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Increasing interest in the treatment of human disease using targeted radionuclide-based therapies
requires accurate understanding of achievable radionuclide yield and purity. In the frame of a
larger International Atomic Energy Agency Coordinated Research Proposal (IAEA CRP), thirteen
nuclear reactions leading to the formation of 131Cs, 178Ta, 225Ra, 225Ac, 227Th, and 230U have been
evaluated using all available measured data. Selected datasets have been fit using least-squares
method with Padé approximations of variable order, enabling the assignment of energy differential
uncertainties to the recommended fit. In some instances, new measurements have been made and
reported data has been adjusted to accommodate new nuclear decay or monitor reaction data which
adversely altered original reported quantities. In many additional cases, insufficient measured data are
available to permit a reliable evaluation of cross sections; these instances are discussed. Recommended
therapeutic radionuclide production reaction data and their uncertainties are available on the Web
page of the IAEA NDS at www-nds.iaea.org/radionuclides/ and also at the IAEA medical portal
www-nds.iaea.org/medportal/ .
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I. INTRODUCTION

A. IAEA Objectives

Several decades of concentrated research and develop-
ment for medically diagnostic radionuclides have increas-
ingly created opportunities for radionuclides in therapeu-
tic applications. The production of these radionuclides is
an important non-energy related application of nuclear
science and technology. Reliable and high-quality nuclear
data are essential to guarantee safe and efficient ther-
apeutic treatments [1–3]. Therapeutic radionuclides are
commonly produced via reactions induced by charged and
neutral particles. Especially as the number of therapeutic
radionuclides under study has expanded, the variety of
relevant reactions has also grown, and in many cases mea-
sured data sets reported in the literature are discrepant
from one other. An effort was made to formally reconcile
these differences through expert evaluation of the data
in a Coordinated Research Project (CRP) of the Interna-
tional Atomic Energy Agency (IAEA) that concluded in
2010, which made available dedicated compilations and
evaluations of data for all charged-particle induced reac-
tions contributing to the production of 64Cu, 67Cu, 67Ga,
86Y, 103Pd, 111In, 114mIn, 124I, 125I, 169Yb, 177Lu, 186Re,
192Ir, 211At, and 225Ac (35 reactions were considered) [4].
These data were made available via institutional publica-
tion and in an online repository that is used extensively
by the radionuclide production community. But some of
those evaluations are no longer current, as new measure-
ments are made constantly and additional reactions and
products have received attention [5, 6].

For this reason, a new CRP was initiated to provide
dedicated evaluations of data for charged particle induced
reactions divided into three primary thrusts: monitor reac-
tions, reactions to produce diagnostic radionuclides, and
reactions to produce therapeutic radionuclides. Three
meetings were held [7–9]; sixteen institutions worldwide
contributed to this effort. The continuing mission of the
IAEA and its relevance to accelerator production of ra-
dionuclides in general receives thorough discussion in the
first publication resulting from the CRP [10]. In addition
to the evaluation of cross section data, significant effort
was also invested in evaluations and new measurements
of nuclear decay data that will be published elsewhere.
Evaluations were supported when possible with new cross-
section measurements. All available sources of data were
considered, and each source was examined rigorously to
confirm that beam intensities and energies, target mate-
rials, and experimental uncertainties were accurately and
completely described. The thirteen reactions summarized
here lead to the production of 131Cs, 178Ta, 225Ra, 225Ac,
227Th, and 230U.
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B. Dataset Selection and Fitting Considerations

Selected experimental excitation functions were fitted
using a leats-squares method with Padé approximants
[11–13]. This method of fitting enables estimation of the
uncertainty in the reported fits [14, 15], which is given in
all cases below. Note that current evaluations are over-
whelmingly based on fit to the selected experimental data
alone (very few exceptions discussed below). For detailed
discussion of the methodology used to perform the fitting,
the reader is referred to the thorough treatment in the
first publication resulting from the current CRP [10]. Pre-
dicted instantaneous and saturation yields were calculated
using the evaluated data (Padé fit) and are also reported.
Here “instantaneous” refers to yield from an irradiation of
infinitesimal duration, while “saturation” refers to yield
from an irradiation of infinite duration, when the rates of
production and radioactive decay are essentially equiva-
lent. Where possible and useful, yields for monoisotopic
targets have been extrapolated from experiments that
used targets of natural isotopic abundance.

C. Therapeutic Radionuclide Productions
Investigated

The reactions summarized in Table 1 have been exam-
ined, and nuclear data is recommended for each in the
sections that follow. In several cases, it is possible to form
the radionuclide of interest by direct reactions and also
by the production of its radioactive parent, which can
then be used as feedstock material. For example, 178Ta is
formed from the decay of 178W, which can be produced
by proton irradiation of tantalum targets via a reaction
that has been measured. Throughout, nuclear data used
comes from the National Nuclear Data Center’s reposi-
tory [16] (as evaluated within the ENSDF network [17])
unless otherwise noted.

II. PRODUCTION OF 131Cs

The X-ray and Auger-electron emitter 131Cs (T1/2 =
9.689 d, 100% EC) has been of interest as a radioac-
tive source for brachytherapy and stereotactic surgery
implants since the mid 1960s, with interest increasing es-
pecially following the commercialization of reactor-based
production methods [18]. Its primary X-ray energy (29
keV) and half-life are comparable to that of 103Pd, whose
commercial production using cyclotrons is well estab-
lished, and the slightly higher energy photon emitted by
131Cs is thought to deliver more uniform dose than 103Pd
in certain clinical situations [19]. Accelerator production
is possible via several routes, two of which were evaluated:
direct production by 131Xe(p,n)131Cs and indirect produc-
tion at higher energies with 133Cs(p,3n)131Ba(100% EC
decay)131Cs.

TABLE I. Reactions and decay data of activation products
under investigation (T1/2 is product half-life, and E is emission
energy (keV) with emission probability of I (%), as taken from
NuDat [16]).

Reaction T1/2 Principal E (keV)
Emission (I(%))a

131Xe(p,n)131Cs 9.689 d Auger e− 3.43 (79.7)
133Cs(p,3n)131Ba 11.50 d γ 123.804 (29.8)

⇒(EC)131Cs (131Ba) 216.88 (20.4)
496.321 (48.0)

natTa(d,xn)178W 21.6 db Auger e− 6.35 (54)
⇒(EC)178Ta (178W)

natTa(p,xn)178W 21.6 db Auger e− 6.35 (54)
⇒(EC)178Ta (178W)

natHf(α,xn)178W 21.6 db Auger e− 6.35 (54)
⇒(EC)178Ta (178W)

232Th(p,x)225Ac 9.92 dc α 5830 (50.7)
(90%)

226Ra(p,2n)225Ac 9.92 dc α 5830 (50.7)
(90%)

232Th(p,x)225Ra 14.9 d β− 316 (69.5)
⇒(β−)225Ac (225Ra) (100%) 356 (30.5)

232Th(p,x)227Th 18.697 d α 6038.1 (24.2)
(100%)

232Th(p,x)227Ac 21.772 y β− 20.3 (10.0)
⇒(β−)227Th (227Ac) (98.620%) 35.5 (35)

44.8 (54)
231Th(p,2n)230U 20.8 d α 5888.4 (67.4)

(100%)
231Th(d,3n)230U 20.8 d α 5888.4 (67.4)

(100%)
232Th(p,3n)230Pa 17.4 d β− 508 (7.6)

⇒(β−)230U (230Pa) (7.8%)

a Decay data taken from Refs. [16, 17]; mean Auger-
electron emission energies and β− end-point energies listed.
b 178W (0+) ground state undergoes 100% EC decay to
low-spin (1+) isomer of 178Ta (T1/2 of 9.38 min.)
c 225Ac half-life of 9.92 d adopted from the recent measure-
ment of Pommé et al. [20].

A. 131Xe(p,n)131Cs

Only a single dataset exists that describes
131Xe(p,n)131Cs [21], covering the energy range from
threshold to 28 MeV. Additional experimental mea-
surements are needed, but agreement of theoretical
predictions with measured data is acceptable. No data
were deselected or adjusted, and the selected data are
well-represented by the Padé fit of 11 parameters to the
available 27 data points, evaluated and shown in Figure 1.
Fitting uncertainties are highest at low energies where
the measured energy of the proton beam is itself most
uncertain, but fall to 6% by 10 MeV before rising slowly
to 10% above 25 MeV. Systematic uncertainty is added
as 5% of fitted values. Instantaneous yields calculated
from the fitted function are shown in Figure 2.
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FIG. 1. (Color online) Evaluated Padé fit and TENDL-2017
evaluation are compared with experimental data from Ref. [21]
for the 131Xe(p,n)131Cs reaction.
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FIG. 2. (Color online) Physical yields calculated from Padé fit
of data selected for the 131Xe(p,n)131Cs reaction.

B. 133Cs(p,3n)131Ba(100% EC decay)131Cs

Production of 131Cs is also possible using the ground
state isomer of its radioactive parent, 131Ba (T1/2 = 11.50

d, 100% EC) as a feedstock of carrier-free 131Cs radio-
chemical isolation strategies. The same technique is em-
ployed in reactor environments, which access 131Ba via
the 130Ba(n,γ)131Ba neutron capture reaction. For the
proton-induced reaction, available data plotted in Fig-
ure 3(a) describe a threshold energy near 20 MeV with a
peak excitation function near 1000 mb and 30 MeV. The
tail of the excitation function asymptotically approaches
70 mb above 70 MeV incident proton energy. Six datasets
describe the reaction [22–27]. Only the dataset from Dep-
tula et al. [23] was deselected due to its obvious energy
shift at low incident proton energies. An 11-parameter
Padé fit was chosen to represent the remaining 71 data
points plotted in Figure 3(b), giving a χ2 of 1.64. Instanta-
neous yields calculated from the fitted function are shown

in Figure 4, rising rapidly up until the peak of the exci-
tation function is passed near 40 MeV and continuing to
rise with energy as the high energy tail of the excitation
function remains near 100 mb until 80 MeV.
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(a) All experimental data are plotted with uncertainties.
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(b) Selected data compared with evaluated Padé fit and
TENDL-2017 data up to 85 MeV.

FIG. 3. (Color online) Evaluated Padé fit and TENDL-2017
data are compared with experimental data from Refs. [22, 24–
27] for the 133Cs(p,3n)131Ba reaction.
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FIG. 4. (Color online) Physical yields calculated from Padé fit
of evaluated data for the 133Cs(p,3n)131Ba reaction.
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Though proton irradiation of isotopically enriched
131Xe affords a production possibility with the globally-
distributed fleet of low energy cyclotrons, the constraints
imposed on accelerators and radiochemistry by enriched
gas targets make the 133Cs(p,3n)131Ba relatively more
attractive. Irradiations of 133Cs have higher yields and
can employ solid targets of natural isotopic abundance in
exchange for only moderate added complexity in the ra-
diochemical isolation process, since both 131Ba and 131Cs
will have to be recovered in succession.

III. PRODUCTION OF 178Ta

The short-lived (T1/2 = 9.3 min) metastable state of

the 178Ta a radioisotope can be used both for diagnos-
tic (positron emission tomography imaging, via a total
β+ decay intensity of 1.24%) as well as for therapeutic
purposes [28]. The rapid decay of 178Ta motivates indi-
rect production routes that make use of its radioactive
parent’s longer half-life (178W, T1/2 = 21.6 d, 100% EC)

to afford multiple elutions of 178Ta from radioisotope gen-
erators [29, 30]. These multiple elutions can make sequen-
tial imaging studies convenient, especially in applications
where repeated assays are required, e.g., quantification of
ventricular function in preclinical subjects [31].

A. natTa(d,xn)178W

Two complementary datasets were found for
natTa(d,xn)178W [32, 33] and are shown in Figure 5(a).
The two experiments exhibit disagreement in energy near
40 MeV. Because the data from Bisplinghoff et al. [32]
were measured after degrading the incident deuteron
beam from an initial energy of 80 MeV, this dataset
was systematically shifted lower in energy to match
the data from Tarkanyi et al. [33] (Figure 5(b)). No
other adjustments were made prior to fitting, which
was accomplished with a 5 parameter Padé fit of 20
data points (χ2=0.91). The shape of the TENDL-2017
data above 50 MeV is remarkable, since no obvious
physical explanation exists for the local maximum
predicted near 60 MeV. This feature is contradicted by
the more expected shape of the measured data. Relative
uncertainty in the Padé fit is 10% except for the lowest
two energy points used, and a systematic uncertainty of
4% has been added throughout. Physical yields using the
recommended fit have been calculated and are shown
in Figure 6. Because the yield is increasing with energy
at a nearly constant rate throughout the energy range
considered, and because no tungsten radioisotopes with
long half lives exist to reduce the radioisotopic purity of
178W, irradiations with higher incident energy deuterons
are favored.
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(a) All experimental data are plotted with uncertainties.
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(b) Selected data compared with evaluated Padé fit and
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*Data from Ref. [32] have been shifted in energy to account for
systematic disagreement with data from Ref. [33].

FIG. 5. (Color online) Evaluated Padé fit and TENDL-2017
evaluation are compared with experimental data from Refs. [32,
33] for the natTa(d,xn)178W reaction.
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FIG. 6. (Color online) Physical yields calculated from Padé fit
of data selected for the natTa(d,xn)178W reaction.
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(a) All experimental data are plotted with uncertainties.
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(b) Selected data compared with evaluated Padé fit up to 80 MeV.

FIG. 7. (Color online) Evaluated Padé fit and TENDL-2017
evaluation are compared with experimental data from Refs. [34–
39] for the natTa(p,xn)178W reaction.
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FIG. 8. (Color online) Physical yields calculated from Padé fit
of data selected for the natTa(p,xn)178W reaction.

B. natTa(p,xn)178W

Proton induced reactions on targets of natTa are de-
scribed by six reported measurements [34–39]. Measure-
ments describe an excitation very similar in magnitude
and energy to the deuteron induced route described above,
shown in Figure 5(a). The excitation function’s single
maximum occurs between 35 and 40 MeV, and the width
of the principle peak from the 181Ta(p,4n)178W reaction is
approximately 15 MeV FWHM. The data from Zaytseva
et al. [35] and Titarenko et al. [39] are deselected for their
obvious energy shifts and as outliers from other data, and
no other data are modified. Using the selected 39 data
points, a 12 parameter Padé fit achieves a χ2=1.89. All
evaluated data are compared with selected data and the
Padé fit in Figure 7(b). The tail of the excitation func-
tion has a declining magnitude <100 mb above 80 MeV,
and no discernible feature from 180Ta(p,5n)178W can be
detected because of the small abundance of the target in
tantalum of natural isotopic composition (0.012%). The
uncertainty in the recommended fit includes a systematic
contribution of 5%, and declines from approximately 10%
at low energies to a minimum near 50 MeV of 6%, before
rising again to 9% at 100 MeV. Physical yields using the
recommended fit have been calculated and are shown in
Figure 8.

C. natHf(α,xn)178W

Available data describing alpha induced reactions that
form 178W are extremely limited. Only a single measure-
ment was found by the CRP; the report from Tarkanyi et
al. [33] of the natHf(α,xn)178W reaction contains 7 data
points spanning the energy range between 20 and 40 MeV.
This measured data, which appears to be rising towards
the excitation function’s maximum near 40 MeV, was fit
with a 4 parameter Padé representation giving a χ2=1.40.
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FIG. 9. Evaluated Padé fit and TENDL-2017 evaluation
are compared with experimental data from Ref.[33] for the
natHf(α,xn)178W reaction.
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The contribution of reactions on hafnium isotopes with
mass numbers 176, 177, and 178 are tentatively visible in
the structure of the TENDL 2017 evaluation between 20
and 25 MeV, 25 and 30 MeV, and above 30 MeV (see Ref.
9), but large uncertainty and a lack of data mean that
experimental measurements are unable to verify the theo-
retical prediction in this regard. The lack of experimental
data with information on the behavior of the excitation
function near its peak causes the uncertainty of the recom-
mended fit to increase rapidly above the final data point
at 40 MeV; no recommendation is made at higher energies.
Physical yields calculated form the Padé fit are two or-
ders of magnitude lower than those for proton or deuteron
induced reactions on tantalum targets (Figure 10). Such
a large yield reduction subjugates the considerations of
178W’s radiochemical isolation, especially given that tar-
gets of isotopically enriched hafnium would be desirable
to mitigate co-production of long-lived tantalum radioiso-
topes (e.g., 182Ta, T1/2 = 114.43 d) as waste, making irra-
diations of tantalum targets a putatively superior choice.
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FIG. 10. (Color online) Physical yields calculated from Padé
fit of data selected for the natHf(α,xn)178W reaction.

IV. PRODUCTION OF 225Ac

The alpha-emitting radionuclide 225Ac (T1/2 =9.92 d,
100% α) has been identified as one of the most promis-
ing candidates for radiotherapeutic medical applications
because 4 different alpha particles are emitted along its
decay chain to stable 209Bi, potentially depositing a very
intense radiation dose in a relatively small volume of tis-
sue. The current global supply of 225Ac is almost entirely
sourced from generators of 225Ac’s radioactive grandpar-
ent 229Th (T1/2 =7392 y, 100% α) [40]. These genera-
tors are typically eluted every 4-8 weeks, recovering both
225Ac and its parent, 225Ra (T1/2 =14.9 d, 100% β−). The
225Ra can be chemically processed subsequently to recover
additional 225Ac. The generators thus provide approxi-
mately 2 Ci of 225Ac per year, which is insufficient to

meet the anticipated demands of large scale clinical tri-
als needed for 225Ac-based radiopharmaceuticals to move
reliably into clinical applications. Besides the charged-
particle induced reactions considered below, additional,
less-studied options exist to increase the global stockpile
of 229Th (e.g., 232Th(p,x)229Th) or using neutral particle
fluxes to form 225Ac indirectly (e.g., 226Ra(n,2n)225Ra
and 226Ra(γ,n)225Ra), but these reactions are beyond the
scope undertaken for the present work.

The decay of 225Ac also leads to 213Bi (T1/2 =45.6 min,

98% β−, 2% α) and the emission of a single alpha parti-
cle either following β−-decay to 213Po or α-decay to 209Tl.
These alpha emissions have made 213Bi a useful radiolabel
for a variety of clinical studies and stimulated consider-
ation of 225Ac as generator feedstock in its own right.
The cellular lethality of its single alpha emission is signif-
icantly lower than 225Ac’s, which requires larger injected
activities for therapeutic effects and higher yields from
accelerator efforts to support even pre-clinical research
endeavors.

Three reaction routes to 225Ac are considered below,
all using proton-induced reactions: direct production via
232Th(p,x)225Ac and 226Ra(p,2n)225Ac, and indirect pro-
duction via 232Th(p,x)225Ra (100% β− decay) 225Ac. Re-
actions on targets of 232Th require higher incident energies
and therefore consideration of more numerous possible
side reactions.

A. 232Th(p,x)225Ac

The only direct production route to 225Ac that uses a
stable target is the 232Th(p,x)225Ac reaction, which has
an approximate threshold near 40 MeV. This route was
first explored in the 1950s and 1960s with single point
measurements by four groups [41–45] mostly at higher
energies than those considered by this evaluation. A total
of 12 datasets were found in 10 publications using inci-
dent proton energies up to 1.2 GeV, and an additional
measurement of thick target yields has been completed
since data were evaluated [46]. This evaluation includes
only data up to 200 MeV; these are shown in Figure 11(a)
[42, 43, 45, 47–51], omitting data at higher energies from
Refs. [41, 43, 44, 48]. Data shown includes the measure-
ments made by Ermolaev et al. [49] using targets of tho-
rium so thick that the usual assumption of a monoener-
getic proton beam was rendered invalid; for this reason
these data (from two separate experiments) were dese-
lected. Finally, the dataset of Gauvin [42] was deselected
during fitting because of its significant contradiction other
measured data and unresolved questions concerning pro-
ton beam intensity monitoring during the experiment.
The evaluated and selected data (22 data points) are sum-
marized with an 8 parameter Padé fit as shown in Fig-
ure 11(b). Some structure in the excitation function is
observed between 40 and 80 MeV, likely corresponding
to the emission of alpha particles as secondary ejectiles.
The selected datasets disagree on the magnitude of this
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(b) Selected data compared with evaluated Padé fit and
TENDL-2017 data up to 200 MeV.

FIG. 11. (Color online) Evaluated Padé fit and TENDL-2017
evaluation are compared with experimental data from Refs. [42,
43, 45, 47–51] for the232Th(p,x)225Ac reaction. TENDL-2017
data are scaled in magnitude with the factor shown to enable
comparison with measured data.

reaction channel near 60 MeV, and theoretical data from
TENDL 2017, also plotted in 11(b), predicts a magnitude
for the entire excitation function that more than doubles
measured values. As a result, the combination of fitted
and experimental systematic uncertainties exceeds 10%
in the energy region below 80 MeV, but at higher energies
the recommended uncertainty is in all cases below 8%.
The small number of datasets and their general inhomo-
geneity suggests a strong need for additional experimen-
tal measurements. Fitted data were used to calculate the
physical yield of the 232Th(p,x)225Ac reaction (Figure 12),
which is increasing with energy over the range of energies
studied, suggesting higher energy incident protons for the
production of large activities of 225Ac.
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FIG. 12. (Color online) Physical yields calculated from Padé
fit of data selected for the 232Th(p,x)225Ac reaction.

B. 226Ra(p,2n)225Ac

With this constraint, an 8 parameter Padé fit achieves
a χ2=0.02 for the 5 experimental data points + 4 added
theoretical data points. Relative uncertainty in the fitted
function is high, above 20% at energies below 13 MeV and
between 10 and 20% across the remaining range of ener-
gies examined. Plotted yields (Figure 14) point to sub-25
MeV incident energy irradiations given the consideration
of target material handling and recovery, with more mod-
erate gains above the peak of the excitation function near
20 MeV. To date, only a single experimental measurement
of the 226Ra(p,2n)225Ac reaction excitation function has
been performed [52]. Use of this reaction is extremely chal-
lenging thanks to the precious, radioactive nature of the
target metal, whose handling presents challenges far more
complex than those faced with stable targets. The first
daughter of 226Ra, 219Rn, is an inert, diffusible gas in stan-
dard ambient conditions, leading to significant radioactive
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FIG. 13. Apostolidis et al. [52] data with Padé 8 Fit con-
strained by the predictions of the TALYS code above 30 MeV.
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contamination hazards and requiring atmospheric man-
agement of alpha-emitting radionuclides in environments
where the 102 mg targets must be chemically processed
and quantitatively recovered between irradiations. The
previous CRP [4] evaluated this work, so the current rec-
ommendation is primarily a revision of the fitting to up-
date the fitting methodology. Experimental corroboration
of Apostolidis et al.’s data becomes increasingly valuable
as the demand for 225Ac grows. The small number of
data points available, combined with a non-physical (un-
reasonable low) value measured near 25 MeV, motivated
evaluators’ to fit the data shown in Figure 13 with the
additional constraint of the theoretical predictions of the
TENDL-2017 archive at energies above 30 MeV.
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FIG. 14. (Color online) Physical yields calculated from Padé
fit of data selected for the 226Ra(p,2n)225Ac reaction.

C. 232Th(p,x)225Ra (100% β− decay) 225Ac

As described above, it is also possible to produce
225Ac indirectly by formation of its radioactive parent
225Ra. This option is particularly interesting for produc-
tion of radioisotopically pure 225Ac, since direct produc-
tion by high-energy proton irradiation of 232Th targets
leads unavoidably to the coproduction of 227Ac in quan-
tities that are concerning from a dosimetric perspective
(the 232Th(p,x)227Ac reaction is discussed in detail below
in the context of 227Th production for 223Ra). Only 6
datasets were found [41, 45, 47, 48, 53]. Of these, only
three contained data below 200 MeV in the range of this
evaluation; these are shown in Figure 15(a). The lack
of data is likely because of the challenge of spectromet-
ric quantification of the primary radioactive emissions of
225Ra (30.0% 40 keV γ, 69.5% 316 keV β−, and 30.5% 356
keV β−), which are difficult to detect amid the decay emis-
sions of its radioactive daughters. The most reliable means
of quantification is by logging the more easily-observed
gamma-rays of 221Fr or 213Bi. These date are then fit to
Bateman equation models of the decay chain’s equilib-
rium, with parameters that quantify the activities of each
radionuclide in the chain. This method, however, requires
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(a) All experimental data are plotted with uncertainties.
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(b) Selected data compared with evaluated Padé fit and
TENDL-2017 data up to 35 MeV.

FIG. 15. (Color online) Evaluated Padé fit and TENDL-2017
evaluation are compared with experimental data from Ref. [45,
48, 53] for the232Th(p,x)225Ra reaction.
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FIG. 16. (Color online) Physical yields calculated from Padé
fit of data selected for the 232Th(p,x)225Ra reaction.
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careful HPGe spectrometry over a period spanning weeks
to achieve useful statistical certainty.

Of the datasets evaluated, 2 contained data only above
200 MeV [41, 47]. These data were used to constrain the
Padé fit shown in Figure 15(b) but no recommendation is
made above 200 MeV because of the overall sparseness of
measured data at higher energies. One of the remaining
three datasets contained only a single point [45] and was
obviously discrepant from other measurements, so it was
deselected (Figure 15(a)). The remaining two datasets are
enough only to provide for a recommendation with high
uncertainty that increases with energy up to 200 MeV,
but they are self-consistent [48, 53]. The uncertainties
provided in by Weidner et al. [48] are purely statistical
in nature and underestimate the random contribution to
experimental error estimates. Partly for this reason, the
confidence bands associated with the Padé 16 fit of the
available 19 energy points widen rapidly above 100 MeV,
suggesting that more experimental measurements are ur-
gently needed to constrain the recommended excitation
function. Yields calculated from the Padé fit are shown
in Figure 16.

V. PRODUCTION OF 227Th

Thorium-227 (T1/2 =18.697 d, 100% α) is being ex-
plored as a radionuclide for targeted alpha therapy in
its own right and as a parent in generators of its first
daughter, 223Ra (T1/2 =11.43 d, 100% α). Radium-223
is employed in its chloride form as the first U.S. Food
and Drug Administration-approved alpha-emitting radio-
pharmaceutical. The 227Th can also be obtained from a
generator system thanks to the long life of its parent by
β− decay, 227Ac (T1/2 =21.772 y, 98.62% β−, 1.38% α).
Direct production by charged particle irradiations is lim-
ited by the existence of suitable stable target nuclides.
The most accessible option, 232Th, is of the same element
as the desired product, requiring mass separation to en-
able use of 227Th and undeveloped radiochemical isolation
schemes to recover 223Ra from thorium solutions contain-
ing large amounts of carrier. Indirect production of 227Ac
with charged particles, however, is challenging because of
the need to form large amounts of 227Ac in order to make
useful quantities of 227Th available in a timely fashion. In
addition to the charged particle-induced routes examined
by this CRP, neutron initiated reactions, especially the
226Ra(2n,γ) family of reactions, leverage available large
neutron fluxes and the relative simplicity of reactor tar-
getry to produce useful quantities of 227Ac following mul-
tiple neutron captures and β− decays.

A. 232Th(p,x)227Th

Direct production of 227Th by proton irradiation of
232Th requires proton energies in excess of 50 MeV. There
are nine measurements of this excitation function in eight
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(a) All experimental data are plotted with uncertainties.
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(b) Selected data compared with evaluated Padé fit and
TENDL-2017 data up to 200 MeV.

FIG. 17. (Color online) Evaluated Padé fit and TENDL-2017
evaluation are compared with experimental data from Ref.[43,
45, 47–51, 53] for the 232Th(p,x)227Th reaction. TENDL-2017
data are scaled in magnitude with the factor shown to enable
comparison with measured data.

papers [43, 45, 47–51, 53], as plotted in Figure 17(a).
There is clear agreement between five of the datasets
which extend above 100 MeV [45, 47, 48, 50, 53], while
three measurements from Refs. [43, 49] are in disagree-
ment with all of the data. As in previous studies above,
the data of Ermolaev et al. [49] were rejected because they
used thorium targets of much larger thicknesses than are
usually irradiated in stacked-foil experiments, while the
single data point from Lefort et al. [43] was removed as an
outlier due to concerns over the monitor reactions used to
quantify the incident proton fluence. Remaining selected
data are shown in Figure 17(b) alongside the 7 parameter
Padé fit and equivalent data from TENDL-2017. The eval-
uated excitation function peaks between 80 and 90 MeV
at 40 mb before a moderate descent to approximately 25
mb at 200 MeV. Relative uncertainties in the fit include a

10



Nuclear Data for Therapeutic ... NUCLEAR DATA SHEETS J. W. Engle et al.

0 5 0 1 0 0 1 5 0 2 0 0

0 5 0 1 0 0 1 5 0 2 0 0

0

1 0

2 0

3 0

4 0

5 0

0

1 0

2 0

3 0

4 0

5 0
Ph

ysi
ca

l Y
ield

 (M
Bq

 µA
h-1 )

I n c i d e n t  P a r t i c l e  E n e r g y  ( M e V )

2 3 2 T h ( p , x n ) 2 2 7 T h

FIG. 18. (Color online) Physical yields calculated from Padé
fit of data selected for the 232Th(p,x)227Th reaction.

4% systematic contribution, and range from 100% of the
recommended values near threshold to 7 ± 1% between
80 and 200 MeV. Physical yields increase monotonically
from 80 MeV to beyond the energy range considered in
these studies (see Figure 18).

B. 232Th(p,x)227Ac (98.62% β− decay) 227Th

The 232Th(p,x)227Ac reaction is described by 4 liter-
ature reports [42, 45, 49, 54], which are summarized in
Figure 19(a). This reaction is important not only as an
option for the production of n.c.a. 227Th, but also for
consideration of 227Ac radioisotopic impurity that is un-
avoidably produced in high energy proton irradiations of
232Th. The measured function displays in all cases struc-
ture corresponding to alpha exit channels below 70 MeV,
but all reports disagree on the magnitude and energy lo-
cation of this reaction feature. As a result, the threshold
behavior of the excitation has not been accurately quan-
tified by experiment. The data from Ermolaev et al. [49]
are deselected as described multiple times previously. Ex-
periments conducted by Gauvin [42] used values of the
monitor reactions 27Al(p,x)24Na and 12C(p,x)11C which
disagree by as much as 60% with modern accepted values
below 60 MeV and by 10-30% between 60 and 100 MeV,
so these data were also deselected. The remaining data
from Refs. [45, 54] are shown in Figure 19(b) along with
the data from the TENDL 2017 library and the 8 param-
eter Padé fit (χ2=0.67). Recommended uncertainties are
below 9% across the range of energies considered, but ad-
ditional experimental measurements are clearly needed to
constrain the excitation function, especially near the re-
action threshold where the CRP is unable to recommend
numerical values. The physical yield calculated from the
Padé fit, extrapolated to threshold, is shown in Figure 20.
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(a) All experimental data are plotted with uncertainties.
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(b) Selected data compared with evaluated Padé fit and
TENDL-2017 data up to 200 MeV.

FIG. 19. (Color online) Evaluated Padé fit and TENDL-
2017 evaluation are compared with experimental data from
Refs. [42, 45, 49, 54] for the232Th(p,x)227Ac reaction. TENDL-
2017 data are scaled in magnitude with the factor shown to
enable comparison with measured data.
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FIG. 20. (Color online) Physical yields calculated from Padé
fit of data selected for the 232Th(p,x)227Ac reaction.
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VI. PRODUCTION OF 230U

Of the alpha-emitting radionuclides examined by this
CRP, 230U (T1/2 = 20.8 d, 100% α) and its short-lived

daughter 226Th (T1/2 = 30.57 min, 100% α) have received

the least clinical attention. Unlike 225Ac and 227Th, there
are no convenient, neutron initiated routes that lead to
230U. Direct production of 230U by charged particle ir-
radiation is possible using targets of radioactive 231Pa
(T1/2 = 32760 y, 100% α), which is a decay product of the
235U chain, and this target is examined with proton and
deuteron initiated reactions below. A less efficient route
is also examined, using the small β− branch of 230Pa
(T1/2 =17.4 d, 92.20% EC, 7.80% β−, 0.0032% α), which

forms 230U by its decay.

A. 231Pa(p,2n)230U

The difficulty of obtaining and using targets of 231Pa
has limited experimental measurement to a single report
by Morgenstern et al. [55]. This publication, explores
both proton and deuteron induced reactions; the lat-
ter is considered below. The 20 data points from the
231Pa(p,2n)230U reaction were fit with a 5 parameter
Padé approximation without adjustment and are shown
together with data from the TENDL 2017 evaluated li-
brary in Figure 21. The data cover the excitation function
from threshold to energies above the peak of the (p,2n)
reaction, with maximum values at approximately 30 mb
at 14 MeV. The uncertainty in the fit is highest near
threshold, where values approach 20% of the excitation
function magnitude, including a systematic contribution
of 5% added throughout. At higher energies, the uncer-
tainty does not exceed 10% with a small global minimum
of approximately 8% near 20 MeV. Physical yields calcu-
lated from the Padé fit are shown in Figure 22, rising from
the excitation function threshold to over 0.35 MBq·µAh−1

at 25 MeV.
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FIG. 21. Evaluated data from [55] compared with Padé fit and
TENDL 2017 data.
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FIG. 22. (Color online) Physical yields calculated from Padé
fit of data selected for the 231Pa(p,2n)230U reaction.

B. 231Pa(d,3n)230U

The deuteron initiated reaction 231Pa(d,3n)230U, also
measured only by Morgenstern et al. [56] between thresh-
old and 20 MeV, has a slightly smaller magnitude and
wider peak than the (p,2n) reaction described immedi-
ately above. The measured data were fit with an 8 pa-
rameter Padé approximation (χ2=0.170), which is shown
in Figure 23 along with data from the TENDL-2017 eval-
uated library. The theoretical model significantly over-
estimates the magnitude of the excitation function and
underestimates its peak energy by approximately 3 MeV.
Uncertainty in the Padé fit is dominated by systematic
contributions of 5% thanks to the measured data points’
functional smoothness across the energy range explored.
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FIG. 23. Evaluated data from [56] compared with Padé fit.
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Yields are calculated from the fit and shown in Fig-
ure 24, rising monotonically from threshold to a maximum
of 0.25 MBq·µAh−1 at 25 MeV.
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FIG. 24. (Color online) Physical yields calculated from Padé
fit of data selected for the 231Pa(d,3n)230U reaction.

C. 232Th(p,3n)230Pa (7.80% β− decay) 230U

Because of the relative accessibility of 232Th targets (as
compared with 231Pa), more data is available to describe
the 232Th(p,3n)230Pa reaction than for 231Pa(d,3n)230U
or 231Pa(p,2n)230U. Eleven datasets dating to 1955 have
quantified this excitation function up to 200 MeV [45, 57–
65] . Six of these were deselected during this evaluation:
Chu et al. (Ref. [64], for inaccurate monitor reactions),
Brun et al. (Ref. [65], for obvious outlying data points),
Lefort et al. (Ref. [45], as an obvious outlier), Meinke et al.
(Ref. [58], for an approximately 50 MeV energy offset and
severe outliers in data magnitude), and Tewes et al. (Ref.
[57], for obvious outlying data points). These data are
all shown in Figure 25(a). The remaining 39 data points
from Refs. [59–63] are plotted in Figure 25(b) along with
data from the TENDL-2017 evaluated library and the
chosen 9 parameter Padé fit (χ2=1.46). The TENDL data
overstimates the magnitude of the excitation function by
a factor of two, but correctly locates its principle features
in energy. Below 17 MeV, fit uncertainties range from 9-
11%, but at higher energies the uncertainties decrease with
increasing energy to 7% by 30 MeV. Calculated thin target
physical yields from the Padé fit are more than a factor of
20 higher than yields from proton and deuteron induced
reactions on 231Pa targets, reaching their maximum of
8 MBq·µAh−1 just above 30 MeV. This higher yield is
able to account for the small branching ratio of 230Pa’s β−

decay to the desired 230U, and the simplicity of a target of
natural abundance whose source does not involve special
nuclear material makes the 232Th(p,3n)230Pa route a very
attractive option compared to direct production schemes.
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(b) Selected data compared with evaluated Padé fit and
TENDL-2017 data up to 200 MeV.

FIG. 25. (Color online) Evaluated Padé fit and TENDL-
2017 evaluation are compared with experimental data from
Refs. [45, 57–65] for the232Th(p,3n)230Pa reaction. TENDL-
2017 data are scaled in magnitude with the factor shown to
enable comparison with measured data.
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FIG. 26. (Color online) Physical yields calculated from Padé
fit of data selected for the 232Th(p,3n)230Pa reaction.
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VII. SUMMARY AND CONCLUSIONS

This is the final cross-section evaluation recommended
by the IAEA Coordinated Research Project on Nuclear
Data for Charged-particle Monitor Reactions and Medical
Isotope Production. This collaborative effort galvanized
nuclear cross-section research activities between 2012 and
2017 on the production of a variety of positron-, gamma-,
electron-, and alpha-emitting radionuclides. The organiza-
tion of such a program of work catalyzed comprehensive
technical discussions of the experimental and theoretical
challenges in such measurements, theoretical modeling
and evaluations and incited the development of an up-
dated set of nuclear reaction and decay data. In particular,
the recommended reaction data is notable for its inclusion
of uncertainties, which are expected to be broadly useful to
researchers and communities seeking to standardize their
own measurement programs and to strategically under-
take the measurement of additional data. In this regard,
the efforts of the CRP have built usefully on the previous
IAEA TRS 473 published almost 8 years earlier [4].

The inclusion of data on the production of therapeu-
tic radionuclides portends the increasing medical interest
in using physically unstable nuclides as molecularly tar-
geted vectors for the treatment of human disease. In many
cases, including several discussed in this work, successful
application of charged particle beams to the production of
therapeutic radionuclides in clinical practice relies heavily
on a balanced consideration of the nuclear data to inform
yield and purity predictions which directly influence the
achievable scale of clinical trials and patient dosimetry.
The data and uncertainties recommended here not only
serve to guide the development of infrastructure which
will address global supply deficiencies of these radionu-
clides, but also to motivate additional studies of nuclear
reactions where existing data is obviously insufficiently
accurate or precise. More work is needed in many areas.
Several reactions evaluated here are treated with only a
single experimental measurement. The 226Ra(p,2n)225Ac
in particular, as well as reactions to produce 227Th, are
in need of new measurements whose significance will grow

as more successful treatments of previously refractory dis-
ease are reported. Nuclear decay data evaluations and
nuclear reaction characterization are both becoming in-
creasingly important for Auger- and low energy electron-
emitting radionuclides like 119Sb, 103Pd, and 135La, and
new theranostic imaging surrogates are being explored for
alpha-emitting radionuclides, since the large ionic radii
typical of actinide elements make it difficult for established
positron-emitting nuclides to act as chemically identical
congeners in low molecular weight targeting vectors which
show such promise for the treatment of disease. It will
also become more important in coming years to contem-
plate the production of therapeutic radionuclides using
higher mass projectile bombardments – reactions which
use beams of ionic lithium, beryllium, boron, carbon, nitro-
gen, etc... often have excitation functions with maxima at
the hundred-millibarn scale, potentially enabling produc-
tion of Gigabecquerel quantities of, e.g., 149Tb for clinical
applications.

Recommended therapeutic radionuclide production
reaction data and their uncertainties are available
on the Web page of the IAEA NDS at www-
nds.iaea.org/radionuclides/ and also at the IAEA medical
portal www-nds.iaea.org/medportal/ .
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