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Abstract
HIGHLIGHTS

e The medical interest of terbium-155.

e Deuteron induced reactions on natural gadolinium up to 34 MeV.

Excitation functions measured with the stacked-foil technique.
e Comparison with the TALY'S code version 1.6.

e Th-155 achievable yield and radionuclide purity.

ABSTRACT

Several terbium isotopes are suited for diagnosis or therapy in nuclear
medicine. Th-155 is of interest for SPECT imaging and/or Auger therapy.
High radionuclide purity is mandatory for many applications in medicine.
The quantification of the activity of the produced contaminants is therefore as
important as that of the radionuclide of interest. The experiments performed
at the ARRONAX cyclotron (Nantes, France), using the deuteron beam
delivered up to 34 MeV, provide an additional measurement of the excitation
function of the Gd-nat(d,x)Th-155 reaction and of the produced terbium
and gadolinium contaminants. In this study, we investigate the achievable
yield for each radionuclide produced in natural gadolinium as a function of
the deuteron energy. Other reactions are discussed in order to define the
production route that could provide Th-155 with a high yield and a high
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radionuclide purity. This article aims to improve data for the Gd-nat(d,x)
reaction and to optimize the irradiation conditions required to produce Thb-
155.

Keywords: Terbium-155, gadolinium target, deuteron beam, stacked-foil
technique, TALYS 1.6

1. Introduction

Auger electrons have a great potential for therapy thanks to their high
linear energy transfer on a very short range in matter. The use of Auger
electrons to destroy cells has been proposed in 1975 (Feinendegen, 1975).
Feinendegen described the biological effects of Auger electrons: cell death,
DNA break, mutation. The effects are localized around the site where the
Auger electron is emitted. Indeed, Auger electrons have an energy from
few keV to several tens of keV, depending on the element, corresponding to
a stopping power in tissue from 1000 keV/um to 50 keV/um and a range
in water between few nanometers and several micrometers. Tb-155 is an
Auger electron and a conversion electron emitter. Th-155 emits gamma rays
suited for the Single Photon Emission Computed Tomography (SPECT). In
2012, results have been published (Miiller et al., 2012) on the good tumor
visualization using Tbh-155 in SPECT, as well as with Th-152 in PET.

Recently, there is a growing interest in the terbium element for medi-
cal applications. It has been called the ”Swiss knife” of nuclear medicine
(Miiller et al., 2012) because Th-152 is of interest for Positron Emission
Tomography (PET), Tb-155 for Single Photon Emission Computed Tomog-
raphy (SPECT), Th-149 and Tbh-161 can respectively be used for alpha and
beta- radionuclide targeted therapy. The therapeutic effectiveness of Th-149
and Th-161 has been shown (Miiller et al., 2012) and a study has concluded
that terbium isotopes are suited for both therapy and diagnosis (Chopra,
2012).

Nowadays, Th-155 is available using 1.4 GeV protons on a tantalum tar-
get followed by a mass separation process at ISOLDE (CERN) that allows
to start medical researches. However, this type of facility is too complex
and too expensive, in comparison with conventional radionuclide production
methods, to be used for industrial development. Direct production routes
have to be investigated using low energy particles.



Gd-152 Gd-154 Gd-155 Gd-156 Gd-157 Gd-158 Gd-160
02% 22% 148% 205% 15.7% 248 % 21.8%

Table 1: isotopic composition of the gadolinium foils provided by the Good Fellow com-
pany.

In this work, Th-155 has been selected in the frame of the production
study of Auger electron emitters with the ARRONAX cyclotron.

With natural gadolinium targets, the production of Th-155 is possible
using proton, deuteron or « particle as projectile. We focused our study on
new production cross section data measurements using deuteron as projectile.
Our data are compared with the experimental results of Tarkanyi et al.
published in 2014, those of Szelecsényi et al., published in 2016, and with
the values of the TALYS 1.6 code. The production yield of each radionuclide
formed in the Gd-nat target has been calculated. The radionuclide purity is
discussed and compared with other production routes, in order to determine
the most appropriates one for Th-155 production.

Moreover, our new data and nuclear data in general, are of interest to
improve the databases and the theoretical models. They are also useful for
material activation calculations and for some industries. We can cite, in par-
ticular, the local activation method that finds application in the automotive
sector for the measurement of nanometric to micrometric wear and corrosion

(Conlon, 1974, IAEA, 1997).

2. Materials and methods

2.1. Experimental set-up

The cross section measurements are performed at the ARRONAX cy-
clotron using the stacked-foil method (Blessing et al., 1995, Duchemin, 2015),
which consists in the irradiation of a set of thin foils, grouped as patterns.
Each pattern contains a target to produce the investigated radionuclide, a
monitor foil to have information on the beam flux through a reference reaction
recommended by the International Atomic Energy Agency and a degrader
foil to change the incident beam energy for the irradiation of the next pattern
with a lower energy. In this work, terbium and gadolinium isotopes are pro-
duced in natural abundance gadolinium foils, provided by the Good Fellow
company, with a chemical purity of 99 %. The isotopic composition of the
Gd-nat target is reported in table 1.



Each foil has been weighed before irradiation using an accurate scale (+
10 =5 g) and scanned to precisely determine its area. From these values and
assuming that the foil is homogeneous over the whole surface, the thickness is
deduced. 25 pum thick gadolinium target foils, 10 pum titanium monitor foils
with 99.6 % chemical purity were used in this work. 100, 500 and 900 pm
thick aluminium degrader foils were used to change the energy beam through
the stacks.

The ARRONAX cyclotron delivers deuteron beams up to 34 MeV (Had-
dad et al., 2008). The deuteron beam energy uncertainty is + 0.25 MeV,
as determined from simulations by the cyclotron provider. The beam line
is closed using a 75 pm thick kapton foil that makes a barrier between the
air in the vault and the vacuum in the line. The stacks were located about
7 cm downstream in air. The energy through each thin foil was determined
in the middle of the thickness of the foil using the SRIM software (Ziegler
et al., 2010). Energy losses in the kapton foil and in the air were taken into
account. All along the stack, depending on the number of foils, the energy
uncertainty calculated using the SRIM software increases up to 0.9 MeV due
to spatial and energy straggling and the initial energy beam spread. Several
stacks were irradiated with different incident energies in order to minimize
the energy spread and to cover the energy range from 33.3 MeV down to 10.5
MeV (see table 2). A typical irradiation was carried out with a mean beam
intensity of 110 nA during 30 minutes.

For each irradiation, an instrumented beam stop was used to control the
beam current stability. However, it was not used as a Faraday cup since it
is not equipped with an electron suppression device.

For all the experiments, the recommended cross section values of the
Ti-nat(d,x)V-48 reaction (Tarkényi et al., 2001) were used to measure the
particle flux. There is a drawback in using a relative calculation, regarding
the possible change in the recommended values when new more accurate
measurements are available. The same problem exists for decay constants,
~ emission branching ratios, etc, used to calculate the cross sections. Being
aware of this problem, we decided to mention the mean energy crossed by
each monitor foil, for which our data have been obtained (see table 3). If the
recommended values change (Térkanyi, F. et al., 2001) in the coming years,
the cross section data can be modified accordingly.
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The activity measurements in each foil were performed using a high purity
germanium detector from Canberra (France) with low background lead and
copper shielding, checked by a quality control once a week. Gamma spectra
were recorded in a suitable geometry calibrated in energy and efficiency with
standard Co-57,60 and Eu-152 gamma sources from LEA-CERCA (France).
The full widths at half maximum were 1.04 keV at 122 keV (Co-57 v ray) and
1.97 keV at 1332 keV (Co-60 ~ ray). The samples were placed at a height of
19 cm from the detector in order to reduce the dead time and the occurrence
of sum peaks. The dead time during the counting was always kept below 10

%.

2.2. Data processing

All the activity values of the radionuclides produced in the foils were
calculated from the ~ spectra and the nuclear decay data (QCALC, 1995,
Kinsey et al., 1996, Ekstrom and Firestone, 2004) given in table 5. The
spectra were analyzed, using the Fitzpeaks spectroscopy software (FitzPeaks
Gamma Analysis and Calibration Software version 3.66). The first activity
measurements were performed, for each foil, for one hour the day after the
irradiation with a cooling time of about 14 hours. The second ones were
performed later, with a counting time from a minimum of 24 hours and up to
60 hours. The gadolinium targets have been measured a third time one month
and a half after the EOB, in order to reduce the uncertainty on the activity of
Th-160 and Gd-153. In addition, these measurements have permitted to get
the cumulative activity of Gd-153, obtained after the complete decay of Th-
153, and to confirm the Th-155 activity values obtained with the two other
measurements. It has also led to the measurement of the cumulative activity
of Tb-156g(m1+,m2+). The monitor foils have been measured three weeks
after the end of beam (EOB), waiting for the complete decay of scandium-48.
Indeed, Sc-48 (T4, = 43.67 (9) hours) has common gamma lines with the
radionuclide of reference, vanadium-48 (Ty,,= 15.9735 (25) days). Nuclear
data associated to V-48 are summarized in table 4.

Radionuclide T/, (days) E, (keV) L, (%)
V48 15.9735 (25) 944.130 7.870 (7)
083.525  99.98 (4)

1312106 98.2 (3)

Table 4: vanadium-48 half-life and main v rays (Kinsey et al., 1996).



Knowing the precise thickness of the foil and the total activity of the
isotopes formed in the target, their production cross sections are calculated
using the activation formula (1) with the appropriate projectile flux.

B Act(E) - A
O(E)_X.¢.NG.M.(1_€—At) (1)

In equation (1), the production cross section o (E) (mb) of a radionuclide
depends on its activity corrected to the EOB - Act(E) (Bq). The activity
is deduced from a recorded gamma spectrum and the net peak area of the
associated radionuclide gamma emission, from the detector efficiency, from
the live time and real time of the measurement, the gamma emission prob-
ability and the radionuclide half-life. Moreover, for a given target material,
the activation formula depends on its decay constant A (s™') and its atomic
mass A (g.mol™!). Tt also depends on the target areal density M (g.cm™?),
its chemical purity and/or isotopic abundance x (only the chemical purity
in the case of a natural target), the Avogadro constant (N,), the irradiation
duration ¢ (s) and the projectile flux ¢ (particle.s™!). This last parameter is
usually obtained from the beam current measurement.

In our experiment, each target thin foil received the same flux as the
monitor foil placed behind it. The beam energy impinging each foils is slightly
different, with E for the target and E’ for the monitor. It is possible to
define a relative equation (2), in which the knowledge of the beam current
is no longer necessary. In this equation, the prime parameters are associated
to the production of V-48 in the titanium foils, used as isotope of reference
with a recommended cross section. The other ones relate to the radionuclide
produced in the gadolinium target.

X - Act(E)-A- M- (1 — et )
X Act!(E') - A" - M- (1 —e M)
The cross section uncertainty is estimated with a propagation error cal-

culation. Since all the parameters of equation (2) are independent, the total
error is expressed as a quadratic sum (see equation (3)).

o(E)=d(E"

s () () Caesy) - () ()



The main error sources come from the recommended cross section values,
the activity values of each produced radionuclide and the foil thickness. Since
no uncertainty is given for the recommended cross section values, we have
decided to use the uncertainty of the nearest experimental value used by the
IAEA to perform the adjustment. It leads to an uncertainty of 11.4 % in
average. The uncertainty on the activity of a radionuclide produced in the
gadolinium targets depends on different parameters such as the uncertainty
on the gamma line branching ratio, the radionuclide half-life (see table 5),
the detector efficiency, the dead time. These uncertainties are, in average,
of 3.4 % for the Th-155 activity and 2.9 % for the V-48 activity. Around 1
% of uncertainty is calculated for the areal density. The contribution of the
uncertainty on the irradiation time is not significant and has been neglected.

2.3. The comparison with the TALYS 1.6 code

In this work, all the experimental cross section values are compared
with the TALYS code version 1.6 released in December, 2013 (Koning and
Rochman, 2012). TALYS is a nuclear reaction program to simulate reaction
induced by light particles on nuclei heavier than carbon. It incorporates
theoretical models to predict observables including theoretical cross section
values as a function of the incident particle energy (from 1 keV to 1 GeV). A
combination of models that better describes the whole set of available data
for all projectiles, targets and incident energies have been defined by the
authors and put as default in the code. In this way, a calculation can be
performed with minimum information in the input file: the type of projectile
and its incident energy, the target type and its mass. The results are plotted
as TALYS 1.6 default in figure 1. Since there are some differences between
experimental data and the results of the TALY'S code using default models,
we have performed the calculations using a combination of models (models
already included in the TALYS code) that better describes the production
cross sections, for a variety of projectiles, incident energies and target masses.

The description of the optical, preequilibrium and level density models
has been found to have a great influence on the calculated production cross
section values. Better results are, in general, obtained (Duchemin, 2015) for
deuterons used as projectile with the optical model described by Han et al.
(Han et al., 2006), a preequilibrium model based on the exciton model in-
cluding numerical transition rates with optical model for collision probability
(Gadioli and Hodgson, 1992) and a model for the microscopic level density
from Hilaire’s combinatorial tables (Goriely, Hilaire and Koning, 2008). The
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results of this combination of models are referenced in the following figures
as TALYS 1.6 Adj. It has to be noticed that the same previously cited mod-
els for preequilibrium emission and level density give better agreement for
proton and alpha particle as projectile.

3. Results

3.1. The Tb-155 production cross section

Tb-155 has a half-life of 5.32 (6) days. It decays by Electron Capture (EC)
process to Gd-155 (stable) by emitting Auger electrons (4.84 keV and 34.9
keV), conversion electrons (from 2 keV to 130 keV) and nine main gamma
rays (from 86 keV to 367 keV). The gamma lines used to determine the
Th-155 activity in the v spectra are listed in table 5.

Our experimental production cross section points are plotted as full circle
in figure 1, compared with the work of Tarkanyi et al., 2014 and Szelecsényi
et al., 2016, and with the results of the TALYS 1.6 code.

ESOC LA e B B B s e B B B B e B B B B B | T T T T
5 as0 | Gd-nat(d,x)Th-155
é o 2014 Tarkanyi+
e 400 F 2016, Szelecsényi+ ] ]
g 350 [ e This work " S I Sy N ]
@) - —TALYS 1.6 Default % “he %
300 [ ---TALYS 1.6 Adj. R %
250 |
200 [
150 |
100 |
50 C /@
; g
0 R R N ) T T T T T I T T T N AT T AT T S Y [T N T YT AT T SN N S N
0 5 10 15 20 25 30 35 40 45 5

Incident deuteron energy (MeV

Figure 1: experimental cross section of Gd-nat(d,x)Th-155



Our experimental values, obtained in the energy range from 10.5 to 33.3
MeV, show different bumps in agreement with the reaction routes leading
to the Tb-155 production: Gd-155(d,2n) with Eiprespoq = 3.88 MeV, Gd-
156((].,311) (Ethreshold = 12.52 MGV) and Gd—157<d,411) (Ethreshold = 18.96
MeV). Our new excitation function shows a maximum around 320 mb at
25 MeV. Our data are in agreement with those published by Tarkanyi et
al in 2014 up to 18 MeV. From 18 MeV to 25 MeV, the literature data
show some fluctuations. Above 25 MeV, our values are lower than those of
Tarkanyi et al. but still agree with each other within their error bars. The
values of Szelecsényi et al., 2016, measured from 4 to 21 MeV, show the same
trend as our points with higher values but also in agreement within their er-
ror bars. The TALYS code results using default models give a first maximum
at 23 MeV, in disagreement with the experimental one, which is close to 25
MeV. With TALYS 1.6 Adj. this maximum is well reproduced at 25 MeV.
However, the amplitudes of the cross section given by both combination of
models differ from the experimental ones.

3.2. The Tb-155 contaminants production cross sections

New production cross section values have been determined for Th-151,
Th-152, Th-153, Th-154m, Th-156g, Th-160, Gd-153 and Gd-159 also pro-
duced in the natural gadolinium target during the irradiations. Their phys-
ical characteristics are listed in table 5 and the production cross sections
values are presented in table 6 and in figures 2 to 10. Our new production
cross section results are, in general, in good agreement with the values pub-
lished by Tarkanyi et al., 2014, and Szelecsényi et al., 2016. The TALYS
code shows some disagreements excepted for Th-153, Th-156g and Th-160,
for which the TALYS 1.6 Adj values give an overall good agreement with the
experimental points.
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3.3. The Tb-155 and contaminants Thick Target production Yields (TTY)

Using the cross section values as a function of the energy o(E) obtained
either in this work or in databases, we have calculated the associated Thick
Target production Yields in MBq for one hour of irradiation and 1 pAe, also
called 1h-1uA yield. The values are obtained as a function of the projectile
energy, using the following expression:

Na- B Emax olE
TTY = g.x.~E(1—e) / g (4)

In relation (4), ¢ is the number of particles per second delivered in one
pAe. The irradiation time, ¢, is set at one hour. x corresponds to the chemical
purity and/or isotopic abundance of the target (only the chemical purity in
the case of a natural target), p is the target density (g.cm™3) and N, is the
Avogadro constant. % is the linear energy transfer of the projectile in the
target material (MeV.cm™!). In a thick target, the incident particle energy
decreases with the penetration depth. FE,,,, corresponds to the incoming
projectile energy, whereas F,,;, corresponds to the outgoing projectile energy.

The production yields are presented in figure 11 for the Gd and Tb ra-
dionuclides measured in this work.

The Th-155 1h-1pA yield (see figure 11) reaches 39.9 MBq at 33.3 MeV.
This activity could be obtained using a natural gadolinium target of 1.8
mm thick, which allows to produce Th-155 from 33.3 MeV down to the Gd-
155(d,2n) reaction energy threshold (4.9 MeV).

Two gadolinium isotopes have been detected and quantified from our ex-
periments (see figure 11). In the frame of Th-155 production, these elements
could be eliminated from the sample by chemical separation.

Tb-151, Th-152 and Tbh-154 have pretty short half-live as compared to
Th-155 and the target can be left for decay or partial decay to reduce their
contribution. Tb-153 with a half-life of 2.34 days will remain in part in the
final product. It is also the case for Th-160, with a long half-life of 72.3 days,
but produced in lower quantities than Tb-155 (70 times less). Although Th-
157 (T1/2 =71 (7) y) and Tbh-158 (T, /2 = 180 (11) y) have not been measured,
their production have to be considered. All these remaining contaminants
will decrease the radionuclide purity of the sample.

Moreover, Th-155 and Th-156g (also a decay product of its metastable
states Th-156m1,m2) have close half-live and similar production yield values.
In the context of medical applications, the presence of Th-156g in the Th-155

20



E /C\ 1,0E+O3 E T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T L
2 o E 3
=8 1,0E+02 © ]
ES-Raaial
& 5 10E+01 ¢
— %5 E 3
- = 10E+00 k
L o F ]
> 10E-01 F
& S : ]
*g E 1,0E-02 = E
3 : ]
S EE 1,0E-03 F
- O F ]
S0 1,0E-04 E
s >3 : Th-154m1 3
i 1,0E-05 —Tb-154m2 3
=) i - - Th-156g ]
~  10E-06 ——Tb-160
1007 Gotse
1,0E-08 I S S S S ST S S S S S R

0 5 10 15 20 25 30 35

Incident deuteron energy (MeV)

Figure 11: production yields calculated for 1 pAe and 1 hour of irradiation, from our
experimental cross section values obtained for the Gd-nat(d,x) reaction.

drug will highly increase the dose received by the patient and staff, due to
the high energy emissions. Indeed, Th-156g emits several v rays during its
decay to Gd-156 (stable), with energies higher than 1.8 MeV and branching
ratios higher than 1 %.

The production of all the terbium contaminants measured in this work
decreases the radionuclide purity from 23.1 % at 15 MeV down to 9.7 % at
33.3 MeV.

With Gd-nat, the Th-155 production could be assessed with the purity re-
quired for medical applications only using a mass separation device (Augusto
et al., 2014) to avoid all the contaminants previously discussed. However,
this is not yet available at an industrial level due to financial reasons.
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3.4. The comparison between different Th-155 production routes using Gd-
nat as target material

The figure 12 shows Th-155 1h-1uA yield values as a function of the
incident particle energy calculated from production cross section values pub-
lished for Gd-nat(a,x) (Gayoso et al. 1996), Gd-nat(p,x) (Vermeulen et al.,
2012) and Gd-nat(d,x) (Térkdnyi et al., 2014 and Szelecsényi et al., 2016)
reactions. These values are compared with the ones obtained from our cross
section measurements with deuterons (This work).
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Figure 12: Tb-155 production yield comparison between proton, deuteron and « particle
as projectile on Gd-nat.

In the case of deuteron as projectile, the production yield obtained from
our data has a similar behavior than that obtained with the values published
by Téarkéanyi et al., 2014 and Szelecsényi et al., 2016 but are lower (up to
16 %). The observation of a same trend with lower values has been already
highlighted with the cross section values (results shown in part. 3.1). With 30
MeV protons as projectiles, the production yield calculated from Vermeulen
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et al. experimental cross section values (Vermeulen et al., 2012) is 29 % higher
in comparison with the results of this work using 30 MeV deuterons. At 50
MeV, the use of proton or deuteron as projectile leads to close production
yield values. Finally, the results plotted in figure 12 show that the lowest
production yield values are obtained for « particles as projectiles on Gd-
nat. In addition, the number of accelerators able to deliver high energy «
particles (higher than 50 MeV) are limited. This last production route seems
not suited for Th-155 routine production.

The highest activities are obtained with proton as projectile up to 45
MeV but the values are close to those calculated with deuteron as projectile.
In this later case, the main advantage is related to the lower amount of target
material required to produce the same amount of activity. However, the main
drawback is associated to the limited number of accelerators delivering high
energy deuteron beams.

The choice of the isotopic composition of the target and of appropriate
irradiation conditions have to be set to produce high activities of Th-155
and to avoid/limit the presence of terbium contaminants, in order to get a
high specific activity of the final product. Based on studies with protons or
deuterons, we have identified Gd-155 and Gd-154, respectively, as two target
isotopes allowing to limit the production of contaminants. These two isotopes
have the advantage to avoid the production of the Th-156g(m1+,m2+) and
of the long half-live Th-157, Th-158 and Tb-160 radionuclides. Another
possibility is to produce Tbh-155 indirectly through Dy-155 decay.

In the last part of this article, we discuss these different production routes
based on commercially available enriched Gd material and we compare them
to the Th-159(p,xn) indirect production route (Steyn et al., 2014, Engle et
al., 2015).

3.5. The direct Tbh-155 production with enriched Gd

3.5.1. The use of Gd-154 enriched target and deuterons

Th-155 is produced by the Gd-154(d,n) reaction without energy thresh-
old and Tb-154 is produced above 6.6 MeV by the Gd-154(d,2n) reaction.
Although Tb-156 can be produced on Gd-154 from the Gd-154(d,y) reac-
tion, the associated production cross section is really low. Tb-155 can be
produced without contaminants using deuterons below 6.6 MeV. An exper-
imental study of the Th-154 production from the Gd-154(d,2n) reaction is
necessary to know if the Th-155 production energy range can be enlarged.
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Unfortunately, Gd-154 atoms are in Gd-nat in a proportion of only 2.2 %
(see table 1) leading to an expensive enriched target material. The Trace
Sciences International Corporation (Trace Sciences, 2016) company provides
Gd-154 in an oxide form with an enrichment rate between 64 and 67 %. All
these preliminary information lead to the conclusion that Th-155 could not
be produced in large scale from the Gd-154(d,n) reaction with the purity
required for medical applications and with a reasonable cost.

3.5.2. The use of Gd-155 enriched target and protons

The Trace Sciences International Corporation company offers Gd-155 in
an oxide or chloride form with an enrichment between 90 and 94 %, which
is much higher than that of Gd-154 previously discussed. In addition, the
material cost will be lower than for Gd-154 as Gd-155 represents 14.8 % of the
atoms in natural gadolinium. Th-155 can be produced using protons and Gd-
155 through the Gd-155(p,n) reaction (the energy threshold is 1.6 MeV). The
production of Th-156 from the Gd-155(p,y) reaction is negligible (small cross
section). Above 10.8 MeV, the Gd-155(p,2n) reaction takes place, producing
Th-154. Tb-155 can then be produced with a limited amount of contaminants
using a Gd-155 target and protons with incident energies below 10.8 MeV.
This energy is adapted to cyclotrons currently producing fluorine-18. An
experimental production cross section study is necessary to determine the
amount of Th-154 than will be produced if an energy higher than 10.8 MeV
is used, and then defined an acceptable limit. An article published in 2012
by Vermeulen et al. shows model calculations, which estimate the Th-155
production rate from the Gd-155(p,n) reaction. With 11 MeV protons, Tb-
155 could be produced with a high radionuclide purity and a production yield
of 5.6 MBq/uAh. From this article (Vermeulen et al., 2012) and based on
the Gd-155 enrichment rate and activities that could be assessed, the Gd-
155(p,n) reaction is economically viable for large scale Th-155 production
from gadolinium.

3.6. The indirect Tb-155 production with Tb-159

Th-155 can be directly and indirectly obtained from Th-159(p,x) reac-
tions (Steyn et al., 2014, Engle et al., 2015). Steyn et al., 2014, suggests the
use of Th-159 targets and high energy protons (higher than 50 MeV) to pro-
duce Tb-155 for medical applications. In this case, the reaction Tb-159(p,5n)
produces dysprosium-155 (Ty/2 = 9.9 (2) hours) that entirely decays to Th-
155.  Accelerators such as the ARRONAX cyclotron are now available to
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allow such reaction for commercial production. Two chemical separations
are needed: a first one to separate Dy from the target and a second one for
the separation of Th-155 from the Dy isotopes. The experimental results
presented in Steyn et al. study show that this production route can led to
Tb-155 yields between 40 GBq (1 Ci) and 116 GBq (3 Ci), based on realistic
irradiation conditions (proton energy range from 50 MeV to 70 MeV). How-
ever, Dy-157 (T;/,=8.14 (4) h) will be co-produced and it decays to Th-157
with a long half-life of 71 (7) y. Steyn et al. 2014 study shows that a high
radionuclide purity can be assessed for Th-155 production: 99.9 % with 60
MeV protons beam and 88 % with 70 MeV. This production route has the
economic advantage to use natural Tb as target but requires accelerators
that deliver high energy proton beams.

4. Conclusion

Terbium is an element of great interest for nuclear medicine. Tb-149
and Tb-161 have shown their therapeutic efficacy. Th-152 and Th-155 have
permitted tumor visualization using PET and SPECT, respectively. In the
frame of our study, Th-155 has been selected as a potential Auger emitter
for therapy thanks to the Auger electrons emitted during its decay to Gd-
155. In order to obtain information on the achievable Th-155 yield with the
Gd-nat(d,x) production route, production cross section measurements have
been performed at the ARRONAX cyclotron. Our new data are in agreement
with the ones published in 2014 by Tarkanyi et al. and in 2016 by Szelecsényi
et al. Thick Target production Yields have been calculated from our data
and compared with the proton and alpha particle induced productions using
cross section data available in the literature. Both protons and deuterons
show close production rate values. The Gd-nat(a,x) reaction gives the lower
production yield values and is not suited for large scale Th-155 production.
The use of Gd-nat leads to the production of contaminants and specially of
a huge amount of Th-156g that has the same half-life as Th-155. In order to
limit the contaminants several options are possible: one is to keep a Gd-nat
target and to add a mass separation step to get pure Th-155. This is not yet
technically available at an industrial level for radionuclide production. An
alternative is to use enriched material. Gd-154 and Gd-155 target can be
used. Gd-155 irradiated by low energy protons seems the most appropriate
choice for Th-155 production. Finally, with the commercial availability of
high energy and high intensity cyclotron, the indirect production through
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Th-149(p,5n)Dy-155 must be considered.
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Radionuclide Ti/o E,(keV) L, (%) Contributing reactions  Q value (MeV)
Th-151  17.609 (1) b 108.088  24.3 (9) Gd-152(d,3n) 14.16
251.863 26.3 (9) Gd-154(d,5n) -29.30
Th-152 175 (1) h  344.2785 65 Gd-152(d,2n) -7.00
Gd-154(d,4n) -22.14
Gd-155(d,5n) _98.57
Thb-153 934 (1) d  102.2564 6.4 (4) Gd-152(d,n) 1.67
109.7601  6.76 (25) Gd-154(d,3n) -13.47
141.914  1.073 (19) Gd-155(d,4n) -19.91
1704511 6.3 (3) Gd-156(d,5n) -98.44
210.1945  1.36 (12)
212.004  31.0 (16)
249.546  2.33 (6)
835.48  1.04 (3)
Th-154g 915 (4) b 704.9 18 (3) Gd-154(d,2n) 6.56
1291.326 6.9 (4) Gd-155(d,3n) -12.99
13249 1.17 (9) Gd-156(d,4n) 21.53
141449  1.92 (15) Gd-157(d,5n) -27.89
Tb-154ml 04 (4)h 41585  2.11 (14) Gd-154(d,2n) 76.66
540.18 20 Gd-155(d,3n) -13.09
1152.42 2.2 (3) Gd-156(d,4n) 21.63
1288.39  1.39 (12) Gd-157(d,5n) -27.99
1965.03  1.94 (14)
Th-15dm2 227 (5) b 171.99 4.6 (4) Gd-154(d,2n) 6.76
225.94 26.8 (21) Gd-155(d,3n) -13.19
265.83 3.9 (4) Gd-156(d,4n) 21.73
267.5 3.9 (4) Gd-157(d,5n) -28.09
30475  1.42 (4)
426.78 17
47918 3.8 (4)
565.33  2.50 (24)
888.8  1.40 (21)
992.92  16.2 (14)
Tb-155 532 (6)d  143.65  2.643 (23) Gd-154(d.n) 2.61
180.103  7.45 (15) Gd-155(d,2n) -3.83
340.69 1.182 (23) Gd-156(d,3n) -12.36
Gd-157(d,4n) 18.72
Gd-158(d,5n) -26.66

Table 5: produced terbium and gadolinium radionuclides physical characteristics and Q-
value (QCALC, 1995, Kinsey et al., 1996, Ekstrom and Firestone, 2004). Tb-154m1 and
Tbh-154m2 @Q values have been obtained from the TALYS code.
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Radionuclide Ty/o E, (keV) L,(%) Contributing reactions  Q value (MeV)
Th-156g 5.35 (6) d 199.2132  40.9 (2.2) Gd-155(d,n) 3.09
262.579 5.8 (3) Gd-156(d,2n) -5.45
206.526  4.46 (3) Gd-157(d,3n) 11.81
356.426  13.61 (7) Gd-158(d,4n) -19.75
42238  7.95 (4)
534.318  66.6 (3)
78023 2.347 (15)
926.26  3.41 (3)
949.08 1.609 (15)
959.86  1.962 (19)
1037.76  1.045 (12)
1065.15  10.77 (5)
1067.19  2.812 (25)
1154.19  10.37 (5)
1159.04  7.25 (3)
1222.36 31.00 (12)
1266.36  1.073 (12)
1334.46  2.539 (19)
142144 12.23 (5)
Th-160 723 (2)d  197.0352  5.18 (3) Gd-160(d,2n) 311
215.646  4.018 (15)
208.58  26.13 (18)
392.514  1.336 (9)
765.28  2.140 (12)
879.383  30.10 (6)
962.317  9.81 (9)
966.171  25.10 (12)
1002.88  1.038 (6)
1115.12  1.565 (15)
1177.962  14.87 (6)
1199.89  2.384 (12)
1271.88  7.444 (21)
Gd-153 2404 (10)d  97.431 29 Gd-152(d,p) 4.02
103.18  21.11 (23)  Gd-154(d,2n+p) 1112
Gd-155(d,3n+p) -17.55
Gd-156(d,4n+p) -26.09
Gd-157(d,5n+p) -32.45
Gd150 18479 ()b 36355 114 (6) Gd-158(d,p) 372
Gd-160(d,2n+p) -9.68

Table 5 (continued): produced terbium and gadolinium radionuclides physical
characteristics and Q-value (QCALC, 1995, Kinsey et al., 1996, Ekstrom and Firestone,

2004).
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