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Background: Actinium-225 is of interest for medical isotope production and there is on-going research into
methods of producing 225Ac, either directly or via the decay of its parent isotopes (229Th, 229Pa, and 225Ra). One
method that has been suggested is the 230Th(p, 2n) 229Pa reaction. However, there is no available cross-section
data for this reaction in the literature.
Purpose: Measure the 230Th(p, 2n) and 230Th(p, 3n) reaction cross sections in the energy range where the (p, 2n)
reaction is predicted to peak to determine the feasibility of 225Ac production via the 230Th(p, 2n) reaction.
Methods: Targets naturally enriched in 230Th were irradiated at the Center for Accelerator Mass Spectrometry
at Lawrence Livermore National Laboratory with energies ranging from 14.1 to 16.9 MeV. Chemical processing
was used to separate the protactinium activation products, followed by γ -ray spectroscopy to measure the
activities of 228,229,230,232Pa produced in the irradiation.
Results: Excitation functions are reported for the first time in the literature for the 230Th(p, 2n) and 230Th(p, 3n)
reactions in this energy range. The peak measured value of the 230Th(p, 2n) reaction was found to be 182 ±
12 mb at 14.4 ± 0.1 MeV. The 232Th(p, n) 232Pa reaction was used to verify the experimental conditions, the
measured values are reported and are comparable to the existing literature values. From the γ -ray spectrometry
data, the half-life of 229Pa was measured as 1.5 ± 0.1 days, which is within the error of the half-life reported
in the evaluated nuclear data as well as in the recent measurements, and the half-life of 228Pa was measured as
19.5 ± 0.4 hours.
Conclusions: The 230Th(p, 2n) 229Pa reaction could reasonably be used for 225Ac isotope production, although
significant amounts of relatively isotopically pure 230Th would be needed for significant production because the
low alpha-decay branching ratio of 229Pa and long half-life of 229Th inhibit the in-growth of significant amounts
of 225Ac.

DOI: 10.1103/PhysRevC.103.034610

I. INTRODUCTION

Actinium-225 shows enormous potential for use in targeted
alpha therapy (TAT) for cancer treatment [1]. Clinical trials
have been done on the use of 225Ac to treat leukemia [2]; it
has shown efficacy in the treatment of prostate cancer [3], and
ovarian cancer treatment has been investigated with animal
studies [4]. The 213Bi daughter of 225Ac has also been studied
for use as a TAT agent [5–7] and used successfully in the
treatment of patients with neuroendocrine tumors [8].

Currently, 225Ac for clinical trials is obtained from the
decay of 229Th (Fig. 1), a long-lived daughter of 233U, a
fissile isotope produced in nuclear programs for weapons and
reactors [9–11]. However, the current supply is not sufficient
to allow for extensive use, or even trials, of 225Ac [9,10].
Due to a combination of scientific and regulatory constraints,
it is impractical to produce 233U in sufficient quantities to
meet the current demands for 225Ac [9]. Therefore, research
is being done on alternative methods of 225Ac production to
meet current and future demands.

*kmak1@llnl.gov

Production of 225Ac and its parent 229Th via reactions on
230Th, particularly the (n, 2n), (γ , n), (p, 2n), and (p, 2p)
reactions, has been considered [11,12]. However, there is lim-
ited nuclear data available on 230Th reaction cross sections.
While the neutron-induced fission of 230Th has been well
studied [13–15] and studies have used proton bombardment
on 230Th to probe the nuclear structure of 229Pa [16,17] and
227Ac [18], there is no 230Th(p, xn) reaction cross-section data
available in the literature. The goal of this work is to present
data on measurements of the 230Th(p, 2n) 229Pa reaction cross
section to gauge the feasibility of using this reaction for
225Ac production via the decay of 229Pa (Fig. 1). Because the
230Th(p, 2n) reaction has been predicted to peak around 14
to 15 MeV [17,19], this study will focus on measuring the
cross section between 14 and 17 MeV. A limited portion of the
excitation function of the 230Th(p, 3n) reaction, which has a
threshold at 15 MeV [20,21], was also measured in this energy
region.

While the availability of 230Th is limited [12], it can be
obtained from uranium or uranium ore-byproducts [12,23,24]
because it is naturally occurring in the 238U decay chain. The
230Th used in this work was separated from a high-grade
uranium ore (39.1 ± 1.8 wt.% uranium) [24]. Because it is
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FIG. 1. Decay chain of 229Pa, data from Ref. [22].

naturally occurring, the target material contains both 232Th
and 230Th. However, due to the high uranium and low “natural
thorium” (232Th) content of the ore, the thorium material is
naturally enriched in 230Th with a 230Th / 232Th isotope ratio
of 0.0922 ± 0.00150, several orders of magnitude larger than
the 230Th / 232Th isotope ratios in typical minerals, which
are on the order of 10−6 to 10−5 [25,26]. To ensure there
was no interference from the 232Th(p, 4n) 229Pa reaction, all
irradiations were conducted well below the threshold for that
reaction (19.5 MeV) [11,20,21]. The 232Th(p, n) 232Pa reac-
tion cross section, which is fairly well known and has no
interfering reaction from 230Th, was measured simultaneously
with the 230Th(p, 2n) and 230Th(p, 3n) reactions for all mea-
surements to validate the experimental conditions.

Cross-section measurements were made with three pro-
ton irradiations at varying energies and the excitation
functions for the 230Th(p, 2n) 229Pa, 230Th(p, 3n) 228Pa, and
232Th(p, n) 232Pa reactions are reported from 14.1 to 16.9
MeV. The excitation functions for the 230Th(p, 2n) 229Pa and
230Th(p, 3n) 228Pa reactions reported here have not been pre-
viously presented in the literature. The cross-section results
are compared with the theoretical calculations from TENDL

2019 [19], the output library of the nuclear code TALYS, as
well as existing nuclear data for the 232Th(p, n) reaction. The
half-lives of 229Pa and 228Pa were also measured and the data
are presented.

II. EXPERIMENTAL WORK

A. Irradiation facility

The irradiations were performed at the Center for Accel-
erator Mass Spectrometry (CAMS) at Lawrence Livermore
National Laboratory (LLNL) with a 10 MV tandem acceler-
ator. Three irradiations were performed over several months

FIG. 2. Schematic of the target stack for each of the irradiations.
Targets, cover foils, and spacer foils are described in Sec. II B. The
first irradiation had no spacer foils and only two target foils.

with proton energies of 15, 16, and 17 MeV. Beam currents
ranged from 185 ± 7 to 277 ± 13 nA. The irradiations ranged
from 8 to 12 hours in length. The thorium targets, cover foils,
and spacer foils were stacked into an aluminum holder that
was mounted in the CAMS irradiation chamber; the targets
and foils were trimmed to 8 mm squares to fit in the holder.
During the irradiations, the chamber was under vacuum and
the beam stop was water cooled.

B. Targets

Thorium oxide targets were fabricated with thorium ob-
tained from natural uranium ore (details of the ore and
the separation procedure are given in Ref. [24]). The
230Th / 232Th isotope ratio, as mentioned previously, was
0.0922 ± 0.00150, as determined by mass spectrometry [24].
The target-backing material was 10 μm light-tested (LT) ti-
tanium (99.9%, Goodfellow). Target thicknesses ranged from
921.710 ± 0.005 to 1913.309 ± 0.005 μg Th/cm2. Total tar-
get mass was determined with γ -ray spectrometry using the
67 keV γ -ray line of 230Th, and target uniformity was deter-
mined with a position-sensitive alpha detector.

A total of eight thorium targets were irradiated and pro-
cessed over three irradiations. The proton energy through the
target stack was modeled using the program SRIM 2013 [27].
Spacer foils of tantalum (10 μm, 99.9%, LT, Goodfellow) and
platinum (25 μm, 99.99+%, LT, Goodfellow) were used to
degrade the energy and allow the cross sections to be deter-
mined over a range of energies (≈1 MeV) per irradiation.
Thin titanium (2 μm, 99.99%, Lebow Company) cover foils
were positioned in front of each target during the irradiations
and then chemically processed with their respective target. A
yttrium foil (5 μm, 99%, Goodfellow, not light tested) was
used as a flux monitor for all irradiations and a thin tantalum
foil (5 μm, 99.9%, Goodfellow, not light tested) was the first
foil in each stack as per the irradiation facility guidelines. The
target stack is shown in Fig. 2.

C. Target processing

Target processing was necessary to detect the protactinium
activation products over the high background from fission
products and titanium activation products. After each irradi-
ation, the targets were removed from the CAMS beamline
within an hour and brought to a laboratory for chemical pro-
cessing. Each target foil and its cover foil were removed from
the target stack and placed in separate 5 mL plastic tubes. To
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each target, 1000 μL conc. HCl and 10 μL of a 233Pa tracer
(≈1000 dps) in conc. HF were added to dissolve the target
and backing material. A standard solution containing only the
233Pa tracer was made in the same manner.

After the dissolution was complete (1.5 hours), column
chromatography was used to separate protactinium. The tar-
get solutions and standard were diluted with 148 μL AlCl3

(2.741 M), 666 μL conc. HCl, and 176 μL water, giving a
final concentration of 10 M HCl : 0.14 M HF : 0.2 M AlCl3.
For each target solution, a 2 mL Dowex 1 × 8 (100–200 mesh)
column was prepared and washed with 8 mL 10 M HCl. After
the wash, the target solutions were loaded into the columns
with two 500 μL rinses of the empty tube. All fractions were
collected in 2 mL increments: six fractions of 10 M HCl, fol-
lowed by seven fractions of 6 M HCl, and finally four fractions
of 9 M HCl : 0.1 M HF. Protactinium eluted mainly in fraction
15, which had a radiopurity of >99% and a protactinium yield
of 63 ± 1% to 85 ± 6%, as determined from the 233Pa tracer,
with the higher mass targets having lower chemical yields.
The remainder of the protactinium was in fractions 14 and 16
as well as the empty tube (≈5%–10%). After the separation,
the protactinium samples were counted with γ -ray spectrome-
try. The total time from the end of the irradiation to the start of
the γ -ray spectroscopy of the separated protactinium samples
was about 8 hours. For each target, fraction 15 was used for
all protactinium activity measurements.

Protactinium-233 was chosen as the yield tracer because
it has several strong γ -ray lines [22] and its production
from nuclear reactions in the target is negligible because the
232Th(p, γ ) reaction cross section is small (<400 μb) in this
energy range [28,29] and there is no route to 233Pa from 230Th.

For the targets irradiated at higher energies (>16 MeV),
the significant 230Pa production necessitated further chemical
processing to measure the 213Bi daughter of 229Pa (Fig. 1) with
reasonable counting statistics because 230Pa (440.78 keV) and
213Bi (440.45 keV) have γ -ray emissions with similar energies
(see Table S1 in the Supplemental Material [30] for a complete
table of half-lives and relevant γ -ray energies and intensities)
[22]. For these samples, protactinium and actinium were sep-
arated with column chromatography 35 days post-irradiation.
The samples were evaporated to dryness and reconstituted in
2 mL of 10 M HCl : 0.14 M HF : 0.2 M AlCl3, the same
load solution as used for the initial separation. As before, the
separations were performed with 2 mL Dowex 1 × 8 (100–
200 mesh) columns, which had been prepared and washed
with 8 mL 10 M HCl. Samples were loaded onto the columns
with two 500 μL rinses of the empty tube.

All fractions were collected in 2 mL increments: four frac-
tions of 10 M HCl, followed by four fractions of 9 M HCl :
0.1 M HF. The average total yield of actinium on this column
was 99 ± 2%, as determined from three studies with tracer
isotopes (233Pa, 228Ac) under identical chemical conditions.
While the yield was high, actinium eluted in a broad band over
most fractions. As before, the cleanest fraction was selected
for γ -ray spectrometry, which was fraction 1 with an average
actinium yield of 45.6 ± 0.2%.

The actinium samples were counted with γ -ray spectrom-
etry after a decay period of 12 hours, which ensured that
213Bi and 221Fr were in equilibrium with 225Ac. For the targets

irradiated at lower energies, there was far less 230Pa produced
and, therefore, the in-growth of 213Bi could be measured with-
out further chemical processing. The 218.0 keV line from
221Fr was also visible in some of the samples but it was
not present with reasonable counting statistics and not used
quantitatively.

D. Gamma-ray spectrometry

The chemical yield was determined with relative γ -
ray spectroscopy. Each separated protactinium sample was
counted relative to the 233Pa standard immediately after
chemical processing with a HPGe detector with Ortec NIM
electronics and an ASPEC multichannel analyzer. Maestro
software (Ortec) was used to analyze the resultant spectra. All
samples and the standard were counted in the same geometry.

To make the cross-section measurement, the protactinium
samples were counted with γ -ray spectrometry at the Nu-
clear Counting Facility (NCF) at LLNL. All samples were
counted with a HPGe detector as well as a low-energy photon
spectrometer (LEPS) detector. The detectors were calibrated
with a 152Eu source and the code GAMANAL [31] was used
to analyze the resultant spectra. Each sample was counted at
approximately 10 hours post-irradiation with the LEPS detec-
tor. Gamma-ray spectra were taken with the HPGe detector at
approximately 12, 18, 24, 36, and 48 hours post-irradiation
followed by additional counts every 24 hours for the next
6 days. The yttrium flux monitor foil was counted with the
HPGe detector immediately with two spectra measured within
four hours post-irradiation. Samples were recounted with the
HPGe detector, either with or without prior chemical process-
ing, about 35 to 40 days post-irradiation.

For all protactinium samples, the activities of 233Pa, 232Pa,
230Pa, and 229Pa were determined as well as 228Pa, if present.
The activities of 233,232,230,228Pa can be readily determined
with γ -ray spectrometry because these isotopes have several
high-intensity lines (see Table S1 in the Supplemental Mate-
rial [30]). As 229Pa has only weak, low energy γ -ray lines, the
LEPS detector was used in conjunction with repeated counts
on the HPGe detector over several 229Pa half-lives to make a
direct activity measurement. X-ray analysis of each spectrum
as well as measurements of the in-growth of its daughter,
213Bi, were used to confirm the activity.

From the γ -ray spectrometry data, the activity of each
isotope at the end of the irradiation (A0) can be determined
with the known, absolute intensities of its γ -ray lines and a
decay correction based on the half-life and the time since the
irradiation ended. From A0, the cross section can be calculated
with Eq. (1), where σ is the microscopic cross section (cm2),
nx is the areal density of the target material (atoms/cm2), I is
the current (protons/s), t is the irradiation time (s), and λ is
the decay constant (s−1) of the isotope of interest:

A0 = σnxI (1 − e−λt ). (1)

The activity of 89Zr in the yttrium flux monitor foil was
used to determine the current using Eq. (1) with the known
cross section of the 89Y(p, n) 89Zr reaction [32]. Isotope decay
during counting was not relevant for any of the γ -ray spec-
trometry measurements.
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FIG. 3. Measured excitation functions of the 230Th(p, 2n) 229Pa
and 230Th(p, 3n) 228Pa reactions from 14.1 to 16.9 MeV compared
with the TENDL 2019 calculations. Cross-section error propagated
from the standard deviation of several activity measurements. The
point at 15.66 ± 0.15 MeV is an average over three measurements;
the error on the cross section and the energy is given by the standard
deviation.

III. RESULTS AND DISCUSSION

A. Cross-section measurements

The cross-section data were gathered over three separate
irradiations with a total of eight thorium targets. For each
target, the 232Th(p, n), 230Th(p, 2n), and 230Th(p, 3n) cross
sections were measured simultaneously. For all cross-section
measurements, the error was propagated from the standard
deviation of several activity measurements (3%–19%) as well
as error from the calibration of the detectors (≈1%–5%),
beam current (≈4%), target thickness (≈2%), and chemical
yield (≈4%). There is a standard error of 0.1 MeV on the
projectile energy based on the irradiation facility conditions
and SRIM modeling of the energy through the target stack. Six
separate cross-section measurements are shown for each reac-
tion as three of the eight targets were irradiated at an energy
of 15.66 ± 0.15 MeV (error from the standard deviation). For
this energy, the cross section was calculated from the average
of the three measurements with the error given by the standard
deviation.

The excitation functions for the 230Th(p, 2n) 229Pa and
230Th(p, 3n) 228Pa reactions are shown in Fig. 3 and all

cross-section data are given in Table I. The average 228Pa
activity was determined based on its 338, 409, and 911 keV
lines in three spectra taken within the first 24 hours post-
irradiation; the error is from the standard deviation. The
229Pa activity was determined from its 119 keV γ -ray line
[22,33]. As this is a weak emission (see Table S1 and Fig.
S1 in the Supplemental Material [30]), γ -ray spectra were
taken with the HPGe and LEPS detectors five times over the
36 hours post-irradiation and the activity determined from
the average and standard deviation of these measurements.
Because the activity measurement was based on one line,
x-ray analysis and measurements of the in-growth of 213Bi
were also done to confirm the activity measurement. For each
protactinium sample, the x rays in the five γ -ray spectra,
mentioned previously, were also analyzed for their activity,
interferences, and decay rate of the five protactinium isotopes
present (228,229,230,232,233Pa), taking into account five to six
major x-ray energies for each isotope as well as low energy
(<150 keV) γ -ray lines. The energy range was chosen to
ensure the activities of 228,230,232,233Pa could be determined
separately with data from their higher-energy γ -ray lines,
particularly 232Pa which has a 150 keV line with a signif-
icant intensity [22]. The 229Pa activity calculated from the
x-ray analysis was within the error of the direct activity
measurement (Fig. 4) except for the measurement at 16.9
MeV, where the x-ray result was higher. This is likely due to
increased interferences at higher energies as the 232Th(p, f )
and 232Th(p, 3n) cross sections increase considerably as the
energy increases. The in-growth of 213Bi into the protactinium
samples, as determined by γ -ray spectrometry 35 to 40 days
post-irradiation, confirmed the direct activity measurement as
well.

The peak of the 230Th(p, 2n) excitation function is between
14 and 15 MeV but cannot be determined more precisely from
this data because the cross-section measurements at 14.1,
14.4, and 14.9 MeV are all within error. However, the general
shape of the excitation function can be seen because there
is a clear decrease in the cross section from 14.1 to 16.9
MeV. The maximum measured cross section was 182 ± 12
mb at 14.4 ± 0.1 MeV. The 230Th(p, 3n) cross section is low
in this region, which is expected because the threshold is at
15.0 MeV [20,21], but it is clearly increasing as the energy
increases. Due to the high threshold relative to the energy
region studied, only three cross sections were measured for
this reaction (15.7, 16.0, and 16.9 MeV).

The measured 230Th(p, 2n) cross sections are lower than
the cross sections calculated by TENDL 2019, although the

TABLE I. Experimentally measured cross sections for the 230Th(p, 2n), 230Th(p, 3n), and 232Th(p, n) reactions.

Energy (MeV) 230Th(p, 2n) 229Pa (σ , mb) 230Th(p, 3n) 228Pa (σ , mb) 232Th(p, n) 232Pa (σ , mb)

16.9 ± 0.1 107 ± 15 23 ± 1.3 17.3 ± 1.0
16.0 ± 0.1 148 ± 9 1.6 ± 0.15 14.7 ± 0.8
15.7 ± 0.14 156 ± 16 2.7 ± 1.6 15.2 ± 0.7
14.9 ± 0.1 163 ± 32 12.0 ± 0.7
14.4 ± 0.1 182 ± 12 12.1 ± 0.7
14.1 ± 0.1 166 ± 32 11.7 ± 0.7
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FIG. 4. Comparison of 229Pa activity calculated via direct mea-
surement of 119 keV line and x-ray analysis. The activities were
normalized by the 230Th atomic areal density of the original target.

measured peak appears to align well with the calculation,
which puts it at 14 MeV [19]. The limited measurements of
the 230Th(p, 3n) reaction appear to be in good agreement with
the TENDL calculation.

Based on the cross section shown in Fig. 3, the
230Th(p, 2n) reaction is a reasonable method for 225Ac pro-
duction only if relatively large amounts of isotopically pure
230Th were available, which could be obtained from the decay
of 234U or produced with isotope separation. As the activities
required for TAT are in the range of 0.1 to 1.4 mCi per patient
per dose [5], current methods of 225Ac production are focused
on the production of around ≈10 mCi 225Ac/month [11].
With a target of 2 mg/cm2 230Th (either mixed with 232Th or
isotopically pure), a 36 hour irradiation with a beam current
of 1 μA would produce 80 μCi of 229Pa but only 0.34 μCi
of 225Ac at its maximum activity (see Fig. S2 in the Supple-
mental Material [30]) due to the low alpha decay branching
ratio (0.48%) [22]. The production of 229Th via the decay of
229Pa is insignificant (<0.1 nCi) due to the long 229Th half-life
(t1/2 = 7340 years) (see Fig. S3 in the Supplemental Material
[30]) [22]. Because the production of 229Pa saturates around
36 hours, increasing the irradiation time does not significantly
impact production. Increasing the beam current to 200 μA
(reasonable for isotope production facilities [5,11]), increases
the production to 16 040 μCi of 229Pa but still only 9 nCi
of 229Th and a maximum of 68 μCi of 225Ac. Increasing
production by increasing the target thickness would require a
significant supply of isotopically pure 230Th because the size
of a mixed 230Th / 232Th target obtained from natural sources,
such as that used in this work, containing sufficient 230Th
would be impossibly large (>10 g/cm2).

An advantage of production with the 230Th(p, 2n) reaction,
if it were feasible to scale up, would be high isotopic purity of
the resultant 225Ac. There are limited routes to other actinium
isotopes even with mixed 230Th / 232Th targets. The in-growth
of 226Ac via 230Pa alpha decay (0.0032%) [22] is minor and

FIG. 5. Measured excitation function of the 232Th(p, n) 232Pa
reaction from 16.8 to 14.1 MeV compared with the TENDL 2019
calculation and literature data. Cross-section error propagated from
the standard deviation of several activity measurements. The point at
15.66 ± 0.15 MeV is an average over three measurements; the error
on the cross section and the energy is given by the standard deviation.

has been neglected in past studies [5]. At low proton energies,
there would be no production of 224Ac (via the decay of
228Pa) and 227Ac would mainly arise from the decay of 231Pa
from the 232Th(p, 2n) reaction because the (p, γ ) and (p, α)
reactions on 230Th are predicted to be negligible [19]. Due to
the long half-life of 231Pa, the production of 227Ac is low even
with a considerable quantity of 232Th. The irradiation of 24
mg/cm2 mixed 230Th / 232Th (with an isotope ratio similar to
that of the thorium material used in this work) for 36 hours
at 200 μA would result in the production of 16 040 μCi of
229Pa, which decays to 68 μCi of 225Ac in ≈40 days, but
only 63 nCi 231Pa, which decays to 0.2 nCi 227Ac in the
same time. This gives a 227Ac / 225Ac ratio of 3.25 × 10−6,
which is significantly better than current 227Ac / 225Ac ratios
from production at the Isotope Production Facility (IPF) and
Brookhaven Linac Isotope Producer (BLIP), 1.8 × 10−3 and
2.07 × 10−3, respectively [9].

The results for the measurement of the 232Th(p, n) exci-
tation function, which was used to validate the experimental
conditions, are shown in Fig. 5. The 232Pa activity was de-
termined from its 150, 388, 581, 819, and 867 keV lines as
well as the 969.32 keV line for measurements below 15 MeV
where there was no production of 228Pa, which has a γ -ray
line with a similar energy at 968.97 keV. The activity was
determined from the average activity of these five (or six) lines
in three spectra taken within the first 24 hours post-irradiation;
error is from the standard deviation. The measurement agrees
well with the literature data for this cross section in the rele-
vant energy range.

B. Half-life measurements

For each protactinium sample, the 119 keV γ -ray line from
229Pa was followed over several half-lives to ensure it was
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FIG. 6. Measurement of the 229Pa half-life from the 119 keV
γ -ray line for three protactinium samples. Error is statistical count-
ing error. Least squares fit done with the program ORIGIN 2018
(OriginLab).

decaying with the appropriate half-life. For the three samples
with the highest 229Pa activity, the half-life was measured
based on this γ -ray line (see Fig. 6). The average measured
half-life was 1.5 ± 0.1 days with error propagated from the
statistical counting error. This agrees well with the half-life
from the evaluated nuclear (1.50 ± 0.05 days [22]) as well
as the recent measurement by Griswold et al., of 1.55 ± 0.01
days [11].

The half-life of 228Pa was also measured from three sam-
ples using two γ -ray lines: 409 and 911 keV. While 228Pa
also has a 463.00 keV line with a high intensity, this line
was not used because there is an interference from 230Pa,
which has a 463.59 keV γ -ray line. The average measured
half-life was 19.5 ± 0.4 hours (Fig. 7), which is smaller than
the half-life given in the evaluated nuclear data (22 ± 1 hours)
[34,35].

The nuclear data for the half-life of 228Pa were last eval-
uated in December 2012 by the International Network of
Nuclear Structure and Decay Data Evaluators [34]. The half-
life in the Evaluated Nuclear Structure Data File (ENSDF)
is 22 ± 1 hours [34], which is based on the measurement
in Ref. [36]. Another measurement of 29 ± 1 hours from
Ref. [37] is noted in ENSDF, but was not included in the
final half-life assessment. The measurement from Ref. [36]
was made in 1951 based on alpha pulse analysis with an
argon ionization chamber using a 228Pa sample known to be
contaminated with the slightly longer lived 229Pa. Further-
more, Ref. [36] notes that the two isotopes cannot be easily
differentiated with alpha pulse analysis as their alpha emission
energies are similar. Therefore, the decrease in the measured
half-life is likely explained by the use of γ -ray rather than
alpha spectrometry as the value from Ref. [36] may be an
overestimate due to the presence of 229Pa in the sample and
the difficulties in resolving the alpha emission peaks of 228Pa
and 229Pa.

FIG. 7. Measurement of the 228Pa half-life from the 409 and 911
keV γ -ray lines for three protactinium samples. Error is statistical
counting error. Least squares fit done with the program ORIGIN 2018
(OriginLab).

IV. CONCLUSION

Excitation functions are reported for the first time in the
literature for the 230Th(p, 2n) and 230Th(p, 3n) reactions from
14.1 to 16.9 MeV. The 232Th(p, n) reaction was measured
as well to verify the experimental conditions. The measured
excitation functions were compared with the calculations from
TENDL 2019 and there is reasonably good agreement, although
the measured 230Th(p, 2n) cross sections are lower than the
calculation. This was expected because TENDL calculations
for 232Th(p, xn) reactions also tend to be slightly higher
(Fig. 5) than the measured data. The peak measured cross
section for the 230Th(p, 2n) 229Pa reaction was 182 ± 12 mb
at 14.4 ± 0.1 MeV, although the measurements from 14.1
to 14.9 MeV were all within error, so the peak cannot be
determined conclusively. This aligns well with the peak cal-
culated by TENDL 2019 of 14 MeV [19]. Based on this cross
section, production of 225Ac via the 230Th(p, 2n) reaction is
only feasible with a significant amount of isotopically pure
230Th as mixed 230Th / 232Th targets from natural sources with
sufficient levels of 230Th would be impractically large.

Half-life measurements for 229Pa and 228Pa are pre-
sented, the measured half-lives are 1.5 ± 0.1 days and 19.5 ±
0.4 hours, respectively. The measured half-life for 229Pa
agrees well with the literature values. The measured half-life
for 228Pa is slightly smaller than the half-life given in ENSDF,
likely due to how the half-life of 228Pa was historically
measured.
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