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Abstract

Radio Pharmaceutical Therapy (RPT) comes forth as a promising technique
to treat a wide range of tumors while ensuring low collateral damage to
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nearby healthy tissues. This kind of cancer therapy exploits the radiation
following the decay of a specific radionuclide to deliver a lethal dose to tu-
mor tissues. In the framework of the ISOLPHARM project of INFN, 11Ag
was recently proposed as a promising core of a therapeutic radiopharma-
ceutical. In this paper, the production of ''Ag via neutron activation of
HOPd-enriched samples inside a TRIGA Mark II nuclear research reactor is
studied. The radioisotope production is modeled using two different Monte
Carlo codes (MCNPX and PHITS) and a stand-alone inventory calculation
code FISPACT-II, with different cross section data libraries. The whole pro-
cess is simulated starting from an MCNPG6-based reactor model producing
the neutron spectrum and flux in the selected irradiation facility. More-
over, a cost-effective, robust and easy-to-use spectroscopic system, based on
a Lanthanum Bromo-Chloride (LBC) inorganic scintillator, is designed and
characterized, with the aim of using it, in the future, for the quality control of
the ISOLPHARM irradiated targets at the SPES facility of the Legnaro Na-
tional Laboratories of INFN. " Pd and '°Pd-enriched samples are irradiated
in the reactor main irradiation facility and spectroscopically characterized us-
ing the LBC-based setup and a multiple-fit analysis procedure. Experimental
results are compared with theoretical predictions of the developed models,
showing that inaccuracies in the available cross section libraries prevent an
accurate reproduction of the generated radioisotope activities. Models are
normalized to the experimental data allowing for a reliable planning of the
H1Ae production in a TRIGA Mark II reactor.

Key words: ISOLPHARM project; radiopharmaceuticals; 11 Ag;
~v-spectroscopy; nuclear reactor.

1. Introduction

Neutron-rich radioisotopes that decay through S~ decay are among the
most used agents in Radio Pharmaceutical Therapy (RPT), and their pro-
duction using nuclear reactors is a well established technique [1]. Over the

s years, several radioisotopes were proposed as promising candidates for RPT,
based on their decay characteristic (i.e. radiation type, released energy and
half-life) and on the feasibility of their production.

When radioisotpes are produced for medical purposes (i.e. when they
are used to prepare radiopharmaceuticals) a paramount feature of the prepa-

10 ration is a high molar activity, as not radioactive isotopes of the sought
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radionuclide can compete with it for a finite number of cellular receptors.

A promising approach for producing high-specific activity, no-carrier-
added radioisotopes is offered by the Isotope Separation On-Line (ISOL)
technique [2]. In this context, the ISOLPHARM project aims to study inno-
vative radioisotopes produced through ISOL techniques at SPES [3], and, in
particular, to investigate the preparation of ' Ag-labelled radiopharmaceu-
ticals [4].

HlgAg is a B~ emitter with an half-life of 7.5 days and contemporary
emission of two y-rays (E,=245.40(2) keV, I, = 1.24(9)%; E,= 342.13(2)
keV, I,= 6.7(3)%) which potentially allow for SPECT imaging. Moreover,
in the framework of RTP, the emission of a 5~ having average energy of
360 keV makes it suitable for treating medium size tumors [5, 6]. Finally,
1 Ag can be produced at SPES with good yields [7].

In the framework of the ISOLPHARM project, since the SPES ISOL
facility is currently under construction, preclinical experimentation of ' Ag-
based innovative radiopharmaceuticals will be carried out using 'Ag pro-
duced via the radiative neutron capture reaction at the TRIGA Mark II
nuclear research reactor of the LENA Laboratory of the University of Pavia

(Italy) [8]:
HoPd(n,'y)lnPd L 1Ay (1)

This reaction can lead to the formation of *'Pd in both its ground and
isomeric states depending on the distribution of resonance states produced
in the process and the y-multiplicity [9]. The ground and metastable states
of 1Pd have different half-lives, respectively 23.3 min for '''8Pd and 5.5 h
for 1"'mPd. The time-evolution of the involved nuclides can be described by
the following system of ordinary differential equations:

dNpg.

SRS = —Apg.111m NPd-111m + BmNpd-110

dNpd-111g

— = = —Apd-111gNPd-111¢
+BPd-111m—Pd-111gAPd-111mVPd-111m
+RgNpd-110

dNag-111

—=E = —Apg111mVAg-111m + BPd-111g—Ag-111mAPa-111gNPa-111¢ (2)
+BpPd-111m—Ag-111mAPd-111m VPd-111m

dNAg-111g

% = _AAg-lllgNAg—lllg
+BAg-111m—Ag-111g A Ag-111m NAg-111m
+Bpd-111g—Ag-111gAPd-111gVPd-111g

where Ay is the decay constant, Nx is the number of nuclides of the X
species, Bx_,y is the branching ratio of the given transition, R, and R,
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are the production rate of the ground and metastable state of 1''Pd respec-
tively. As recently reported in [9], the cross-section favors the production
of 118Pd over '''™Pd. In particular, for the isomer production ratios, ref-
erence values for thermal and epithermal neutron fluxes are respectively:
Ry, = 0.0385 £ 0.0034 and Repi = 0.0437 £ 0.0046.

In the present paper, we present a study on the production and charac-
terization of the ''Ag radioisotope in a TRIGA Mark II nuclear research
reactor, for its utilization in the ISOLPHARM research activities on innova-
tive radiopharmaceuticals. In this study, a cost-effective spectroscopic system
capable of characterizing the produced isotope is designed, constructed and
tested. Thanks to its characteristics of robustness, low cost, reliability and
ease of use, the realized detector system could also be used for applications
in the harsh radiation environment of the SPES secondary target, where the
produced radioisotope beams will be collected [10].

The paper is organized as follows. In Section 2, the modeling of the
production of the " Ag radioisotope in the TRIGA Mark II nuclear reactor
is described, including the procedures for the calibration of the neutron flux
in the reactor irradiation facility and the Monte Carlo simulation of the **Pd
and ''°Pd-enriched sample irradiation. In Section 3, the sample irradiation
procedure, the experimental set-up, the characterization and calibration of
the new realized detector are described.

In Section 4, the experimental results are shown and compared with the
Monte Carlo simulations of the sample irradiation process, to validate the cal-
culations. Predictions on the possibility of producing the '!Ag radioisotope
in the TRIGA Mark II nuclear reactor for ISOLPHARM research activities

are illustrated. In Section 5, summary and conclusions are drawn.

2. Modeling the production of ''Ag in a TRIGA Mark II nuclear
reactor

2.1. Modeling the irradiation facility

The TRIGA Mark II nuclear research reactor operating in Pavia is a
250 kW pool-type research reactor fueled with 20% enriched 2**U, cooled
and partly moderated with demineralized light water. The reproducibility of
the reactor power is below 1%.

The reactor core is composed of ninety slots occupied by fuel elements, a
neutron source and three control rods placed in five concentric rings around
a central channel, 40 cm useful length and 26 mm diameter, used as main

4
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irradiation facility and called Central Thimble (CT). The total neutron flux
in the CT is about 1.7 x 10'® n/(cm?s) at full power. The reactor core is
surrounded by a graphite reflector. In Fig. 1 a horizontal cross section of the

TRIGA Mark II reactor core is shown [8].

Figure 1: Horizontal cross section of the TRIGA Mark II reactor core. CC indicates the
Central Thimble irradiation facility and the three pointed elements are the control rod
slots. RB, 26 and 27 indicate other irradiation facilities hosted by the reactor.

A computational model of the TRIGA Mark II reactor was previously

set-up for radiobiological studies performed in the thermal column [11]. For
the present study, an update was necessary, and it was accomplished using

5
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the Monte Carlo neutron transport code MCNP6 [12]. The new version of the
TRIGA Mark II reactor model considers the re-shuffle of the fuel elements
in the core described in [13], each with a corrected burnup, accounting for
the functioning time of the reactor.

Simulations were carried out using the KCODE instruction, which repro-
duces the fission in the core of the reactor, starting with an external source
that models an initial sampling of neutrons in the fuel bars, and letting
MCNP simulate the generation of neutrons. The criticality of the system
was optimized adjusting the positions of the control bars until reaching a
value of the parameter keff equal to 1, with a relative error lower than 1%o.

The calculated neutron thermal flux in the CT was compared with the
available flux measurements reported in [14, 15|, considered as a reference in
the present study. Measurements were performed according to the Hogdahl
convention [16] using Zr and Au neutron flux monitor samples, placed at dif-
ferent positions along the CT. Conventional thermal ®, and epithermal ¢
neutron flux values were obtained from gamma spectra of the monitor sam-
ples. Gamma spectra were recorded with a HPGe detector, whose counting
efficiency was determined using SI traceable gamma reference sources.

The measurement set-up was reproduced in the computational model in-
cluding holder materials and inserts used to fix the positions of the samples.
The &1 value was calculated using the F4 tally type accounting for neutrons
with energies below 0.56 eV. Fig. 2 shows the comparison between the re-
ported experimental values and the results of simulations. The relative error
affecting the simulated ®7 lies between —5% and 4+10% up to 25 cm from
the bottom of the CT, and increases up to +38.5% at 34.5 cm.

To obtain the epithermal flux &5 from the simulated results, we used the
expression reported in [14]:

P
Gepi(E) = 2 3)

where ¢.pi(E) is the energy distribution of the epithermal flux in the ep-
ithermal range and « is the parameter modeling the deviations from the %
theoretical trend.

For each monitor sample, we calculated the ¢.,;(E) values from the neu-
tron flux values ®.,, simulated with a BUGE-96 binning. The ®p value
was calculated as the intercept of the straight line fitted to the log[¢e,:(E)]
vs log(F) data, within the energy range comprised between 0.64 eV and
5.2 x 10% eV.
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Figure 2: Comparison between experimental thermal neutron flux values (empty squares)
and Monte Carlo predictions (black filled squares) along the CT. Error bars of measured
and simulated data indicate a 95% confidence interval.

Fig. 3 shows the comparison between the reported experimental values
and the results of simulations. The simulated ®g values appear to be sys-
tematically overestimated relative to the experimental data.

The significant discrepancies affecting the simulated ®1 at large distance
from the CT bottom and the simulated ® along all the CT required further
investigations. They were mainly focused on the uncertainties affecting: the
adoption of the Hogdahl convention; the modeling of dimensions and materi-
als of the components; the calculation procedure to obtain & and & from
simulated data.

To test the actual performance of the model, we simulated both the
Y7Au(n,y)!*®Au and *Zr(n,y)*Zr reaction rates per target nucleus, RR.
Results were compared with experimental values recorded with Au and Zr
samples measured in [14].

It is worth noting that the reaction "'°Pd(n,y)!'!'Pd has a resonance inte-
gral to thermal cross section ratio, )y, equal to 11.9, whereas the )y values
for 197Au(n,y)'*¥Au and %*Zr(n,y)%Zr are 15.7 and 5.31, respectively. They
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Figure 3: Comparison between experimental epithermal neutron flux values (empty
squares) and Monte Carlo predictions (black filled squares) along the CT. Error bars
of measured and simulated data indicate a 95% confidence interval.

are reported as recommended nuclear data in the k0 Data Base [17]. In
addition, based on the Hogdahl convention, RR can be expresses as:

RR = ®ropfl + 22 (4)

f
where og is the thermal (£ = 2200 ms™!) neutron cross section, f is the
conventional thermal to epithermal ratio ®7/®p, and Qy(a) is the ratio
between the resonance integral and oy, for a 1/EU+%) neutron spectrum in
the epithermal region.

Accordingly, the contribution to RR due to the thermal and epithermal
neutron flux for ''°Pd is close to the contribution for '%7Au and °*Zr. Thus,
the comparison carried out with *"Au and ®‘Z is meaningful to check the
suitability of the computational model also for 1*°Pd.

Results for the comparisons of experimental and simulated RR per target
nucleus, for *"Au and °*Zr respectively, are shown in Fig. 4 and Fig. 5. RR
are plotted versus the distance of the sample from the bottom of the CT.

8
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Figure 4: Comparison between the experimental RR (empty squares) and simulated RR
(filled black squares) for 197 Au(n,v)'®* Au in Au samples. Values are expressed per target
nucleus; error bars of measured and simulated data indicate a 95% confidence interval.

The relative error affecting the simulated ”Au RR values lies between
—16.0%, at 0.9 cm from the bottom of the CT, and +23.0% at 34.5 cm.
For the simulated *Zr RR values, it lies between —11.5% at 31.1 cm and
+45.7% at 34.5 cm. In both cases, the best results are obtained close to
the middle vertical position, for example at 14.3 cm, 16.6 cm, 18.9 cm and
21.2 cm from the bottom of the CT. In these positions, the relative error lies
between —8.0% and +6.5%. Effects on RR of the significant discrepancies
observed for @ (see Fig. 3) are limited by the low percentage of epithermal
neutron flux contributing to the reactions.

Finally, these results show that the updated TRIGA Mark II reactor
model reproduces the thermal and epithermal neutron fluxes in a reliable
way, in positions of the CT comprised between about 14 cm and 22 cm from
the bottom of the CT, with an error less than 10%.

In Fig. 6 the simulated neutron spectrum of the TRIGA Mark II reactor is
shown. It includes the thermal, epithermal and fast components in the energy
range between 1 x 1072 MeV and 20 MeV, expressed in neutron/(cm?s™!)
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Figure 5: Comparison between the experimental RR (empty squares) and simulated RR
(filled black squares) for 9Zr(n,y)%Zr in Zr samples. Values are expressed per target
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per unit lethargy. The spectrum is calculated at the same position where
the palladium samples are placed in the CT irradiation facility, at about
17 ¢cm from the bottom of the CT. The spectrum is calculated in 709 group-
energy bins with the described MCNP6 model of the reactor. In the following
paragraph, this spectrum is used to model the palladium irradiation process
with radioisotope formation and successive decay.

2.2. Modeling the palladium sample irradiation

Two Monte Carlo calculation tools, MCNPX (v2.7.0) [18] and PHITS
(v3.27) [19], are employed to model the irradiation of the palladium samples
placed in the CT irradiation facility.

With both tools, a very simplified geometrical set-up is modeled, includ-
ing a 100 mg palladium sample, the sample aluminum holder, the CT cylin-
drical cavity filled with air at NTP, surrounded by a cylindrical cell of the
same size as the reactor core volume. Inside the latter volume, an isotropic
neutron source with the same spectrum as the one reported in Fig. 6 is uni-

10
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Figure 6: Simulated neutron spectrum at about 17 cm from the bottom of the in the CT
irradiation facility. The Monte Carlo statistical error is of the order of 1%.

formly generated. Results of the simulation are normalized to the expected
value of the neutron flux on the target holder at 250 kW reactor full power.

MCNPX and PHITS simulate the irradiation process and the isotope for-
mation during the irradiation phase. In order to predict the radioisotope for-
mation and decay at different times during the irradiation period and in the
following cooling phase, MCNPX is interfaced with CINDER’90 [20], a nu-
clide evolution program, whereas PHITS makes use of the internal DCHAIN
utility [21] to perform the same operation.

A supplementary calculation of the palladium sample activation, with
subsequent nuclide evolution at different times, is performed with FISPACT-
IT [22], a stand-alone enhanced multiphysics inventory code. The same neu-
tron flux as with the two previous Monte Carlo calculation tools is employed.

To model the interactions of the low-energy neutrons produced by the

11
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reactor in the palladium samples and the time evolution of the generated
radioisotopes, some different cross-section data libraries and decay data files
are implemented in the simulation programs. Indeed, as discussed in Sec-
tion 4, different libraries contain sometimes rather different cross section data
for the same reactions or do not include cross sections for relevant metastable
states.

Two types of palladium samples are considered in the simulations: "**Pd
and "'9Pd-enriched samples. In the experimental part of this work, described
in Section 3, both types of samples are irradiated.

natPd samples are mainly used for testing the procedures of irradiation and
characterization. ''°Pd-enriched samples are needed to maximize the ''Ag
production, reducing, at the same time, the production of the undesired
199pd radioisotope. Indeed, the latter is produced via neutron capture on
the 1%Pd stable isotope and quickly decays into the stable isotope '®Ag,
impossible to be chemically separated from the desired ''Ag. Therefore, if
present in abundance, it may definitely compromise the specific activity of
the produced '''Ag.

The isotopic compositions of the "*Pd sample and of the *°Pd-enriched
sample are reported in Table 1.

Isotope natpd HOPd-enriched
102pq  (1.02 + 0.01)% 0.01%
104pd  (11.144 0.08)% 0.05%
15pPd  (22.334+ 0.08)% 0.09%
106pd  (27.33+ 0.03)% 0.13%
18pq  (26.46+ 0.09)% 0.33%
HOpq (11724 0.09)%  (99.4% 0.10)%

Table 1: Isotopic composition of "*Pd and ''9Pd-enriched samples.

3. Palladium irradiation and characterization.

3.1. Palladium sample irradiation

The experiment is performed irradiating, at the same time and in the
same polyethylene holder, a 62.7 mg "9Pd-enriched and a 60.7 mg "**Pd
sample. Both samples are irradiated for one hour inside the CT at the full

12
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reactor power of 250 kW. They are placed at about 17 cm from the CT
bottom, approximately at the center of the reactor core.

After the end of the irradiation, the samples cool down for 2.5 hours prior
to the start of the spectroscopic measurements. The '9Pd-enriched sample is
measured for 21 hours, whereas the "'Pd sample is measured for 20 minutes
immediately after the end of the '°Pd-enriched sample measurement.

The "*Pd sample is measured to perform a consistency check of the mea-
surement procedure. In fact, the ratio between the measured activities of
"Ag in the two samples, Ragz111, must be equal to the ratio between the
amounts of M°Pd contained in the two samples, Rpqi1o.

3.2. Ezxperimental Setup

Instrumentation. The samples are characterized using a spectroscopic system
designed for the quality control of the ISOLPHARM collection target system
at the SPES facility [10]. The requirements of the designed detector system
are the following:

e to be able to sustain high acquisition rates with negligible dead time,
since high activities are expected;

e to have a good energy resolution (e.g. between 3% and 4% at 661 keV)
allowing for a reliable spectroscopic characterization of the samples;

e to be compact, portable and easy to use; indeed, it is intended to be
also used in experimental activities correlated with the ISOLPHARM
project (i.e. ex-vivo biodistribution studies [23]).

The proposed system is based on a Lanthanum Bromo-Chloride (LBC)
inorganic scintillator detector. The choice represents a cost-effective solution
with respect to the standard use of HPGe detectors. Indeed, considering
its aim, high resolution is not mandatory, since only isobaric beams will be
deposited onto the aforementioned collection targets and thus the acquired
~v-spectra should be populated by only a few separated peaks. This crystal
exhibits an intrinsic background, similar to the one of the Lanthanum Bro-
mide (LaBr3) detectors [24], that does not represent a concern for high rate
measurements.

The selected LBC crystal has a cylindrical shape, with 1 inch (2.54 cm)
diameter and 1 inch height, encapsulated in a dedicated aluminum case due to
the crystal hygroscopicity. The crystal is coupled with a R6231 PMT having

13
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a superbialkali photo-cathode manufactured by HAMAMATSU. The whole
assembly is enclosed in a custom designed plastic case realized using plastic
additive manufacturing. Since irradiated samples are transported inside a
3 mL plastic vial, a dedicated support is also designed in order to ensure a
well defined distance between the detector and the sample to be measured
(see Fig. 7a).

To provide an additional check on the characterization and calibration
of the new LBC detector, the same '9Pd-enriched sample, irradiated in the
same conditions in a different experiment, was measured using an HPGe
detector. The adopted REGe™detector is an n-type Reverse Electrode Ger-
manium detector manufactured by Mirion Technologies. The spectroscopic
measurement started 16 hours after the end of the irradiation.

LBC Data Acquisition System. The PMT anode signal is digitized using a
CAEN DT-5725 digitizer, while the PMT voltage (operated at —650 V) is
supplied using an USB powered desktop HV power supply manufactured by
CAEN (DT-5470). The Digital Pulse Processing (DPP) firmware is flashed
on the digitizer FPGA which provided on-line, for each event, the relative
timestamp alongside the complete integration of the signal (Long Gate).

In order to enhance the energy resolution of the setup, the relevant DPP
parameters are optimized making it possible to reach an energy resolution of
3.08% at 661.6 keV.

The acquisition is controlled using the ABCD (Acquisition and Broadcast
of Collected Data) open source software [25, 26].

LBC' Detector Efficiency. The detector absolute full energy peak efficiency
is evaluated through a Monte Carlo simulation of the detector implemented
using the GEANT4 toolkit [27]. The whole detector geometry is built in
GEANT4 starting from the constructive CAD drawings using the CADMesh
library [28] (see Fig. 7b).

The simulation is validated with measurements using °Co, *3Ba, 137Cs,
and 2Eu and ! Am ~y-calibration sources. The graph of Fig. 8 shows a
good agreement between the experimental values and the MC simulation
up to 1.5 MeV. All the simulations were run by means of the CloudVeneto
private Cloud infrastructure [29].
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4. Results

4.1. Mesurement of "' Ag and '"'™ Pd activities

In Fig. 9, the y-ray spectra obtained 5 hours after the end of the irra-
diation by the measurement, respectively, of a **Pd sample and an ''°Pd-
enriched one are shown. As expected, the y-rays associated with the decay
of M Ag are more evident in the spectrum taken with the '°Pd-enriched
sample, given the larger amount of 'Pd contained. In the following, we
focuse on the data collected with the '°Pd-enriched sample and on two ~y
transitions of the produced radioisotopes: 342 keV for 1'*Ag and 391 keV for
HimpPq respectively.

The activity A, in Bequerels, extrapolated from a specific gamma transi-
tion, is obtained from the relation:

N

A= —rnr0n 5
e-B,-T (5)

where N is the number of counts under the peak associated to a given tran-
sition, ¢ is the absolute detection efficiency, B, is the transition branching
ratio and T is the acquisition time in seconds.

To obtain the number of events N associated with a specific transition
during a given time T, data are split into 20-minute long batches from which
energy spectra are obtained. From each spectrum, the environmental plus
intrinsic background is subtracted using a long acquisition without any sam-
ple.

Due to the great number of transition peaks present in the spectra and
the limited energy resolution of the LBC detector, a fit procedure considering
only a single peak plus exponential background at a time, turns out to be
rather ineffective and unstable.

For this reason, a simultaneous multiple fit procedure on the full spec-
trum is adopted. In Table 2, the list of the main ~ transition energies and
branching ratios present in the measured spectra, in the region of interest
between 290 keV and 500 keV, is shown. Data are taken from NDS [30, 31].

Each subtracted spectrum is fitted, between 290 keV and 500 keV, with
the following formula:

1 2
Ap  —=( 2
f(E) = ae " + E —5 2( Fi ) (6)
E;€{E1,..En} ¥ 2mop,
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300

Nuclide E; [keV] B, [%]

309 0.00424 £ 0.00013
311 0.0338 £ 0.0009

109
Pd 413 0.00718 =+ 0.00021

415 0.0114 + 0.0003
309  0.00424 =+ 0.00013
358 0.44 + 0.06
376 0.92 + 0.15
391 5.7 +0.7

Himpg 413 1.9 + 0.5
415 1.7 +04
439 0.25 £ 0.05
444 0.132 + 0.019
454 0.27 + 0.11

UAg 342 6.7 + 0.3

Table 2: List of all the v peaks considered in the multiple fit procedure [30, 31]. In bold
character the two  transitions studied.

where E; are the peak energies, Ap, are the peak areas in the spectrum
and op, are the standard deviations of the peaks. The exponential term
represents the physical background in the spectrum measurement, where a
and b are free parameters.

In order to reduce the degrees of freedom of the function, the fit is done by
fixing all the peak energies within the fitting region at the values reported in
Table 2. The standard deviation of the 342 keV peak is left as a free parame-
ter, while the standard deviations of the all the other peaks are appropriately
scaled using the following relation:

E;
7
Es1o @)

U(Ei) = 0342 *

Since the estimation of the background term is largely reliant on the
fit energy limits, the fit is repeated a number of times for each spectrum
by systematically varying the minimum and maximum energy limits. The
obtained distributions of the free parameters allowed the systematic error
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associated with the fit technique to be estimated as the standard deviations
of the distributions themselves.

Energy spectra from 20-minute long data batches collected at different
times after the end of the irradiation are analyzed with the described proce-
dure. The result of the multiple fits of the spectra allowed the values of the
peak areas Ap, to be extracted at different times for the two v transitions
under study: 342 keV for '1Ag and 391 keV for 1'™Pd respectively. From
the peak areas the contained number of events N is extracted and the 'Ag
and ""'™Pd activities are calculated at different times with Eq. 5.

The experimental results are reported in Fig. 10, where the activities of
the two analyzed isotopes, measured with the LBC detector, are reported at
different times after the beginning of the irradiation. The error bars account
both for the statistical error and for the systematic error of the multiple
fit procedure. In the same plot, the isotope activities measured with the
HPGe detector in another equivalent experiment, for the same ''°Pd-enriched
sample, are reported too. The latter measurements started 16 hours after
the end of the irradiation. The solid lines are the solution of the system of
ordinary differential equations of Eq. 2 with Ryetastable/ Rground=4%

From Fig. 10 some conclusions can be drawn. First, the absolute value of
the "*Ag and "'™Pd activities measured with the LBC detector, using the
simultaneous multiple fit procedure, and with the HPGE detector, are in very
good agreement. This confirms the accuracy of the LBC detector calibration
and characterization and the effectiveness of the analysis procedure.

Second, the measured yields of '''™Pd and ' Ag are compatible with the
production rate ratio between the metastable and the ground state of 1''Pd,
as reported in [9]. Indeed, the solution of the system of Eq. 2 is calculated
with the ratio between R,, and R, constrained to be 4%. The curves in-
terpolate correctly the data also at short times after the beginning of the
irradiation, where the balance of the ground and metastable states of 1''Pd,
which have very different half-lives, manifests itself in the data behavior.
Moreover, the measured exponential decays of the two radioisotopes ''Ag
and 1™MPd are well in agreement with the reference half-lives, 7.5 days and
5.5 hours, respectively.

Finally, it is demonstrated that the irradiation of a ''°Pd-enriched sample
of 62.7 mg during one hour in the TRIGA Mark II reactor CT, at full power,
can produce 122 & 5 uCi of 1 Ag and 110 % 13 uCi of 11'™Pd, 3.5 hours after
the beginning of the irradiation. This result allows a reliable planning of the
HIAg production for the use in the ISOLPHARM project to be performed.
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4.2. Measurement of the "9 Pd isotopic ratio

As reported in Section 3.1, the "'Pd sample is irradiated and measured
to check the consistency of the measurement and of the analysis procedure.
In fact, the ratio between the measured activities of ''Ag in the "*Pd
and "°Pd-enriched samples, Rag111, must be equal to the ratio between the
amounts of M%Pd contained in the two samples, Rpqiio.

The measured value Rag11 = (11.7 £ 0.5)% is found to be compatible
with the reference Rpqi10 = (11.8 £ 0.14)% obtained by Table 1.

4.8. Comparison with model predictions

The present experimental results are compared with the predictions ob-
tained with the model of the palladium sample irradiation process described
in Section 2. In Fig. 11, the activity of 1! Ag, measured both with LBC and
HPGe detectors as a function of the elapsed time after the beginning of the
irradiation, is compared with the predictions of Monte Carlo simulations. Ex-
perimental and theoretical values are normalized to a 100 mg *°Pd-enriched
sample.

As illustrated in Section 2, simulations of the process are performed with
MCNPX and PHITS. In addition, a calculation of the 1*' Ag produced activity
is performed with the inventory simulation code FISPACT-II. The neutron
flux in the CT calculated by the updated model of the TRIGA Mark II
reactor, and shown in Fig. 6, is used. All calculations are performed with
different sets of cross section libraries. From Fig. 2, 4 and 5, the systematic
error associated to the modeling of the neutron flux is estimated to be less
then 10%.

Fig. 11 shows that no combination of calculation tool and cross sec-
tion library reproduces satisfactorily the absolute values of the experimental
data. Data are indeed positioned between the theoretical predictions of MC-
NPX with EAF-2010 and CINDER’90 data library (blu curve) (+ 25%), and
PHITS with JENDL-4.0 (brown curve) ( —40%) and FENDL/A-3.0 (orange
curve) (—70%). Moreover, theoretical predictions of PHITS with FENDL/A-
3.0 do not reproduce the data behavior at short times after the beginning
of the irradiation, where the balance of the ground and metastable states of
HIPd determines the slope of the curve.

The use of the same calculation tool with different cross section libraries,
as PHITS with JENDL-4.0 and FENDL/A-3.0, produces predictions with
large differences. Conversely, the use of the same cross section library,
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JENDL-4.0, with different calculation tools as PHITS and FISPACT-IT (vi-
olet curve) produces comparable predictions. Finally, FISPACT-II with the
TENDL-2019 cross section libraries (green curve), provides the best approx-
imation to the experimental data.

Hence, we can conclude that the disagreement between the different model
predictions and the experimental data is likely due to inaccuracies in the
available cross section libraries. Nevertheless, based on the presented results,
the predictions of the model can be normalized to the experimental data in
order to confidently plan the ' Ag production in the TRIGA Mark II reactor
for use in the ISOLPHARM project activities.

4.4. Prediction of the 1Y Ag production at the TRIGA Mark II reactor

In Fig. 12, the prediction of the activities of three generated radioisotopes,
epq (pink curve), M™Pd (violet curve) and "' Ag (green curve) is shown.
They are produced in a three-day irradiation of a 100 mg '°Pd-enriched
sample in the CT of the TRIGA Mark II reactor at full power. The activities
are plotted as a function of the time after the beginning of the irradiation.
A duty cycle of the TRIGA Mark II reactor of 6 hours irradiation a day is
assumed, compatible with the LENA laboratory standard operations, during
three days.

Calculations are performed using FISPACT-II with the the TENDL-2019
cross section library. In agreement with the results of Section 4.3, this com-
bination of tools provides the best approximation to the experimental data.
Moreover, TENDL-2019 is the most recent and most complete cross section
library available. Theoretical predictions should underestimate the effective
HIAg production by about 25%.

For these reasons, we can confidently expect that the production of ''Ag
by irradiation of '°Pd-enriched samples in the TRIGA Mark II reactor may
amount to about 1 mCi per day per 100 mg of irradiated material during a
few days.

5. Summary and conclusions

In the present paper a study of the production and characterization of
HIAg radioisotope for medical use in a TRIGA Mark II nuclear research
reactor, via the neutron capture reaction on '°Pd of Eq. 1, is performed.

The model of the TRIGA Mark II reactor of the LENA laboratory of
the University of Pavia, Italy, is updated to match experimental data on
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the measured neutron flux in the reactor CT irradiation facility. A model
of the irradiation process of "**Pd and '°Pd-enriched samples in the CT
irradiation facility is developed by means of MCNPX, PHITS and FISPACT-
IT calculation tools and different cross section libraries.

For the characterization of the irradiated palladium samples, a new detec-
tor system based on a Lantanum Bromo-Cloride (LBC) inorganic scintillator
is designed and constructed. The detector system features high acquisition
rate, good energy resolution, compactness, portability and ease to use. It is
a satisfactory cost-effective solution with respect to the standard represented
by HPGe detectors. The LBC detector is intended to be employed in the
harsh radiation environment of the SPES secondary collection target system.

The test of the new LBC detector system is performed measuring the
spectra of "*Pd and "°Pd-enriched samples after one hour irradiation in the
CT irradiation facility of the TRIGA Mark II reactor. A simultaneous mul-
tiple fit procedure is developed for the analysis of the spectra. Results for
the measured activities of the main radioisotopes generated during the irra-
diation are in good agreement with measurements performed with a HPGe
detector and with the reference value of the *'Pd isomer production ratios.

Comparison of the experimental results obtained for one hour irradiation
with the predictions of the models shows that inaccuracies in the cross sec-
tion libraries prevent the accurate reproduction of the experimental values of
the produced ' Ag activity. Nevertheless, the model predictions can be nor-
malized to the obtained experimental values. Therefore, reliable estimations
of the production of the 1 Ag isotope in the TRIGA Mark II reactor can be
obtained, with the aim of testing innovative radiopharmaceuticals based on
H1Ag in the ISOLPHARM project.
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(b)

Figure 7: Comparison between (a) a picture of the experimental setup and (b) the
GEANT4 simulation geometry.
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Figure 8: Absolute full energy peak efficiency of the LBC detector estimated by experi-
ments and MC simulations.
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Figure 9: ~-ray spectra of the irradiated "*Pd and '!°Pd-enriched samples after 5 hours
from the end of the irradiation.
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Figure 10: Activities of 1* Ag, measured with LBC (green) and HPGe (red), and of 1*1™Pd,
measured with LBC (purple) and HPGe (pink), at different times after the beginning of
the irradiation. The solid lines are the solution of the system of ordinary differential
equations of Eq. 2 with Rpetastable/Rgrounda=4%.
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Figure 11: Comparison between measured "' Ag activity, normalized to a ''°Pd-enriched
sample of 100 mg irradiated for one hour in the CT of the TRIGA Mark II reactor, and
Monte Carlo simulations with different tools and cross section libraries. Monte Carlo
statistical uncertainties are lower than 5%.
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Figure 12: Activities of 1''Pd, ''™Pd and ' Ag, produced irradiating a 100 mg '°Pd-
enriched sample in the CT of the TRIGA Mark II reactor at full power. Activities are
plotted as a function of time after the beginning of the irradiation. A duty cycle of the
TRIGA Mark II reactor of 6 hours a day is assumed. Irradiation periods are highlighted in
grey. Calculations are performed using FISPACT-II with the TENDI-2019 cross section
library. Monte Carlo statistical uncertainties are lower than 5%.
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