reach an ion source where they are ionized.
The resulting ions are then electrostatically extracted and
accelerated and separated by mass using suitable electro-
magnetic devices. Since the isotopes are generated at rest,
the ISOL approach is particularly well suited for low-energy
experiments and for post-acceleration using established tech-
niques. Furthermore, it enables the production of radioactive
isotopes for medical and other applications with very high
purity and specific activity.

This technique is implemented at SPES (Selective Pro-
duction of Exotic Species), a second-generation facility for
Radioactive Ion Beam (RIB) production, currently in the
advanced construction phase at the Legnaro National Labo-
ratories of the Italian National Institute for Nuclear Physics
(LNL-INFN). At SPES, RIBs are produced using a proton
beam with an energy of approximately 40 MeV and a cur-
rent of 200 pA, generated by a high-intensity cyclotron and
directed onto a uranium carbide (UC,), silicon carbide (SiC)
or titanium carbide (TiC) target. With these values, neutron-
rich radioactive isotopes can be created through uranium
fission at a rate on the order of 10'3 fissions per second [3].
Furthermore, radionuclidic purity levels ranging from 99.0
t0 99.9% can typically be achieved using a low-resolution
mass separation system. As a matter of fact, this system
includes a Wien filter combined with a magnetic dipole and
additional electrostatic elements that can improve the overall
resolution up to about AM /M =~ 1/300 [4]. Within the ISOL
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framework at SPES, ion sources play a crucial role, as they
enable the extraction of the exotic isotopes produced in the
form of RIBs. Three kinds of sources are available [3]:

e Surface Ion Source (SIS), where ionization is caused by
the contact with a hot surface;

e Plasma Ion Source (PIS), based on an electron plasma
which indiscriminately ionizes all elements;

e Laser Ion Source (LIS), making use of resonant laser
pulses.

Among these, the LIS is the most selective, as it exploits
the quantum nature of atomic excitation [5, 6]. In simple
terms, a set of laser beams with frequencies tuned to specific
resonant transitions can progressively excite an outer elec-
tron, bringing it close to or beyond the ionization threshold
through a step-wise population of excited states. Hence, if
the laser bandwidth is sufficiently narrow, only the desired
element is ionized. Moreover, in some cases, extremely
narrow bandwidths also allow the exploitation of hyperfine
structure to distinguish between isotopes, although this high
level of selectivity can be reduced by Doppler and other
broadening effects. The design, mechanical structure, ther-
mal behavior, and performance of the SPES LIS have been
described in the literature [7, 8].

In this context, SPES_MED is a three-year project funded
by CSN3 of INFN and focused on the SPES facility. It brings
together interdisciplinary efforts from the LARAMED
(LAboratory of RAdionuclides for MEDicine) and ISOLP-
HARM (ISOL technique for radioPHARMmaceuticals) pro-
jects. Its main goals are to measure nuclear cross sections in
order to optimize the production of medical radionuclides, to
determine ISOL production yields from SiC and TiC targets,
and to compare experimental results with existing simulation
libraries to provide reliable benchmarks when theoretical
predictions are inadequate.

The present work is carried out within the SPES_MED
framework and focuses on the development of a workflow
for the theoretical and computational modeling of ISOL
radionuclide production, simulating both diffusion and
effusion processes as well as laser photo-ionization in a
comprehensive time-resolved model. Mg-28, an important
radiotracer with applications in biology, is used as a case
study [9, 10].

Starting from the work by Kirchner in 1992 [11], which
introduced the formalism for the release in ion-catcher sys-
tems, several Monte Carlo codes were developed to simu-
late the release of short-lived species from ISOL targets
[12-14]. For example, the release time can be estimated
with designed codes such as RIBO [12] and Diffuse II [14].
Although such codes proved to be reliable and able to repli-
cate experimental data under specific conditions, they cannot
be adapted to specific setups without the interaction with
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the developers, and are consequently unlikely to be used to
simulate various target configurations.

In this work, the GEaNT4 Monte Carlo toolkit was used
to simulate both the production of atoms and their release
mechanisms [15]. The latter are theoretically explained in
the next Section. The main advantage of the GEANT4 code is
its flexibility, which allows extensive customization accord-
ing to the specific requirements of the user.

The first objective is to estimate the average number of
radionuclides produced by fission within the SPES SiC tar-
get and to evaluate the mean release time, comparing it with
the isotope half-life. The second part of the study is devoted
to the resonant laser photo-ionization of magnesium. Two
different two-step excitation schemes are analyzed and com-
pared: one identified within the ISOLPHARM project, suita-
ble for lasers at SPES, and another reported in the literature,
previously investigated at ISOLDE/CERN [16, 17]. Finally,
an estimate of single-pulse and overall ionization efficiency
is presented.

Theory

In general, the overall yield of the process can be expressed
by the following formula [18]:

Y = c®ONe g ,¢¢,. (1)

The term R = c®N represents the in-target production
rate of the nuclides of interest. In this expression, ¢ identifies
the nuclear cross section for the desired reaction, @ is the
proton beam flux and N is referred to the number of nuclei
of the species present in the target. The efficiency coeffi-
cients £, and €, account for delays and radionuclide losses
occurring during diffusion and effusion processes within the
target, respectively. These factors reflect the fact that a frac-
tion of the produced nuclei may decay during these time
intervals, become trapped on surfaces, or otherwise be lost
from the system. The product of €, and ¢, is often referred
as release efficiency ¢,. The efficiency factor g; represents
the ionization process. Finally, ¢, is the efficiency coeffi-
cient that summarizes the beam purification and transport
processes and depends on the beam line length and device
quality. However, a time-resolved model could facilitate
the understanding and the optimization of several construc-
tive or physical parameters of the system: this is the reason
behind the following theoretical analysis.

After the nuclear reactions induced by the proton beam
striking the target, the release of the produced radioisotope
is governed by two successive processes that can, to a good
approximation, be treated as independent: diffusion and
effusion. The whole process is illustrated in Fig. 1. Diffu-
sion is the process by which radioisotopes are transported
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Fig. 1 Scheme of the release

processes: diffusion and effu-
sion

A\

1) Isotope generation and
diffusion through grains

within the target as a result of random molecular motions.
The target consists of seven disks contained within a vacuum
chamber, as detailed in the next section. Considering the
reasonable assumption of spherical target material grains/
molecules, the average time (7,,,) spent by a particle to exit
the grain/molecule can be calculated solving exactly the
second Fick’s Law for a perfect sphere [19], which leads to:

a2

(taig) = 5D’ (2)

where a is the radius of the sphere and D is the diffusion
coefficient. This latter depends on the temperature T of the
material and is regulated by the Arrhenius equation:

Ea
D(T) = Dy exp <kB—T ) A3)
where D,, is the diffusion coefficient when the temperature
diverges to infinity, kj is the Boltzmann coefficient and E, is
the activation energy, namely the energy required by an atom
to move from a site to another [20]. As the nuclide leaves the
grain/molecule, the diffusion through the target material
pores is initiated. In such a case, the random walk can be
modeled as an isotropic diffusive process, of the order of
magnitude of the average pore size. Therefore, the mean free
path for porous diffusion is: MFP = 2D, /v, where D, is the
porous diffusion coefficient and v = 1/ (tdiﬂp ).

After the nuclide reaches the target surface, it can be
desorbed and travels freely in the target box until it reaches
another solid surface. During the effusion process there are
many collisions in the target container before the radionu-
clide reaches the ion source. At every collision the nuclide
can be adsorbed by a surface it collides with with a certain
probability, which can be estimated with dedicated tests

2) Diffusion through pores

3) Effusion

involving the target assembly materials [21]. To continue
to the ion source, the nuclide needs to be desorbed by the
surface, affecting the probability of decaying inside the
target container. The average delay between an adsorption
and the consecutive desorption is referred to as “sticking-
time”. Various distributions can be used to model the ran-
dom exiting angle of a particle from a surface. For exam-
ple, the Lambertian distribution describes the reflection
of atoms in vacuum systems [12]. The total effusion time
can be estimated with:

Tejf = )((Tfree + Tstick)’ (4’)

where y is the mean number of collisions of the atom with
chamber surfaces. The sum 7, + 7, represents the aver-
age time between two collisions, determined by the mean
free flight time 7, and the mean sticking time ;;,, which
depends on the type of diffusing nuclide and on the material
that absorbs it. The sticking time depends on the temperature
and on the enthalpy of adsorption of the surface, according

to the law defined by Frenkel [20]:

E,
Tstick = To €XP “rT ) 3)

where E, is the interaction energy between the adsorbed
atom and the surface, approximately equal to the molar
enthalpy of absorption of the surface, R is the gas constant,
and T is the surface temperature. Hence the total mean
release time from the target is:

(1) = tyg ) + (Eﬁﬁ;) + (tog)- 6)

Considering all the processes that can occur within the
target, namely isotope production, release and decay, the
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differential equation that describes the temporal variation
in the number of desired atoms N present in the cavity is:

Nigrger(1) = R = AN(0) = kN (1) )
where R is the isotope production rate, 4 is the isotope decay
constant and k = (£)~!. Assuming that N(0) = 0, the solution
of Eq. (7) results:

R -
Nygrger(t) = —— (1 = =040

k+ 4 ®

from which it is possible to calculate the flow of atoms that,
after being released, enter.
the ion source:

q)in(t) = tharget(t)' (9)

The LIS exploits photo-ionization of the atoms: laser
beams tuned to specific resonant transitions are able to
push the most external electron close to the ionization
threshold, or even over it, via stepwise population of a few
excited states of the atoms of interest. Such a system can be
described by the quantum density matrix, whose diagonal
elements represent the atomic populations, while the off-
diagonal elements are called “quantum coherences” [22].
For the case of Mg, two different two-step photo-ionization
schemes were considered:

1. 2p%3s2 1S, — 3s3p1P(1) — 3s3d'Sy;
2. 2p®3s* 1S, — 3s3p'P? — 354d'D,.

Scheme 1 was identified within the ISOLPHARM project
and Scheme 2 was investigated at ISOLDE/CERN [16, 17].

The schemes start from the ground state and are character-
ized by two resonant steps: the first one is common to both of
them, with a corresponding wavelength 4, = 285.21 nm; the
second step is different, with 4, = 880.68 nm for Scheme 1,
reproducible with SPES lasers [7], and A; = 552.84 nm for

Fig.2 Two-step laser ionization
schemes for Mg
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Scheme 2. Regarding the decay modes, in Scheme 1 the first
excited state decays directly to the ground state, while the sec-
ond excited state decays either to the ground state or to the first
excited state. Scheme 2 is similar to Scheme 1, except for the
fact that the second excited state doesn’t decay to the ground
state. Both schemes are represented in Fig. 2, where a third
green laser with A; = 532 nm is used for non-resonant ioniza-
tion. Hence, four populations are considered: ground state, 1st
excited level, 2nd excited level and ion state. The equations
describing their time derivatives and the time derivatives of
quantum coherences, respectively, for Scheme 1 are given as:

P = =2 000910 + 5 Q120 o 0

+2(Ay p(0) + Az p33(D)s

(10)

() =— % Q5 (1) pyy (O + % Q)1 (D) p1p () — é Q35 (1) pa3(?)

+ % Qo3(1) p3 (1) + 245, p33(1) — 245 ppr(0);

(11
p33(t) = — % ,3(1) p3o (1) + % Q3,(1) py3(1) (12)
—2(As; +Ayp +7,(0) 33 (0):
Pion(1) = 27,(1) p33(1); (13)
Pr12(0) =% Q),(1) [Pzz(t) - P11(1)] - 5932(0 P13(0) (14
- (A32 +As + 27L1)P12(t);
Pa3(2) =%Qz3(f)(l)33(f) - Pzz(t)) - éQZI(I)p13(t) {15
— (Asy + Asy +7:(0) + 27,,) pr3 (0);
""""'T"' '---"--":’:---Ionization
JT=9 3 53134.64cm™!
/\_>A i X
: N J = ]. J’/
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. i i
p13(0) 25912.023 - 5923012 (16)

- (A32 + A3+ (O + 2y, + 27L2)P13v

where A is the Einstein A-value of the i — j transition,
representing the decay rate, €; is its Rabi frequency,
expressing the oscillation frequency of the probability
amplitudes of the two states, y;(¢) is the non-resonant ioniza-
tion rate and y;; is the Lorentzian bandwidth of the i-th laser.
The solution of Eq. (13), combined with 1, expressing the
ratio between the laser interaction volume and the LIS vol-
ume, gives the single-pulse ionization efficiency of the pho-
ton-atom interaction. Theoretical details on the model
parameters can be found in literature [23]. It is important to
notice that, if the resulting efficiency is related to the physi-
cal interactions within one pulse of the lasers, to obtain the
overall efficiency of the LIS, this value has to be integrated
in time, together with the pulse rate, the atom flux from the
target, the loss rate implied by the thermal-mechanical prop-
erties of the system and the radioactive decay. A simple dif-
ferential equation considering the atom flux ®,,, the single-

mn’

pulse photo-ionization efficiency ¢; , the radioactive decay
o

constant A and a loss factor / can express the amount of the
non-ionized nuclide of interest in the LIS [23]:

Nys(t) = ®;, — &, rN(D) = IN(1) = AN(0), a7

whose solution for N(0) = 0 is:

¢' —\E&; I K |t
Ny (1) = n [1 —e ( igp T ) ] (18)

& r+l+x

The ion flux exiting the ion source is then:
D, 0= 6imrN(t). (19)

Finally, the time evolution of the nuclide population accu-
mulated on the collection target, N_,;(¢), can be modeled
through a dynamic balance between the ion flux extracted
from the LIS source, ®,,,(7), and the spontaneous decay rate
of the radionuclide. The fundamental differential equation is
given by:

Ncoll(t) = q)out(t) - )’N(roll(t) (20)

By substituting Eq. (19) to ®,,,(¢) and applying the initial
condition N, ;(0) = 0, solving the differential equation yields
N,,;(t). Multiplying this solution by the decay constant A pro-
vides the final analytical equation for the collected activity:

Acoll(t) = (I)out,ss 1 - e_lt + )’L_y (e_/lt - e‘ﬂ) 4 (21)

where @, - is the stationary solution of Eq. 19 and
y = eivpr+l+1(.

The key concept of the time-resolved model is expressed
by Egs. (7) and (17); it can offer a deeper perspective with
respect to the standard one, expressed by Eq. (1) [15, 18],
and pave the way for a better investigation of not well-known
effects in ISOL facilities. In this work, it is applied to the
LIS, but a customization of Eq. (17) could adapt it also to
SIS and PIS.

Computational methods
Geant4 simulations

The estimation of the production rate in the target and the
release efficiency can be performed using the GEanT4 Monte
Carlo toolkit. It allows for the simulation of the passage of
particles through matter and provides a wide set of librar-
ies, which can be employed from simple single studies of
basic phenomena to full-scale detector simulations [24-26].
In particular, the ISOLPHARM project developed the open
source G4_ISOL_RELEASE application [15]. This code
is computing intensive; thus, it is executed thanks to the
support of a Cloud infrastructure in the CloudVeneto [27],
which allows to launch 10'° events, guaranteeing an uncer-
tainty < 3%.

The simulated apparatus, shown in Fig. 3, includes all
components of the target block assembly, namely seven SiC
disks, a tantalum (Ta) container and a transfer line, as well as
a graphite (C) enclosure with its windows and beam dumps.

The values of the density of the target material (p =
3.04 g/cm?), of the radius of the grains (between 4 and
10 pm) and of the radius of the porous ( =50 pm)

rporous

Fig.3 Implemented geometry in GEant4. Color code: yellow = SiC,
red = C, white = Ta, gray = trajectory of one Mg-28 atom

@ Springer
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Table 1 Thickness values of the

L Disk 1 Disk 2 Disk 3 Disk 4 Disk 5 Disk 6 Disk 7
target disks in millimeters
Small t 1.0 0.9 0.9 0.8 0.7 0.6 0.5
Bigt 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Table 2 Input parameters for diffusion
T <a) 0, D() Ea
2273 K 7 pm 1 ym 0.0249 cm?/s 92.24 kcal/mol

Fig.4 Side view of the small target. The SiC disks are shown in yel-
low, the graphite enclosure in red, and the tantalum components (con-
tainer and transfer line) in white. All distances are given in millim-
eters

were taken from literature [28]. The type of silicon carbide
considered is SiC SP. The simulation of isotope production
is performed using two different target geometries irradi-
ated with a 40 MeV proton beam at a current of 200 pA,
with each event representing a proton of the beam hitting the
target. Since one configuration features smaller disks placed
closer together than the other, the two setups are referred to
as the “small target” and the “big target”. This comparison
was carried out to evaluate which geometry provides higher
isotope release efficiency, alongside other simulation param-
eters such as temperature and target composition. In the
small target, the diameter of the target disks is 13 mm, the
thickness in millimeters of the disks is reported in Table 1
and distances in millimiters between disk centers are shown
in Fig. 4. The big model, instead, uses 0.8 mm thick disks
with 20 mm diameter.

The simulation diffusion processes consist of two
stages: diffusion of the radionuclide within the target
material grains, governed by the diffusion coefficient, and
a secondary diffusion through the pores, described by a
porous diffusion coefficient. Based on the grain size dis-
tribution of the target material, the code randomly gener-
ates an average escape time for each nuclide using Eq. (2).
Grain radii are generated using a Gaussian distribution,
with the mean set to the midpoint of the literature range
(4-10 pm) [28] and the standard deviation chosen so that
99.7% of values fall within this interval. The code requires
the diffusion coefficient, which has been calculated using
Eq. (3), based on temperature, activation energy, and a

@ Springer

pre-exponential factor D, derived from literature data for
magnesium diffusion in SiC [29], whose value is reported
in Table 2.

Once the nuclide reaches the grain surface, diffusion
through the pores begins. Due to the lack of literature
data for the porous diffusion coefficient of magnesium in
SiC, D, was studied in the range from D, = 102 cm?/s and
D, = 10'> cm?/s, with the endpoints being referred to as
“slow” and “fast” release conditions. In terms of orders
of magnitude, this choice maintained the same difference
between D and Dp as in the reference [15]. These coef-
ficients are also treated using the Arrhenius law, in order
to estimate Dy, .

The emission of particles from the surface is modeled
using a Lambertian angular distribution to determine the
emission direction, while their kinetic energy is sampled
from a Maxwell-Boltzmann distribution. During the
effusion process, there is in principle a probability that
nuclides are reabsorbed and diffuse back into the target
disks; however, in the simulation this probability is set to
zero. Instead, reabsorption is considered in the compo-
nents of the target container: particles are re-emitted after
a mean sticking time, which is added to the total escape
time. Nevertheless, if the total time exceeds 100 h, the
isotope is killed by the simulation [15]. As limited data
are available in literature regarding the sticking times of
magnesium on tantalum, a value was derived using the
“Eichler systematics” [20, 30-32], an empirical model that
provides approximate estimates of adsorption enthalpies
on metallic surfaces. The obtained value in [20] refers to
a temperature of 2400 °C, which is significantly higher
than the actual simulation temperature of the target (<
2000 °C). In the absence of more accurate data, this leads
to an estimated mean sticking time of 7 7, 5%10° ns.
For graphite, experimental data are available for the stick-
ing times of some alkali metals in the temperature range
1400-1700 K [33]. Since no data are available for magne-
sium, sodium was used as a proxy, being the closest ele-
ment in atomic mass among those studied. From the fit of
the experimental data, the mean sticking time at the tem-
perature of interest was estimated as 7, - & 1.94x10% ns.
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Table 3 Laser photo-ionization parameters for Mg

Parameter Value Source
A 285.21 nm [35]
Ay 880.67 nm [35]
i 552.84 nm [16]
Dlaser 1.55 mm [36]
TEwHM 30 ns [7]

T 3 Trwam (23]
A, 49110857 [34]
Asy(Scheme 1) 1.27-107s7! [34]
Asy(Scheme 2) 1.39-107s7! [34]
Az 1.64- 10357 (34]
Yii 6 GHz [7]

o 10718 cm? [23]

r 10 kHz [6,37]

Laser photo-ionization model parameters

Laser photo-ionization is studied using the density matrix.
The solution of Eq. (13) gives the value of the ion yield,
which, multiplied by the volume factor #, is the single-pulse
ionization efficiency. The parameters considered in this
study, chosen to reproduce the SPES online configuration,
are summed up in Table 3. In particular, 7y, and T denote
the Full Width at Half Maximum (FWHM) of the Gauss-
ian laser pulse and its overall duration, respectively. The
parameter p,,.,, corresponds to the laser spot radius, cho-
sen to maximize the interaction volume within the LIS. The
Rabi frequencies for all allowed transitions are computed
using Wigner coefficients and subsequently averaged, while
the Einstein coefficients are obtained from a computational
database [34]. The order of magnitude of o, the cross section
of the process, is selected based on the practical limitation
that commercially available lasers are generally tunable to
saturate non-resonant transitions [23]. The parameter T is
chosen to ensure that the contributions from the tails of the
Lorentzian and Gaussian distributions are not neglected.
Finally, the photo-ionization of Mg is analyzed by varying
the average laser powers.

Results and discussion
Release processes

The production of Mg-28 was investigated using a 40 MeV,
200 pA proton beam. The dominant reaction channel is
expected to be Si-30(p, 3p)Mg-28, proceeding via com-
pound nucleus formation followed by proton evaporation.
According to GEANT4 simulations, the predicted production
rates are 8.2 - 1078 atoms per proton for the small target and

6.4 - 1078 atoms per proton for the big target, as expected
from disk thickness (Table 1). Mg-28 disk distribution is
also a useful information: the atoms are produced exclu-
sively in the first two disks, see for example Fig. 5, where
91.46% of the isotopes is generated in the first disk. Con-
sidering the maximum proton current achievable experi-
mentally, namely 200 pA, it is possible to estimate the
maximum number of Mg-28 atoms produced per second,
equal to 1.02 - 10% atoms/s with a percentage error of 3% in
the small target and, in the big one, 8.00 - 107 atoms/s with
a percentage error of 2%. In comparison, FLUKA-based
simulations [38] in the literature report a production rate of
8.75 - 10° atoms/s in the big target, accompanied by a sig-
nificantly higher uncertainty of 40% [39]. The approximately
one-order-of-magnitude discrepancy between these results
can be primarily attributed to differences in the underlying
nuclear cross-section models and reaction libraries utilized
by FLUKA compared to those adopted in the present work.
Furthermore, the lower percentage error obtained in this
study highlights a higher statistical precision, though direct
experimental validation upon the commissioning of SPES
will be fundamental to benchmark these models.

For both target geometries, the diffusion and effusion
processes of Mg-28 are simulated considering only the first
two disks, as these are the regions where the production
of the isotope of interest is concentrated. The escape time
is studied as a function of the porous diffusion coefficient,
with the two limiting cases of slow and fast diffusion previ-
ously defined. To estimate the mean escape time of Mg-28
from the target, 10° events are simulated, ensuring a relative
uncertainty on the average release time below 0.1%. In the
simulation, each event corresponds to a generated and diffus-
ing atom, with atoms uniformly distributed within the disk

le-8

w » w
L ! L

Production rate [atoms/p]

N
L

4
Disk

Fig.5 Mg-28 production rate (atoms/proton) in the seven disks of the
small target
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volume. Initially, the release is simulated at a temperature of
1600 °C. Even considering the fast release model, the mean
escape time is (7.771 + 0.002)- 10* s for the small target and
(7.766 + 0.002)-10* s for the big target. Both these values
are comparable to the radionuclide half-life (7, , ~ 20.9 h),
implying an important loss of isotopes due to decay before
collection. As a matter of fact, assuming an average grain
radius of @ =7 pm, one obtains from Eq. (2) a diffusion time
of 7,5 ~21.1 h.

Following the analysis of these results, the simulations
can be used to suggest possible experimental improvements
that would optimize radioisotope release. Hence, the temper-
ature was increased in the next iteration of the simulations
to 2000 °C and the grain size was reduced by one order of
magnitude. Usually, the temperature limit for SiC, estimated
as the highest temperature for which the observed mass loss
stays below 0.5%, is fixed at 1800 °C. For higher tempera-
ture, the sample mass starts to decrease significantly, with
a cumulative 4.2% mass loss at 2000 °C [28]. Assuming
SiC targets capable of operating at 2000 °C with grain sizes
one order of magnitude smaller, the predicted release times
decrease from (7.771 + 0.002)-10* s to (9.961 + 0.003) s
for the small target and from (7.766 + 0.002)- 10* s to
(10.271 £ 0.003) s for the large target, corresponding to
improvements by factors of 7802 and 7560, respectively.
These predictions are independent of the porous diffusion
model employed. Two mean diffusion time distribution plots
using non-optimized and optimized parameters are reported
in Fig. 6 considering the small target. Each target geom-
etry shows nearly identical mean escape times from the two
disks: the differences, ranging from 0.009% to 0.06% under
every condition, are always lower or comparable to the sta-
tistical uncertainty of the simulation, quantified as 0.03%.
The difference between slow and fast diffusion regimes is not
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significant within the statistical uncertainty, indicating that
diffusion through grains is the dominant process governing
the release.

A primary limitation of this study is the current unavail-
ability of experimental measurements against which the
simulation results could be validated, except for the part
involving the LIS (see below), due to a discontinuous pro-
vision of proton beams at the SPES facility. Nevertheless,
once SPES becomes fully operational and production-yield
data for Mg-28 using RIBs are obtained, such data will pro-
vide an indispensable baseline for validating the theoretical
model presented in this work and subsequently optimizing
different target configurations across a wide range of operat-
ing temperatures.

Laser photo-ionization

The ionization efficiency is investigated by varying the aver-
age laser power between 10 pW and 10 W, corresponding
to the highest order of magnitude achievable with the SPES
online laser system [7]. The density matrix formalism is
first used to analyze the saturation behavior of the resonant
transitions. The saturation power of the first transition is
defined as the minimum laser power required to equalize the
populations of the ground and first excited states. Similarly,
once the first transition is saturated, the saturation power of
the second transition is defined as the minimum laser power
needed to produce equal populations among the ground,
first excited, and second excited states. In this work, popu-
lations are considered equal when their difference is within
0.5% at T /2. The saturation powers obtained are: P, = 220
mW, P, =220 mW, P, = 80 mW, P}, = 280 mW for the first
transition of Scheme 1 and 2, and the second transition of
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Fig.6 Mean diffusion time distribution from disk 1 in the small target with non-optimized parameters (on the left) and optimized parameters (on

the right) using the fast release model (D,,=1012 cm?/s)
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Fig. 8 Efficiency maps. Scheme 1 on the left, Scheme 2 on the right

Scheme 1 and 2 respectively. Population dynamics show that
Scheme 2 requires significantly higher second-step power
to reach saturation. For instance, using a 20 W green laser
(532 nm), ion populations of 4.5% and 4.6% are achieved
by the two schemes, respectively, with Scheme 2 appearing
more efficient only because its second transition requires
higher power to saturate and this slightly contributes to the
non-resonant step. Increasing the power to 30 W raises the
values to 6.7% in the first scheme and 6.8% in the second
scheme, as shown in Fig. 7. At 40 W, the ion fraction fur-
ther increases to 8.9% for both schemes. Applying the vol-
ume factor # mentioned before, it is possible to obtain the
single-pulse ionization efficiency as a function of the average
power of the two resonant lasers. The two schemes exhibit
comparable efficiencies, with a maximum value of ~ 1.2%,
in the case of a 20 W non-resonant laser, &~ 1.5%, in the case
of a 30 W one and ~ 1.8%, in the case of a 40 W one. The
power maps of the efficiency using a 30 W non-resonant
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Table 4 Doppler FWHMs for each wavelength from Table 3

Doppler FWHM (GHz)
A 43
Ay 14
Al 22

2

laser are shown in Fig. 8. The suitable power intervals for
the resonant lasers are related to their wavelengths [7]. For
both schemes, the efficiency is more sensitive to the power
of the first resonant laser.

Factors which could influence efficiency are the Doppler
and the pressure broadening. The broadening of the Lorent-
zian profile due to these effects can be calculated for each
transition [40] and the results for the Doppler broadening are
summed up in Table 4.
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Then, it is clear that using y;; > 50 GHz for both lasers
would minimize the number of ions lost due to the Doppler
effect. Regarding pressure broadening, starting from produc-
tion rates in a SiC target calculated with FLUKA [38, 39]
and following a procedure adopted in a previous study [23,
41], the total FWHM due to collisional effects is estimated
to be lower than =~ 2 MHz, which is negligible with respect
to Doppler broadening.

Solving Eq. (17), it is possible to calculate the flux of
ions exiting the ionization chamber and, eventually, the over-
all ionization efficiency as the ratio between the number of
ions exiting the chamber and the number of atoms entering
the chamber, calculated with Eq. (9). Looking at the plot
shown in Fig. 9 it can be observed that the flux entering the
ionization chamber becomes steady in times between 0 and
100 s only at high temperatures, namely at 2000 °C. Once
the steady state in the transfer-line flux is achieved, the ion
flux from the LIS becomes steady in a negligible time, as
shown in Fig. 10.

The steady state of the ion flux is strongly influenced
by the loss rate /, which is tunable with experimental
data. Given that in a state-of-the-art ion source atoms sur-
vive around 1073 s before being lost, then [ = 103 s [23].
Assuming a stable exiting flux and a single-pulse ionization
efficiency of 1%, the overall ionization efficiency reaches
9.1% after five characteristic times. The overall efficiency
can be evaluated for different resonant laser powers. When
a non-resonant laser is also employed, the maximum effi-
ciency is estimated to be approximately 11.0% at 20 W,
13.3% at 30 W, and 15.6% at 40 W. As an example, Fig. 11
shows the global efficiency map corresponding to a 30 W
non-resonant laser.

ISOLDE measured the offline ionization efficiency of Mg
in its Resonance Ionization Laser lon Source (RILIS) using
Scheme 2 and the following laser powers [6]: P, =40 mW,

1e8 Flux of Mg-28 atoms released from the target

®(t) [atoms/s]

Small target - 2000 °C
Big target - 2000 °C
Big target - 1600 °C
Small target - 1600 °C

10° 102 104 108 108
Time [s]

Fig.9 Flux of Mg-28 atoms released from the target for the two con-
ditions of target and temperature
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Fig. 10 Ionized flux exiting the LIS for small and big target at
1600 °C and 2000 °C

P, =80 mW, P; = 13,500 mW, with 7y, < 20 ns for each
laser. All the lasers were overlapped in time. The measured
ionization efficiency is & 10%. Performing the calculations
with these parameters, the theoretical ionization efficiency is
estimated to be &~ 5.6%. This result is strongly dependent on
the loss factor /: as a matter of fact, the measured value for
efficiency can be found halving this factor, i.e., using / = 0.5
-10° s_l, which is a realistic value. As / cannot be predicted,
for the moment, by the simulation, a future perspective could
be to implement its calculation starting from the existing
literature [42] in order to improve efficiency estimations. In
any case, the results are consistent with the measured values
[6, 17, 43].

Considering the small target at a temperature of
2000 °C and fixing [ = 10 s7!, the collected activity of

Power map of global efficiency

2nd laser average power [W]
Global efficiency [%]

1073 1072 107!
1st laser average power [W]

Fig. 11 Power map of global efficiency using a 30 W non-resonant
laser
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Mg-28 can be calculated using Eq. (21). For different laser Data availability The simulated datasets can be made available upon

configurations, we obtain the following values after one ~ reduest:

hour of irradiation:

e 20 W non-resonant laser: A_,; ~ 0.35 MBq; References

e 30 W non-resonant laser: A_,; ~ 0.43 MBq; ) e

e 40 W non-resonant laser: A 0.51 MBq 1. Nilsson T (2013) European RIB facilities — status and future.
- - Aeont ~ Y- .

Conclusions

Nuclei for innovative radiopharmaceuticals can be pro-
duced and studied exploiting the ISOL technique. In this
study the production of Mg-28 at SPES, a radionuclide with
important biological applications, has been analyzed for the
optimization of production parameters. Simulations with
GEeanT4 allow to reproduce the experimental apparatus, a
SiC target, and the processes occurring within it, namely
diffusion and effusion. The production of Mg-28 is critically
hindered by diffusion in grains, and, according to calcula-
tions, SiC targets with grain size one order of magnitude
smaller and higher thermal resistance could produce Mg-28
with an efficiency very close to the unit. Furthermore, a new
magnesium laser photo-ionization scheme reproducible at
SPES was proposed and studied, obtaining a calculated over-
all ionization efficiency comparable to the one measured at
CERN with another scheme (~ 10%).

In conclusion, a theoretical workflow for radioisotope
production via the ISOL technique has been developed.
Although direct experimental validation is currently miss-
ing, owing to the unavailability of the SPES facility, this
work establishes a fundamental predictive baseline. Its
first application to the case-study of Mg-28 suggested that
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