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Abstract

Cross sections for the formation of ****’Ac, ****Ra, and **'Th via the proton bombardment of natural
thorium targets were measured at a nominal proton energy of 800 MeV. No earlier experimental cross
section data for the production of ****’Ra, **’Ac and **'Th by this method were found in the literature. A

comparison of theoretical predictions with the experimental data shows agreement within a factor of two.
Results indicate that accelerator-based production of *’Ac and ***Ra is a viable production method.
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1. Introduction

Alpha emitters have great advantages over beta emitters for use in cancer therapy due to a higher linear
energy transfer and the limited alpha range in tissue. The increased availability and improved
radiochemistry of alpha-particle-emitting nuclides for targeted therapy have presented new possibilities for
their use in radioimmunotherapy. A number of alpha-particle-emitting nuclides, displaying half-lives
ranging from minutes to days, are considered for application in targeted therapy (Couturier et al., 2005).
An accelerator-based production method for two such radionuclides, 2B Ac and *Ra, is addressed in this
work.

1.1 BAc

The actinide radioisotope **’Ac has a half-life of 10 days, emits four alpha particles in its decay chain,
and has recently gained importance for application in future treatment of metastatic cancer via targeted
alpha-immunotherapy (Miederer et al., 2008). **Ac can also be used as a generator for *"’Bi, another
shorter-lived alpha emitter (T,, = 45.6 min) considered for targeted alpha therapy.

Up till now, the widespread use of *’Ac and *"’Bi in radiotherapy has been restricted by the limited
availability of **Ac. Presently, *Ac is almost exclusively supplied by separating the isotope
radiochemically from only two **Th sources, one located at Oak Ridge National Laboratory (ORNL),
USA (Boll et al., 2003) and the other at the Institute for Transuranium Elements in Karlsruhe (ITU),
Germany (Apostolidis et al., 2001). The **Th available at both sites was recovered from ***U, which has
been in long-term storage at ORNL. This *°U was produced in kilogram quantities in the 1960’s by
neutron irradiation of **Th in molten salt breeder reactors (Grimes, 1967).

1.2 Ra

A second radionuclide of interest, **’Ra, has a half-life of 11.4 days, also emits four alpha particles in
its decay chain, and has demonstrated promise for the treatment of bone cancer (Bruland, et al., 2006). It
can also be used as a generator for the production of *''Pb (Guseva, 2009).

Similar to **’Ac, the supply of *’Ra is limited due to its current method of production. Most
commonly, **Ra is milked from a **’Th (half-life = 18.7 days) cow, which in turn is obtained from the
decay of the long-lived isotope **’Ac (half-life = 21.8 years). Only limited sources of *’Ac, collected from
the decay of 23U or from the neutron irradiation of ***Ra (Kirby, et al., 2006), exist.

1.3 Alternate production methods

The expected growth in actinide isotope demand has led to the investigation of alternative production
methods. For example, a reactor route for the production of ***Th, which alpha decays to **’Ra, relies upon
multiple neutron captures on *°Ra (Van Geel, et al., 1994) and can be pursued at high flux reactors, such
as the High Flux Isotope Reactor (HFIR) at ORNL. The evaluation of accelerator routes, including the
production of *Ac via the **Ra (p,2n) and **°Ra (y,n) nuclear reactions (Apostolidis, et al., 2005;
Melville, et al., 2007), have also gained momentum.

This paper describes the investigation of another accelerator approach. This work is part of a wider
evaluation of high-energy accelerator production routes employing intense 100 MeV, 200 MeV and 800
MeV proton beams and natural thorium targets for the large-scale production of the therapy isotopes
23:25Ra, > Ac, and **’Th. Such beams are available at Los Alamos National Laboratory (LANL) and
Brookhaven National Laboratory. A recent paper (Zhuikov, et al., 2011) describes a similar approach at



energies below 200 MeV. Here we present cumulative cross section measurement results relevant to the
production of these therapy isotopes with 800 MeV proton beams.

2. Experimental technique
2.1 Irradiation

All aspects of this experiment were conducted at Los Alamos National Laboratory. Irradiation of
the target foils occurred at the Los Alamos Neutron Science Center (LANSCE) accelerator facility. This
accelerator is capable of delivering both H+ and H- ion beams at energies up to 800 MeV. This experiment
utilized the H+ beam only. While the actual proton energy at the target foils was calculated to be 795.4 +
0.5 MeV using stopping power data from Anderson and Ziegler (Anderson and Ziegler, 1977), the nominal
value of 800 MeV is used throughout the text when referring to the proton energy.

Natural thorium foils of 99.7% purity were obtained from Goodfellow Corporation. Two foils
were used as targets for this experiment, each measuring 2.5 cm x 2.5 cm and having thicknesses of 48.1
and 52.8 mg/cm’. An aluminum beam monitoring foil with the same dimensions and a thickness of 65.3
mg/cm’ was incorporated downstream of the thorium targets. The thickness of each foil was calculated by
the ratio of its mass to surface area. Each foil was also measured with a micrometer at six different
locations to ensure uniform thickness. All foils were sandwiched between single layers of Kapton tape
with a thickness of 25 um, which served as a catcher foil for recoil ions. After being mounted on acrylic
frames, the target foils were irradiated together as a stack for approximately one hour without interruption
at an average beam current of 67.6 nA. For beam monitoring purposes, the *’Al(p,x)**Na reaction was
applied. The cross section value for this reaction was obtained by examining published >’ Al(p,x)**Na cross
section values at 800 MeV. Our search of the EXFOR database found eight values (Aleksandrov, et.al.,
1996, Dittrich, et al., 1990, Heydegger, et al., 1976, Michel, et al., 1995, Morgan, et al., 2003, Taddeucci,
et al., 1997, Titarenko, et al., 1999, Vonach, et al., 1997). A cross section value of 15.0 = 0.9 mb was
obtained by taking the average of those values within one standard deviation of the mean of all eight
published values. The *’Al(p,x)**Na reaction was also considered as a monitor reaction, but the predicted
proton fluence showed a discrepancy of 15% when compared with that obtained from the *’Al(p,x)**Na
reaction. This discrepancy is believed to be due to secondary neutron contributions via the competing
27Al(n,o&)MNa reaction; hence, this monitor reaction was rejected.

2.2 Gamma and alpha spectroscopy

Several hours after end of bombardment (EOB), the foils were prepared for gamma
spectroscopy. One thorium foil was initially counted on a PGT Ge(Li) detector with a relative efficiency
of 13.7%. After 14 days, this foil was transferred to a LOAX-51370/20-S detector, which would enable
the detection of the 40 keV gamma from **Ra. The second foil was counted with an ORTEC GEM10P4-
70 detector with a relative efficiency of 10%. All detectors used were well shielded and calibrated using
NIST-tracable gamma calibration sources. The foils were counted repeatedly over a period of several
months, and the decay curves of all isotopes were closely followed to ensure proper identification and to
evaluate any possible interferences.

Analysis of the gamma spectra was conducted utilizing laboratory-specific analysis codes.
The first of these codes, Raygun, is a Fortran-based analysis code developed by Ray Gunnink from
Lawrence Livermore National Laboratory. GAMANAL is a more sophisticated analysis code that has
been in use since the early 1970’s (Gunnink and Niday, 1972). SPECANAL is a less rigorous version of
GAMANAL that was coded at LANL in the 1980’s in order to facilitate the batch processing of large
numbers of gamma spectra. Gamma ray energies and intensities as listed on the Lund/LBNL Nuclear Data



Search website (Chu, et al., 1999) were used to determine the activity of the relevant isotopes (see Table

1.

Due to its very low activity, it was not possible to measure **’Ac nondestructively. Approximately
18 months after irradiation, the thorium foils were dissolved and the actinium isotopes chemically
separated from the thorium matrix. Alpha counting samples were prepared by placing several stipples of a
liquid fraction onto platinum discs and then evaporating the liquid to form a near-massless layer of alpha-
emitting material. All alpha counting measurements were 10,000 minutes long and completed using
ORTEC Octete+ eight-channel alpha spectrometers equipped with 300 mm” silicon detectors. These
detectors were calibrated using NIST-traceable alpha calibration sources. Sample distance from the
detector was maximized to achieve the best possible peak resolution, resulting in a counter efficiency of
4.9%.

Actinium and radium were separated from the thorium matrix using a modified process based on
a technique developed at Oak Ridge National Laboratory (Boll, et al., 2005). The thorium foils were
separated from their Kapton containment by soaking them in 25 mL of ethyl acetate. The ethyl acetate was
decanted off and the two layers of Kapton were separated using tweezers. The ethyl acetate and Kapton
were counted to ensure no material was removed from the foils. The thorium foil was then dissolved using
15M HNOs; (40 mL) (Fisher Optima grade) and 1M HF (4 mL) (Fisher Optima grade). The foil was stirred
in the HF/HNO; solution overnight. Following the dissolution process, a 5 uCi spike of **’Ac was added to
the HF/HNO; mixture to measure the efficiency of the actinium chemical separation, and the thorium
solution was taken to dryness using heat. The solution matrix was changed using three 50 mL washes of
8M HNO; whereby each wash was taken to dryness before the next was added. The residue from the
matrix conversion steps was then dissolved in 2 mL of 8M HNO; and loaded onto a 10 mL bed volume
BioRad MP1 anion exchange column. After loading the thorium solution, the actinium/radium fraction
was collected with 30 mL of 8M HNOs;. This solution was taken to dryness, dissolved in 2 mL of 8M
HNO; and passed through a second 10 mL bed volume anion column. The thorium was stripped from the
first column with four 5 mL washes of 0.1M HNO; and collected for analysis.

Following the anion separation of actinium and radium from the bulk thorium matrix solution, a
second 5 mL bed volume cation column was run following the above procedures. The actinium/radium
fraction was taken to dryness and the matrix was converted to 0.1M HNO; by three 10 mL washes of 0.1M
HNO;, whereby each wash was taken to dryness before the next was added. The actinium was separated
from radium by use of a BioRad AG 50WX4 cation column (10 mL bed volume pre-equilibrated with
0.1M HNO; prior to use). The radium/actinium residue was redissolved in 2 mL of 0.1M HNO; and
loaded onto the column. The column was then washed four times with 5 mL of 0.1M HNO; and collected
as the load fraction. Following the initial load and washing of the column, the radium was stripped from
the column by four 5 mL washes of 1.2M HNO;. Following the radium stripping, the actinium was eluted
from the column by passing four 5 mL volumes of 8M HNO; and collecting the eluant. In order to ensure
the complete separation of radium and actinium, the above process was repeated with the collected
actinium fraction. Breakthrough of a small fraction of the thorium matrix into the final actinium fraction is
observed, which results in interference from the daughter products of ***Th with the peaks of the immediate
*TAc daughters in the alpha spectrum. This complication was resolved by using the *°Po activity to
quantify the **’Ac activity. As shown in Fig. 1, there is no interference with the 7,386 keV alpha peak
associated with *'*Po. Note that the *'’At in Fig. 1 is from the decay of the ***Ac spike.

Since **’Ac decays to *"°’Po via the following path: *’Ac — *’Th — **Ra — *"’Rn — *"Po,
there was concern that the alpha decay of **Ra could provide enough energy to the recoiling *'’Rn atoms
to cause some of those gaseous atoms near the surface of the sample material to escape and drift into the
vacuum system. Those atoms are assumed to be lost, leading to a measured >'*Po activity that is artificially
low. To prevent the loss of the gaseous *'’Rn atoms, a thin collodion film was used to cover the sample



during alpha counting. This technique has been successfully utilized by others to prevent recoil-ion
contamination of surface-barrier detection systems while still enabling alpha counting (Inn, et al., 2009).
The film is thin enough to allow the alpha particles to reach the detector with little degradation of energy
resolution, but thick enough to retain the *"’Rn atoms. A comparison of a count of the uncovered sample
with an identical count of the same sample covered with a collodion film (Fig. 1) indicated that
approximately 16% of the *'’Rn atoms are lost from the uncovered sample.

23 Data analysis

It was recognized prior to this experiment that the non-destructive detection and quantification of
some isotopes of interest via their gamma signatures alone would be a challenge. This anticipated
complication, resulting mainly from the production of many fission products, was highlighted by
theoretical predictions using the code MCNP6. It was anticipated that the X and gamma rays emitted by
these fission products would likely interfere with the relatively weak gamma signatures of many of the
isotopes of interest.

Initial results from the non-destructive counting of the thorium foils confirmed these predictions.
Interference with the gamma signatures of *’Ra, *Ac and **Ra prevented their direct quantification. An
example of the very busy spectrum below 125 keV is shown in Fig. 2. Because the 218.2 keV gamma
emitted by **'Fr was without interference, the activities of **Ac and *Ra at EOB were quantified by
evaluating very rigorously the parent-daughter in-growth and decay curve (Fig. 3) of **'Fr over time. A
similar evaluation of the 351.06 keV gamma peak attributable to *''Bi enabled the quantification of **’Ra
and **'Th. **'Th was also quantified directly by measuring its 235.971 keV gamma. The **'Th activities at
EOB obtained from these two methods were within 5% of each other.

The **Ac, ****Ra, and **'Th activities at EOB were calculated by performing a Markov
chain Monte Carlo (MCMC) analysis (Higdon, et al., 2008; Hemez and Atamturktur, 2011) of the
aforementioned decay curves. Using a Monte Carlo sampling technique, one million theoretical decay
curves were fitted to each set of measured data points. An initial guess for the activity of each isotope at
EOB was obtained from a least squares fit of its respective decay curve. Successive values for the
radioisotope activities at EOB were obtained via a random walk technique in a range defined to be = 30%
of the initial guess values, and then used to generate successive decay curves. Each of these generated
curves was assessed against how well it passed through the error bars of the data points associated with the
measured decay curve for each isotope of interest, with all decay curves containing 10-20 measurements.
Those curves that did not satisfactorily represent the measured data, as determined by preset variance
values within the code, were rejected. Upon completion of one million satisfactory decay curves, the most
probable value of the activity of each isotope at EOB, and the standard deviation of its probability
distribution, were extracted. This process offers a statistically rigorous quantification of the uncertainties
associated with the activity of each isotope at EOB. The 1 o relative uncertainties of the MCMC calculated
activities at EOB ranged from 1.9% to 9.6%.

The uncertainty in each measured data point used in the MCMC analysis included the
estimated uncertainty in detector calibration (2.1%), counting geometry (1%), branching ratio, and peak
area (2-10%). These uncertainties were summed in quadrature to obtain a total uncertainty for each
measured data point. The total uncertainty in each measured cross section was calculated by summing in
quadrature the individual contributing uncertainties from the foil thickness (0.3% and 0.8%), integrated
proton current (6.7%), decay constant, and radioisotope activities at EOB. Additionally, the total
uncertainty in the *’Ac cross section value obtained from alpha counting includes assessments for the
uncertainties introduced by the chemical separation process (4.7%). The uncertainty associated with each
cross section value is expressed as a 1 ¢ confidence level.



3. Results and Discussion

3.1 Cumulative Cross Sections

The proton irradiation of a >**Th foil will lead to the production of not only the various
isotopes of interest, but of their relatively short-lived parents as well. For example, the decay of **’Pa and
**Th produced within the thorium targets will contribute to the measured activity of **Ac; in the same
way, the decay of **’Fr and **Ac will contribute to the measured activity of **Ra. Since the shorter-lived
parents will contribute to the activity of all isotopes that we measured, the cross sections presented in this
experiment are considered cumulative.

Theoretical cumulative cross section values for 800 MeV proton irradiation of thin ***Th
targets were also calculated for the production of ****Ra, ****’Ac and *’Th. These calculations utilized
the MCNP6 code (T. Goorley et al, 2011) with three different event-generators: the Cascade-Exciton
Model as implemented in the code CEMO03.03 (Mashnik et al., 2008), the BertinitMPM+Dresner+RAL
event-generator (Bertini, 1969; Prael and Bozoian, 1988; Dresner, 1981; Atchison 1980), and the Liege
intranuclear cascade model INCL (Boudard et al., 2002) merged with the ABLA evaporation/fission model
(Junghans et al., 1998). Standard default values of all parameters were used in each model. The
theoretical cross section values as calculated initially with MCNP6 were independent values and did not
include contributions from any parent isotopes. Cumulative theoretical cross sections were derived
thereafter, and include the appropriate contributions from the parent isotopes specified in sections 3.1.1 and
3.1.2 below.

With the exception of **’Ac, the data reported here represents the first measurement of
these reactions at 800 MeV. The measured cumulative cross sections for the production of ****'Ac,
2325Ra and **'Th via 800 MeV proton irradiation of thin, natural thorium foils are shown in Table 2. The
table also compares the theoretical predictions with the measured values. Note that the predicted values
show a factor of two agreement or better with experiment; however, no one model consistently yields a set
of theoretical values that most closely matches all of the cross sections measured in this work. This
prompted MCNP6 calculations using several event-generators and provides insights about the uncertainty
of calculated results due to the physics ingredients emphasized by different models.

3.1.1  *’Th(p.x)**Ac, ***Th(p,x)**’Ra and **Th(p,x)**' Ac reactions

The **Th(p,x)**’Ac cross sections account for the decay of **’Pa and **’Th adding to the measured
activity of *’Ac. This measurement is well approximated by the three theoretical predictions. Conversely,
the 20.3 + 5.1 mb value obtained experimentally by Titarenko, et al. (2003) is well above our
measurement.

The measured **Th(p,x)**’Ra cross section in Table 2 is well forecasted by the Bertini model.
The INCL and CEM models over predict and under predict, respectively, the measured value by roughly a
factor of 2. The measured cross section for the impurity **’Ac, which includes a contribution from the
decay of **'Ra, is 40.5% larger than the value measured for **’Ac, and is accurately predicted by the INCL
model.

Chemical separation of the thorium foil proved vital to the quantification of *’Ac and the
measurement of its cross section. This was not unexpected as a study of the gamma emissions of **’Ac and
its daughter products clearly indicates that they are difficult isotopes to identify and quantify by gamma
spectroscopy, especially in the presence of numerous fission products. An examination of the **’Ac
progeny suggests that *''Pb might be measureable by reducing background through counting of the



427.088 keV (1.76% intensity) and the 404.853 keV (3.78% intensity) gammas in coincidence.
Implementation of this counting method will be considered for future work.

3.1.2  *’Th(p,x)**Ra and ***Th(p,x)**'Th reactions

The measured and theoretical cross sections in Table 2 for **Th(p,x)**Ra include
contributions from the decay of **Fr and **Ac. The prediction from the Bertini model is in excellent
agreement with the measurement. Similarly, the ***Th(p,x)**'Th cross sections include contributions from
the decay of *’Pa and **Th. In this case, only the median of the theoretical predictions is in very good
agreement with our measurement, with the Bertini and INCL values approximately 50% less than our data
and the CEM value approximately 50% greater.

3.2 Production rates and yields

Assuming an uninterrupted 10-day irradiation of a thorium target with thickness 5 g/cm” using a
proton current of 1250 pA, the instantaneous production rate and total yield for each isotope is shown in
Table 3. Such an irradiation scheme will be possible at the future Material Test Station being developed at
LANSCE.

3.2.1 Production of **’Ac

This research demonstrates that intense proton accelerators can produce **Ac in at least
two distinct ways: directly via nuclear reactions and decay of short-lived parents, or indirectly via the
decay of its longer-lived parent “’Ra. A third route is also possible by the path **’Pa (T, = 1.50 d) — ***Th
(T, = 7,340 y) — **Ra. Though this third production route was investigated, we were unable to quantify
*Pa and **Th by either gamma or alpha spectroscopy due to interferences and very low activity,
respectively.

The illustrated 10-day irradiation anticipates direct production of more than 20 Ci of ***Ac.
Other undesirable isotopes of actinium would also be produced, but only one, **’Ac, has a half-life greater
than *Ac. From a “**Ac production perspective, the co-production of this long-lived **’Ac impurity is a
concern; however, the expected **’Ac yield of 0.05 Ci represents only 0.25% of the total activity of the
2 A¢ combination. Additional research into the biological fate of the labeled carrier, the metabolized
molecular products, and free actinium atoms is needed to ultimately determine if the presence of **’Ac
would preclude accelerator produced ***Ac as a viable option for targeted alpha therapy.

Secondly, the several Curies of **’Ra yield from the production example could be utilized
as a pure “Ac generator. Although other isotopes of radium are also created in a production run, only
two, “7***Ra, beta-decay to actinium. The **’Ra has a relatively short 42.2 min half-life, but decays to the
long-lived impurity *’Ac. Conversely, the relatively long-lived ***Ra has a half-life of 5.75 years, but
decays to the short-lived isotope ***Ac (T, = 6.15 h), which in turn beta-decays to the alpha emitter ***Th
(Ty, = 1.9 y). The impact of **’Ra production could be mitigated by delaying the chemical separation of
radium until after the bulk of this isotope has decayed into **’Ac. Given its 5.75 y half-life, it is anticipated
that the ***Ra would contribute comparatively little dose over the useful lifetime of a **’Ra generator.

3.2.2  Production of **Ra

Three viable **’Ra production paths are evident from this work. Firstly, the direct production of
*»Ra via nuclear reactions and decay of short-live parent nuclides is expected to yield more than a half-
dozen Curies as shown in Table 3. Of the contaminant isotopes of radium that would be co-produced, only
three are of concern: *>*****Ra. The 1600 y half-life of **Ra may make its presence tolerable. The



presence of ******Ra, however, may or may not be tolerable. Further research is needed to better
understand the biologic consumption of such a radium-labeled carrier. In either case, accelerator-based
production of ***Ra as a generator of *''Pb appears viable.

Secondly, the example irradiation scheme is expected to create nearly 11 Ci of *’Th. Though
other alpha-emitting isotopes of thorium would also be produced, those thorium isotopes with mass
numbers less than 227 all have half-lives shorter than 31 min, while the thorium isotopes with mass
numbers larger than 227 all have half-lives greater than 1.9 y. Hence, proper timing of the chemical
separation of thorium would lead to the recovery of a relatively high quality **’Th product that could serve
as a multi-Curie generator for pure **’Ra.

The third **Ra production route is from the creation of *’Ac, the long-lived parent of **’Th.
Though the example production run predicts a 0.05 Ci yield of **’Ac, a longer irradiation of one year will
produce 1.8 Ci. Since the half-life of *’Ac is nearly 22 years, such a **’Ac source would essentially serve
as a permanent **’Th generator.

4, Summary and Gonclusion

This work reports, for the first time, measured cross sections for the production of 223254, *'Th
and **'Ac from the bombardment of a thorium target with 800 MeV protons. It also refines the uncertainty
of the previously published **’Ac cross section to a more precise measurement. Extensive medical trials
for **Ac and **Ra are currently constrained by the limited worldwide production of these radioisotopes.
Based upon our measured cross section values and calculated yields, accelerator-based production of *’Ra
and **’Ac with intense 800 MeV proton beams shows great promise. In fact, the predicted ***Ac yield from
a single irradiation (20.2 Ci, Table 3) is nearly twenty times the current annual worldwide production.
Furthermore, the expected 6.5 Ci yield of **Ra would be a significant addition to the international
inventory available for clinical trials and treatment. Curie amounts of the parent isotopes **’Ra and **’Th
are also simultaneously produced, enabling the production of additional Curies of **>Ac and **Ra from the
resulting generators. Long-lived impurities such as *’Ac and ***Ra are also co-produced, however, and
their presence may or may not be tolerable in therapy applications. The production of **’Ac may be
advantageous, though, as a “permanent” generator of **'Th, **’Ra, and *''Pb.

Comparison of theoretical model predictions to our measured values shows reasonable-to-good
agreement, with all of our measurements positioned near the median of the predicted values. The range of
theoretical predictions is generally large, however, varying by factors of 2-5 for all isotopes except ***Ac.
Additionally, no one model was shown to be consistently more accurate than another.

Given the promising results of this research, similar experiments are in progress at the LANCE
facility to measure the production cross sections for these same isotopes using protons in the energy range
below 200 MeV. The results of these experiments will be published in future articles.
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FIG. 1. Comparison of data from two identical counts of the same sample, one covered by a thin collodion
film and one uncovered. The activity of *’Po was used to quantify the activity of **’Ac at end of
bombardment.
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FIG. 2. Example of the significant X- and gamma ray interference below 125 keV.
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FIG. 3. Measurements of the **'Fr activity made over many weeks. The solid line represents the activity of
*'Fr based upon the **Ac and **Ra activities at EOB as determine by a Markov chain Monte Carlo

analysis.



Table 1

Nuclear decay data utilized for the analysis of radioisotopes relevant to this work (Chu, et al., 1999).

Hali-Life Decay Mode (%) E,[keV] I, [%] E.[keV] I, [%]

BAc 10.0d a (100) 99.91 1.01 5,830 50.7
Ra 14.9d B (100) 40.09 30 - -

TAc 21773y B (98.620) 100 0.009 4,953.26 47.7

o (1.380) 4,940.7 39.6

PRa  11.435d  o(100) 269.459 13.7 5,716.23 52.6

5,606.73 25.7

2'Th  18.72d  « (100) 235.971 12.3 6,038.01 24.2

256.25 7.0 5,977.72 23.5

2Er 49m a (100) 218.19 11.6 6,341 83.4

ABi 2.14m  0(99.724) 351.059 1291  6,622.9 83.77

PRn 3.96s o (100) 271.23 10.8 6,819.1 79.4

po  1.781ms  ©(99.99977) 438.8 0.04  7,386.2 100
Table 2

Comparison of theoretical predictions to experimentally measured cumulative cross sections for the
formation of ****Ra, *****’Ac and *'Th.

Measured Value Bertini Value CEM Value INCL Value
[mb] [mb] [mb] [mb]

BAc 148+1.1 12.5 15.0 12.1

*Ra 33+04 3.8 1.5 7.8

TAc 20.8+2.0 14.5 11.0 21.5

*Ra 53+0.6 5.3 3.1 9.6

2TTh 12.7+0.7 6.3 18.6 7.4

Table 3

Production rates and projected yields from a 10-day irradiation of a 5 g/cm® natural thorium target at the
future Los Alamos National Laboratory Material Testing Station using a nominal 800 MeV proton beam at
1250 pA.

Production Rate? Yield

[nCi/pA-h] [Ci]
PAc 936 20.2
2Ra 14.0 3.4
2TAc 0.17 0.05
Ra 293 6.6
2Th 429 10.8

* Instantaneous production rate, which does not account for decay
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