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Summary. — The present work is a theoretical investigation of nuclear reactions for
the production of °29Mn that, with °*Mn and °?™Mn, is the only radionuclide that
can be used for MultiModal Imaging PET-MRI. A comparison of different reactions
is presented considering the reaction ”atV(a,x)SQQMn and the standard production
routes with chromium targets. To optimize the production of the radionuclide of
interest, an analysis of the cross sections is performed using three nuclear reaction
codes (Talys, Fluka and Empire) to select the energy window corresponding to
the maximum production of 29Mn and minimum of its contaminants. Numerical
computations of the production rate and the time evolution of the produced nuclides
are performed, leading to the calculation of the integral yield and of the isotopic
and radionuclidic purities for each reaction. The result is that the reaction with
natyV is very promising and competitive with the investigated standard production
routes. Indeed, this reaction shows a radionuclidic purity high enough for clinical
applications and an integral yield value even higher than that of the reaction with
natural chromium target.

1. — Introduction

MultiModal Imaging (MMI) [1] is an emerging technique that consists in the com-
bination of diagnostic exams based on different physical processes. It allows to obtain
a single image with more detailed information about the organs of interest. Nowadays,
different possibilities of MMI exist and are already available in clinics, like PET-CT [2],
SPECT-CT [3], PET-MRI [4]. This study, in particular, is focused on the latter case
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TABLE . — Comparison between properties of °29 Mn and the principal radioisotope currently
used in PET, '8 F.

Nuclide T2 (Es4)keV Ipr % Daughter
18p 109.77 min 249.8 96.73 180
529Mn 5.591 d 241.59 29.4 52Cr

that allows to obtain an image which shows morphological functional details (MRI) in
addition to metabolic details (PET) [5].

At the moment PET-MRI imaging can be performed by scanning the patient sequen-
tially (i.e., the exams are taken separately) or simultaneously but, anyway, administrating
two chemically different drugs to the patient [6]. In this work we consider production of
529Mn within the novel approach [7] of using one single radiopharmaceutical to perform
both exams simultaneously.

With the use of ®29Mn one has the advantage that the time required to perform the
exams is shorter since they are done only in one step. °29Mn (with 5*Mn) is the only
radionuclide that could be used for this purpose since it is paramagnetic and it has prop-
erties similar to '®F, which is commonly used for PET. A comparison between these two
isotopes is shown in table 1. It is, therefore, interesting to investigate its production both
theoretically and experimentally. This work represents the theoretical contribution to
the INFN project METRICS (Multimodal pET/mRi Imaging with Cyclotron produced
51/52Mn and stable paramagnetic Mn iSotopes) of the INFN-LNL laboratories. At the
moment, the standard production routes of ®>Mn are based on the use of enriched and
natural chromium targets

2Cr(pn)*®Mn,  PCr(d,2n)"*Mn,  "*'Cr(p,x)™*Mn.
In this work we consider also the alternative reaction
natv(a’ X)529Mn,

which is based on natural vanadium target and could represent a promising route.

A comparison of these reactions is performed in order to identify the best conditions
for the production of ®29Mn evaluating carefully the production of its contaminants. The
integral yield and the purities are then calculated for each reaction.

2. — Methods

In each reaction several manganese nuclides are produced (their half-lives and de-
cay properties are reported in table IT) and the goal is to optimize the production of
only °29Mn.

The study is initially based on the accurate analysis of the cross sections o(FE) of
each manganese nuclide. They are calculated using three nuclear reaction codes (Talys
1.9 [8], Empire 3.2 [9] and Fluka 2018.2.dev [10]). Talys allows to consider, for any
reaction, combinations of different theoretical models. In particular we consider four
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TABLE II. — Physical characteristics of the radionuclides produced by the reactions under

investigation.

Radionuclide Half-life Decay mode Mean energy (keV)
“Mn 158.1 ms Bt/BT,p/B, a 6715.28
“9Mn 382 ms + 6693
°09Mn 283.29 ms Bt 6611

0 Mn 1.75 m B 3515.43

5IMn 46.2 m BT 2185.8
°29Mn 5.591 d Br 575.84
52m\n 21.1 m Br/IT 2633.36
53Mn 3.6 x 10° y EC 597.00
5Mn 312d EC/B~ /BT 542.24
55Mn stable - -

models describing the preequilibrium mechanism and six models describing the level
density [11,12]. The combinations of the models are analyzed and plotted with statistical
descriptive tools: minimum, maximum, interquartile interval. For the latter, we calculate
and use also its central value, that we indicate as Best Theoretical Evaluation (BTE),
in order to identify a reference theoretical estimation of the considered quantities (for
example of the integral yields). Also the Empire code is based on a variety of different
models for the description of the nuclear reaction mechanisms, and in this work we
consider the exciton model for the preequlibrium process. The Fluka code does not
distinguish properly ground from metastable states as done by Talys and Empire and for
this reason it is used only when this separation is not involved.

The analysis of the cross sections represents a preliminary study of the purity of the
considered reaction, since it allows to identify the energy window corresponding to the
maximum production of *2Mn and minimum of its contaminants. Among them only
two nuclides (°*Mn and 5*Mn) have a half-life longer than that of 529Mn. In particular
the former can be considered stable and, therefore, only the latter represents the main
contaminant since it can affect the RadioNuclidic Purity (RNP) of ®29Mn. For this reason
it is important to compare the ®29Mn and ®>*Mn cross sections, and also to study their
ratio

0529 \[
(1) p=— J%Mn
0529 \n + O54\n

The energy window selection is based on the maximum cross section position, for a
larger production of °29Mn, with a ratio value close to 1 to maintain a low-contaminant
production.

Once the energy window has been identified, we calculate numerically the production
rate with the formula [13]
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where I is the charge beam current, z,.,; the atomic number of the incident particle, e
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Fig. 1. — Decay schemes of the radioactive manganese nuclides produced in the reactions.

the electron charge, N, the Avogadro number, A the target atomic mass, F;, and Fg,;
the energy of the projectile impinging on the target and after exiting from the target,
respectively, o(F) the production cross section for the nuclide, p; the target density and
dE/dz the stopping power of the projectile in the target, calculated with the Bethe-Bloch
formula [14]. For each reaction we consider a target thickness of 200 ym and identical
irradiation conditions (Ip = 1 A and t;mqq = 1h).

After this step, the decay schemes (fig. 1) and the half-lives of each nuclides are
considered for the time evolution of the number of the produced nuclei N(¢) and their
corresponding activities A(t) = AN (t). These two quantities allow to define the Isotopic
Purity and the RadioNuclidic Purity. For example for the reaction with "V for which
the nuclides from **Mn to °°Mn are produced

- Neozonin (1)
(33’) IP(t) - N48Mn(t) + M + N55Mn(t) ’
(3b) RNP(t) = Azzonin ()

n A48Mn(t) + -+ A54Mn(t) '

For each reaction we also calculate the integral yield representing the activity per unit
of beam current per hour. This procedure allows to compare reactions with different
projectiles and targets in order to identify the best production route with the RNP.

3. — Results

The procedure described in the previous section allows to select the energy windows
for the optimal production of ®29Mn for the different reactions and to obtain the purities
and yields. The comparison of the cross sections between *29Mn and its contaminants
is performed in fig. 2 where not only the cross sections are shown but also the ratio r
(eq. (1)), with respect to the right vertical axis.

In ref. [15] the cross sections are represented in two different figures with all the
available experimental data which are taken from the EXFOR database [16]. We refer to
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Fig. 2. — Comparison between the theoretical cross sections of 529Mn (right peak) and 54Mn
(left peak) for the "**V case. The ratio r between the cross section of "2Mn and its sum with
®Mn is plotted with respect to the right vertical axis. The energy window corresponding to
high purity 2Mn production is clearly visible (r ~ 1).

ref. [15] for a thorough discussion which compares theory and experiment for both 54Mn
and °29Mn. For the former a good agreement between the theoretical curves and the data
was found, while for ®29Mn a significant spread of the data was exhibited. Moreover, a
different behaviour among the codes was observed with Talys overestimating and Empire
underestimating the data.

Following the previously described criterion, from fig. 2 it is possible to identify the
energy range (48-33.9MeV) in which 529Mn is produced with large cross section while
that of °*Mn is very low, as clearly visible also thanks to the cross section ratio shown in
the same figure. The comparison between °29Mn and its contaminants is considered for
each reaction in a similar way, properly selecting the energy windows that are reported
in table III.

TABLE III. — Selected energy windows for the considered production routes.

Projectile Target Energy window
Protons natCy 17-14 MeV
Protons 22Cr 17-14MeV
Deuterons 2Cr 20-15.5 MeV
Alpha particles natys 48-33.9 MeV
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Fig. 3. — Comparison of RNP curves between the reaction with enriched ?Cr and with "**V.

High levels of radionuclidic purity are very important for clinical applications. We
compare this quantity among the reactions with "**V and with enriched °2Cr in fig. 3
with logarithmic time axis. The reaction with protons has a RNP higher than the other
two reactions, since in its energy window °29Mn is produced with no ®*Mn, while the
other two reactions produce also ®*Mn. The reaction with "V produces also the stable
55Mn which nevertheless does not affect the RNP and, in addition, produces a higher
quantity of ®*Mn which suppresses the RNP at longer times in comparison with the
other channels. In the reaction with deuterons the main contaminant is produced via an
electromagnetic reaction, and, therefore, its cross section is very low. In fig. 4 we compare
the reactions with "% Cr and "V and we show that in the case of "*V the RNP is higher
for longer times, indicating a clear advantage of "**V with respect to "**Cr.

However to quantify the amount of >29Mn produced it is necessary to consider the
integral yield of these reactions. In particular the difference of the yields in the selected
energy windows is calculated with the BTE curve and with an uncertainty provided by
the width of the interquartile band [15]. In fig. 5 the comparison between the integral
yields of "V and "**Cr is shown, where the green shaded areas indicate the selected
energy windows, referring to 200 um thick targets. In table IV the yields are reported for
all the considered reactions, comparing the codes with Radionuclide Yield Calculator [17]
as well as with the available experimental data [18,19], which are linearly fitted for all
reactions. The evaluation obtained with Talys and Empire shows some differences and
specifically Empire is close to the data in the reactions with natural targets, while Talys
reproduces both the IAEA recommended values and the data for the other two reactions
on enriched targets. For "*Cr targets, it was noted in ref. [15] that a rescaling of the
Empire results would show a good agreement with Talys and the data. For the reaction
with "V targets, Talys estimates a higher value of the integral yield in comparison to
the data.
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Fig. 4. — Comparison of the RNP curves between the reactions with natural targets.
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Fig. 5. — Comparison of the integral yields between the reactions with natural targets. The
yields are calculated with 1A current and 1h of target irradiation. The green shaded area
indicates the optimized energy window used for the 200 pm thick targets.
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TABLE IV. — Comparison of the integral yields for the four production routes analyzed in this
work considering irradiation parameters corresponding to 1 A current and 1 h irradiation time.
The optimized energy windows for each route, shown in the left column, correspond to a 200 pum
target thickness. We report Talys calculations with a theoretical error evaluation depending on
the variability of the models.

Reaction [F;-E,] (MeV) Yield: y(E;) —y(E,) (MBq/uAh)
Talys Empire RYC Data fit or
interpolation
"V (ar,x)529Mn [48-33.9] 6.28 4+ 1.27 2.88 5.57 3.17 [18]
et Cr(p,x)*?9Mn [17-14] 4.41 4+ 0.51 5.98 4.28 5.52 [18]
%2Cr(p,n)°?9Mn  [17-14] 6.64 + 1.73 7.06 4.75 6.47 [19]
2Cr(d,2n)**Mn [20-15.5] 12.00 + 0.63 10.09 14.43 12.14 [19)]

4. — Conclusions

We have investigated different routes for the production of ®29Mn for the innovative
PET-MRI MultiModal Imaging technique. In this work the reaction with alpha particles
on ™V has been studied and compared with the standard production routes of ®29Mn,
using different nuclear reaction codes (Talys, Fluka and Empire) and considering, in
particular, the theoretical variability of the Talys models.

The reaction with "V represents a very promising channel with high RNP and yield
comparable with the reactions with "**Cr targets. Specifically this route shows better
results in terms of purities and yields if compared with the reaction with "**Cr, due
to a lower production of the contaminants, in particular of ®*Mn. Furthermore this
reaction, which is based on a natural target, could represent a promising alternative to
the reactions with enriched °2Cr, for which specific technologies for the target recovery
are required. As shown in ref. [15] new experimental data are needed for a more precise
assessment of this promising production route.

* ok ok

This work has been carried out within the METRICS applied physics program
(2018-2020/2021), approved and founded by the INFN-CSN5 (Technological Research
Committee).
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