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Measurement and modeling of the cross sections for the reaction 2°Th(*He,3r)>'U
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20U and its daughter nuclide ?*Th are promising therapeutic nuclides for application in targeted a therapy
of cancer. We investigated the feasibility of producing 2°U/?**Th via irradiation of 2*Th with 3He particles
according to the reaction 2*°Th(*He,3n)**°U. The experimental excitation function for this reaction is reported
here. Cross sections were measured by using thin targets of 2*°Th prepared by electrodeposition, and *°U yields
were analyzed by using o spectrometry. Beam intensities were obtained via monitor reactions on aluminum foils
by using high-resolution y spectrometry and International Atomic Energy Agency recommended cross sections.
Incident particle energies were calculated by using the SRIM-2003 code. The experimental cross sections for the
reaction 2°Th(*He,3n)**U are in good agreement with model calculations by the EMPIRE-3 code once breakup
and transfer reactions are properly considered in the incident channel. The obtained cross sections are too low to

allow for the production of 2*°U/??6Th in clinically relevant levels.
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I. INTRODUCTION

The o emitter 2*°U (T, = 20.2 d) and its daughter nuclide
22Th (T, = 31 min) are promising therapeutic nuclides for
application in targeted « therapy of cancer [1]. Both o emitters
decay through a rapid cascade of further o-emitting daughter
nuclides, generating a highly cytotoxic dose to targeted cancer
cells. To facilitate their widespread medical application, the
production of 2°U/?*Th in clinically relevant amounts is
a main prerequisite. In a series of investigations, we have
studied three accelerator-driven processes for the production
of 230U /?2Th, based on proton irradiation of >*Th and proton
or deuteron irradiation of 23'Pa [2-4]. These processes allow
the production of the therapeutic nuclides in carrier-free form
in clinically relevant levels.

Here, we report an alternative method for production of
230y /22Th, based on the irradiation of 2**Th with 3He ions.
The target material 2°Th is available from the decay chain of
natural uranium. Our survey of literature data did not yield
any relevant cross-sectional data on *He-induced reactions
on 2°Th. Consequently, to investigate the productivity of the
reaction 2°Th(®He,3n)*%U, we have measured the excitation
function of the reaction in the energy range of interest for
production of 2*°U. In addition to its relevance for radionuclide
production, the first measurement of the 20Th(3He,3n) reac-
tion is also important as a benchmark of the modeling of 3He-
induced nuclear reactions on heavy targets. Direct reactions are
important in the incident channel for weakly bound projectiles
(e.g., deuterons and 3He) [5], but experimental data are needed
to parametrize transfer and breakup reactions near and above
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the Coulomb barrier. Additionally, fission is the dominant com-
pound nucleus decay channel in studied reactions on actinides,
therefore, a proper description of obtained experimental data is
a consistency benchmark for fission-input parameters derived
from the study of neutron-induced fission of corresponding
233,232 compound nuclei.

II. EXPERIMENT

A. Sample preparation, irradiation conditions, and beam
energy monitoring

Solutions of nitric acid and hydrofluoric acid (HF) were
prepared from suprapur grade reagents (Merck). Water was
obtained from a Milli-Q water purification system. All other
chemicals were reagent grade and were used as received.

230Th was purified from its daughter products by using ex-
traction chromatography based on TEVA ion chromatography
resin (50-100 pwm, Eichrom Technologies, LLC) as described
in Ref. [6]. The resin was packed in a plastic column (Bio-Rad
Laboratories, Inc.), which made up a bed volume of 0.5 ml.
After conditioning the TEVA column with approximately 4-ml
of 4M HNOs3, 0.5 ml of the sample solution that contained
1.8 mg of 2*°Th in 4M HNO; was loaded onto the column.
The column was washed with 9-ml 4M HNO;3; to remove
decay products, followed by elution of *°Th by using 0.02M
HNO5;/0.02M HF solution. Approximately >97% of **°Th
was recovered in a 2-ml eluate. The eluate was used directly
for preparation of Th targets by electrodeposition based on the
method described by Talvitie [7]. For electrolytic deposition of
230Th, 8.9 ml of 1 M ammonium sulfate, adjusted to pH 2, was
transferred to an electrolysis cell made from Plexiglas and
15 wul of 0.02M HNO;3/0.02M HF solution, containing
8—15-ug 2°Th, and 10 ul of concentrated hydrofluoric
acid were added to the cell. Silver plates of 99.99% purity
with 0.1-mm thickness and 16-mm diameter were used as
cathode materials, and a platinum wire was used as an
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anode. Electrodeposition was carried out at a current of 1 A
(voltage varied from 9.3 to 11 V) for 3 h. Five minutes
before switching off the current, 1 ml of 10M sodium
hydroxide was added. The cell was dismantled, and then,
the silver disk was rinsed with water and ethanol and was
dried by warming on a hot plate. Under these conditions,
230Th deposition rates that exceeded 99.9% were obtained.
During electrodeposition, a hole mask of 9-mm diameter was
used to obtain thorium layers of defined geometry containing
8.5-14.6 ug of 22°Th. The homogeneity of the **Th layers was
assessed by autoradiography (molecular imager FX, Bio-Rad
Laboratories, Inc.) and was analyzed by using the QUANTITY
ONE software (Bio-Rad Laboratories, Inc.). Targets were used
for cross-sectional measurements if maximum variations in
the thickness of the 2*°Th layers across the circular area were
found to be less than 10%. Subsequently, the silver disks were
covered with aluminum foils (22.5-um thickness, 99.99%,
Alfa Aesar), which acted as catcher foils to avoid any losses
of activity by recoil processes.

Irradiations were performed at the cyclotron of the Institute
for Health and Consumer Protection of the European Com-
mission, Joint Research Centre in Ispra, Italy. *He irradiations
of thin 2°Th targets were performed at incident energies of
10.1-35.3 MeV by using currents of 0.94-2.4 uA for 254—
420 min. During irradiations, a beam collimator of 7-mm
diameter was used to focus the beam on the thorium layer
of 9-mm diameter, and the backside of the targets was cooled
with water. Aluminum foils of 22.5-um thickness (99.99%,
Alfa Aesar), used as monitor foils, were placed in front of the
targets during irradiation.

Beam energies extracted from the cyclotron were de-
termined from the beam-orbit position measurements. The
energies that entered the thorium target layers were calculated
by using the SRIM-2003 code [8], which took into account the
loss of *He particle energy in the cover and monitor foils. Beam
intensities were determined based on the 2’ Al(°He,x)**Na
monitor reaction by using International Atomic Energy
Agency (IAEA) updated recommended cross-sectional data
[9]. Decay data for 22Na were taken from Ref. [10].

B. Measurement of radioactivity

High-resolution y spectrometry of activated monitor foils
was performed by using a high-purity germanium detector
system. To increase accuracy and precision of the activity mea-
surements, several HPGe detectors, calibrated in energy and
efficiency in different geometries by using certified standard
radioactive sources (National Agency for New Technologies,
Energy and Sustainable Economic Development (ENEA),
Italy and Commissariat a I’énergie atomique et aux énergies
alternatives, Departament des Applications et de la Metrologie
des Rayonnements Ionisants (CEA-DAMRI) and Compagnie
pour I’Etude et la Réalisation de Combustibles Atomiques
(CERCA), France), were used to acquire different y-ray
spectra for each of the activated foils. Two y-ray spectrum
analysis software packages were used, the GAMMA VISION
acquisition system (Model A66-B32, Version 5.10, EG&G
ORTEC, USA) and GENIE 2000 (CANBERRA Industries,
Inc., USA). The activity measurement of 2°Th and 2°U
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FIG. 1. « spectrum of 2*Th after irradiation with *He particles at
29 MeV. The inset is magnified 500 times.

in individual thin foils was performed by « spectrometry
(Soloist, EG&G ORTEC). The efficiency of the o detector
was calibrated by using a mixed 2**Pu/?**! Am/>**Cm standard
(AMR43, Amersham). Counting times varied from 30 to 4210
min, which depended on sample activity.

Aluminum cover foils were removed from the silver target
foils that contained the 2*°Th/?*°U layer, and both foils were
measured by « spectrometry. The direct o spectrometric
measurement of the activated silver target foils resulted in o
spectra of low resolution and did not allow the determination
of the activities of 2*°Th and 23U due to spectral interferences.
Consequently, the activated layers were dissolved by stepwise
addition of 2 x 50 ul of 6 M hydrochloric acid with a yield
that ranged from 74% to 100%. An aliquot of the resulting
solution was added onto a new silver disk to prepare samples
for o spectrometry by evaporation. The residual silver target
foils were dried and were counted by « spectrometry. This
procedure led to o spectra of high resolution as illustrated
in Fig. 1, which shows typical o spectra obtained from a
230Th target irradiated with 3He particles of 29-MeV energy.
Decay data for the o emissions of 2°Th and its daughter
nuclides are taken from Ref. [11], and decay data for °U
and its daughter nuclides are taken from recent measurements
[12—15] (Table I). Analysis of the o spectra revealed spectral
interferences between the o emissions of 22U (E, = 5.818 and
5.888 MeV) and >'3Po (E, = 6.003 MeV) generated through
the decay of 2°Th as well as with >*Ra (E, = 5.607 and
5.716 MeV) generated from the decay of low levels of 2*'Pa
impurities contained in the 2**Th starting material. Therefore,
the activity of 2*°U was determined via analysis of the o
emission of its daughter nuclide 2'8Rn at 7.129 MeV after
radioactive equilibrium was reached.

C. Determination of cross sections and uncertainties

Cross sections were calculated by using the activation
equation based on beam current, target thickness, and reaction
product activity. There are several major contributions to
the overall uncertainty of the determined cross sections. The
uncertainty of the beam current measurement, which is given
by the uncertainty of the published cross sections used for the
calculation of the beam current (<10%), the uncertainty in the
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TABLE I. Principal o emissions (emission probability >0.1) of 2*°Th, 2*°U, and their a-particle-emitting daughter nuclides [11-15].

Nuclide Half-life Energy Emission Nuclide Half-life Energy Emission

MeV) probability (MeV) probability
20Th 7.54 x 10* years 4.688 0.763 By 20.2d 5.888 0.674

4.621 0.234 5.818 0.320
226Ra 1.60 x 10 years 4.784 0.940 26Th 30.7 min 6.337 0.754

4.601 0.060 6.234 0.229
22Rn 3.82d 5.490 0.999 222Ra 3365 6.559 0.969
218pg 3.10 min 6.003 1.000 218Rn 33.8 ms 7.129 0.999
2l4po 164 s 7.687 1.000 2l4po 164 s 7.687 1.000
20pg 138d 5.304 1.000

thickness of the monitoring foil (<2%), and the uncertainty
in the determination of the activity of 2’Na, include the
uncertainty of its decay data (<5%). Furthermore, the un-
certainty in the thickness of the irradiated >*°Th layer (<10%)
and in the determination of 23U activity (<5%) is included.
The uncertainty associated with dissolution of the 2*Th target
layer and preparation of new samples for o spectrometric
measurements is mainly related to the measurement of the
volume of the resulting solution (<2%) and possible losses of
activity during sample evaporation, which are considered to
be negligible. The overall uncertainty in the determination of
the 230U cross sections was, thus, <16.1%. The uncertainty
of the beam energy determined from the beam-orbit position
measurements corresponds to 0.2 MeV.

III. NUCLEAR-REACTION MODELING

Cross sections of the reactions, induced by *He projectiles
on 20Th targets in the energy range of 10-35 MeV, have
been calculated with the modular system EMPIRE-3.1 RIVOLI
[16-18], which uses updated nuclear-reaction models to
describe the direct, preequilibrium, and compound nucleus
emission mechanisms relevant to the studied energy range.
The optical model calculations of the direct cross sections
and particle transmission coefficients were performed with
the ECIS06 code [19] incorporated into the EMPIRE-3.1 system.
Breakup and transfer reaction cross sections were calculated by
using the phenomenological models given by Kalbach Walker
in Refs. [20,21]. Preequilibrium emission was taken into
account by the module PCROSS featuring a one-component
exciton model with y, nucleon, and cluster emissions. The
compound nucleus mechanism was described by the Hauser-
Feshbach statistical model, which includes decay probabilities
deduced in the optical model for fission [22-24] and accounts
for the multiple-particle emission and the full y cascade.

We have reported similar calculations for alternative pro-
duction routes of 2*°U/??°Th based on proton or deuteron
irradiation [2—4]. However, we faced new challenges in this
investigation mainly related to the required treatment of the
direct interaction mechanism in the incident channel. First, we
notice the absence in the Reference Input Parameter Library
(RIPL)-3 database [25] of an optical model potential (OMP)
that describes the interaction of *He projectiles with a >*°Th
target nucleus. Therefore, we selected the OMP RIPL8100 [26]
derived for *He projectile energies up to 40 MeV incident on

targets with Z < 82. The prediction power of this OMP and
of the other theoretical models involved was initially tested on
197 Au, 298Pb, and 2% Bi nuclei. The advantages of using these
lighter target nuclei are as follows: (i) fission contribution to the
reaction cross section is very small up to 40 MeV of incident
energy, so there is no uncertainty associated with fission barrier
parameters; (ii) 2n, 3n, and 4n outgoing reaction channels are
dominant in their corresponding energy ranges; (iii) exper-
imental data for (*He,2n), (*He,3n), and (*He,4n) reactions
are often available. Our calculated neutron-emission cross
sections overestimated the experimental data especially below
the Coulomb barrier. Such an overestimation was expected as
direct reaction processes are known to play a significant role in
the description of complex-projectile-induced reactions near
the Coulomb barrier as already observed for deuteron-induced
reactions in Ref. [5]. By including breakup and transfer
reactions in the incident channel, we achieved a reasonably
good description of all available experimental data. It should
be noted that the direct reaction parametrization of Kalbach
Walker [20,21] was modified below the Coulomb barrier to
make it compatible with the OMP-calculated direct reaction
cross section. The original parametrization was multiplied by
the following barrier penetrability factor:

f(E)= W(V%E)’

where V and D are parameters that define the barrier properties
and E is the 3He projectile energy. We used the following
parameter values: D = 1.6 and V =22 MeV. This modification
amounts to a proper consideration of the Coulomb barrier
penetrability in Kalbach Walker’s parametrization as found
for deuteron projectiles by Avrigeanu et al. [5].

Once the OMP RIPL8100 was selected and was tested, we
assumed its validity for the case of *He-induced reactions on
230Th. The particle transmission coefficients for the emerging
nucleon channels were calculated by using the dispersive
nucleon potential developed for actinides (RIPL 2408/5408
for neutrons and protons, respectively [27,28])]. The nuclear-
level densities calculated in the previous studies [2—4] with
the enhanced generalized superfluid model (EGSM) [17]
have been replaced with semimicroscopic combinatorial-level
densities (the Hartree-Fock-Bogoliubov method) [25], [29]
mainly because of the uncertainty in the EGSM related to the
poorly known discrete-level schemes of 2**23'U nuclei. The
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FIG. 2. Model calculations for the reaction 3He+2°Th that
shows the contribution to the reaction cross section of different
reaction mechanisms and the fission channel (solid line: reaction;
dotted line: breakup; dashed line: transfer; and dashed-dotted line:
fission).

fission barrier parameters used in the calculations have been
derived from the analysis of neutron-induced fission reactions
22U(n,f) and *3U(n,f) and have been slightly adjusted
within uncertainty limits. The level densities at the saddles
were calculated by using the EGSM but with parameters and
enhancement factors specific to the corresponding deforma-
tions of the nuclear shape. It should be mentioned that the
fission parameters used in the present calculations were very
close (and consistent within the estimated uncertainty) to those
used for the emissive fission chances in the previous studies
[2-4]. Additional required input parameters were retrieved
from the RIPL-3 database [25].

By using the nuclear models and parameters described
above, the calculations of all possible reactions have been
undertaken for 3He-induced reactions on 2*Th up to 36-MeV
3He incident energy. Further studies are necessary to find
general prescriptions to estimate breakup and transfer cross

TABLE II. Experimental cross sections for the reaction
20Th(*He,3n)*U.

Energy (MeV) Cross section (mb)
10.1 + 0.2 0

18.7 £ 0.2 0.32 + 0.05
19.0 £ 0.2 0.38 + 0.06
20.3 + 0.2 0.90 £+ 0.15
21.6 + 0.2 1.63 £ 0.26
22.1 £ 0.2 1.21 £ 0.20
23.8 £ 0.2 2.39 + 0.39
243 + 0.2 2.32 + 0.38
248 + 0.2 2.60 + 0.42
26.5 +£ 0.2 345 + 0.56
26.5 + 0.2 297 + 048
29.0 £ 0.2 3.32 + 0.54
319 £ 0.2 2.94 4+ 048
353 + 0.2 2.39 + 0.39
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FIG. 3. Experimentally determined cross sections for the reaction
20Th(3He,3n)**°U (squares) in comparison with model calculations
of neutron emission by using the EMPIRE-3 code (solid line).

sections on extended energy ranges beyond Kalbach Walker’s
parametrization.

The calculated cross sections associated with the relevant
reaction mechanisms and the fission cross sections are pre-
sented in Fig. 2. The contribution of the statistical preequi-
librium mechanism is negligible in the whole energy range
of interest. The direct mechanism is the largest contributor
to the reaction cross section, especially the nucleon transfer
cross section dominated by the pickup mechanism (*He,).
The compound nucleus decay is fully dominated by the
fission cross section in the whole energy range where the
corresponding neutron emission is much lower.

IV. RESULTS AND DISCUSSION

The experimentally determined cross sections for the
20Th(®He,3n)*°U reaction are summarized in Table IT and
are shown in Fig. 3. This excitation function is measured
here. The maximum of the 2*°Th(*He,3n)*°U excitation
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FIG. 4. Thick target yields of 2°U produced via the

230Th(*He,3n)>°U reaction calculated from the experimental exci-
tation function presented in this paper (squares). For comparison,
literature data on the thick target yields of U produced via
the reactions 23'Pa(p,2n)?*°U (triangles), 2*'Pa(d,3n)*U (crosses),
and 2*2Th(p,3n)***Pa(8~)*°U (28 days after end of bombardment,
circles) are shown [2—4].
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TABLE III. Comparison of the production routes for 2*°U and their yields.

Reaction Maximum cross section Thick target yield Reference
(mb) (MBquA~'h™")

20Th(*He,3n)*°U 345 £ 0.6 0.013 (35 MeV) This paper
(26.5 MeV)

BIPa(d,3n)*°U 27.8 £ 34 0.119 (20.0 — 11.0 MeV, oxide) [4]
(17.9 MeV)

Blpa(p,2n)>°U 332 £ 53 0.245 (24.0 — 10.5 MeV, oxide) [3]
(14.6 MeV)

B2Th(p,3n)*°Pa(8~)>U 353 £ 15 8.4* (33.5 MeV) [2]
(19.9 MeV)

aThick target yield of **Pa. The maximum activity of 2*°U is formed 4 weeks after the end of irradiation via B~ decay of **Pa and corresponds
to 2.82% of the activity of 23°Pa initially produced. The available amount of *°U corresponds, thus, to a yield of 0.24 MBquA~—' h™'.

function (3.4540.56 mb) was found at 26.5+0.2 MeV,
which is very close to the theoretically estimated Coulomb
barrier of 26 MeV. The measured and the calculated cross
sections for the 22°Th(*He,3n)>°U reaction are presented in
Fig. 3. The agreement is surprisingly good when considering
the assumptions and approximations explained in Sec. IIIL.
The theoretical calculations fully support the experimental
data, however, we should bear in mind that uncertainties
of the theoretical modeling are significant below 22 MeV,
especially uncertainties of the employed Kalbach Walker’s
parametrization of the breakup and transfer cross sections.

Based on the cross sections experimentally determined in
this paper, thick target yields for the production of U by
3He irradiation of 23Th were calculated (Fig. 4). The thick
target yield was found to be 0.013 MBq #A~! h™=! at 35 MeV.
As expected from the model calculations, the production yield
of the reaction studied in this paper is too low for production
purposes. Table III gives a summary of the nuclear reactions
reported so far for the production of 22°U. The processes, based
on proton irradiation of 23>Th or 2*'Pa, provide significantly
higher yields and are more favorable for large-scale routine
production.
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