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Nuclear interactions referred to as spallation are usually described with a model that is
similar to a combination of the compound nucleus and the direct interaction models. Although
this type of nuclear reaction occurs within a fraction of a second, it can be described as a two-
step process. In the first step, the incident particle reacts with nucleons within the target nucleus.
This creates an intranuclear cascade of high energy (>20 MeV) nucleons that can escape as
secondary particles if their kinetic energy is large enough. Other excited nucleons deposit their
kinetic energy within the target nucleus, promoting it to an excited state. This leads to the second
step of the spallation process, the nuclear de-excitation referred to as evaporation where lower
energy (<20 MeV) neutrons, protons, alpha particles, and sometimes even larger nuclei are
emitted from the nucleus. In the evaporation process, the majority of the emitted particles are

neutrons [19].

1.5 Gamma-Ray Spectroscopy

Semiconductors have proven to be extremely useful in the field of radiation detection. As
shown in Figure 2, the small energy bandgap between the conduction band and the valence band
for semiconductors allows for charged particles traversing the semiconductor medium to
promote electrons to the conduction band through Coulomb effects. Semiconductors are usually
defined as having a bandgap energy of around 1eV. When a bias voltage is applied to the
semiconductor, the promoted electrons can be collected. The collected charge is proportional to
the energy of the incident charged particle. In the case of neutral radiation such neutrons or
protons, the secondary charged particles produced by nuclear reactions within the semiconductor
medium are able to excite electrons to the conduction band where they are collected by an

applied bias voltage.
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Figure 2. Bandgap energy of insulator and semiconductor [20].

High purity germanium semiconductor detectors (HPGE) are considered the gold standard in
semiconductor detection of y-rays. The energy resolution of these detectors at 1-2 keV is an
order of magnitude better than the resolution of scintillation detectors like sodium iodide.
However, sodium iodide detectors are more efficient than HPGe detectors. Further, it is possible
for electrons within an HPGe crystal to be excited to the conduction band by thermal energy. The
probability of such an event occurring is given in Equation 5 where T is absolute temperature in
Kelvin, Eq is the bandgap energy, k is the Boltzmann constant, and C is the proportionality

constant of the material.

E
p(T) = CT3/2e 2T Equation 5.

In order to combat this effect, liquid nitrogen is used to cool the HPGe crystal during operation.

HPGe detectors can have either planar or coaxial geometry. Coaxial detectors are usually
favored for y-ray spectroscopy due to the larger volume of crystal. In a coaxial detector, the core

of the crystal is removed and an electrical contact is placed over the inner cylindrical surface.
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Another electrode is placed on the outer surface of the coaxial detector. The germanium crystals
can be made to have substantial length in the axial direction. This can allow for detector volumes
of up to 800 cm® be produced. Since coaxial detectors have a smaller inner diameter than planar

detectors, they can be created with a lower capacitance [20].
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2 Materials and Methods

2.1 Target Irradiations

In this work, sixteen irradiations were carried out over a span of two years. Three
irradiations were performed at the Isotope Production Facility (IPF) at Los Alamos National Lab
(LANL) and thirteen irradiations were performed at the Brookhaven Linac Isotope Producer
(BLIP) at Brookhaven National Lab (BNL). Irradiation parameters such as incident proton
energy, irradiation period, and target thickness were adjusted to meet the specific goals of each
experiment. The parameters for each irradiation at BLIP and LANL are summarized in Table 1.
Overnight irradiations were designed to measure cross sections for the short-lived impurities
such as “°Ac (ty, = 29.37 h) and **3Ce (ty, = 33.04 h). Longer irradiations were carried out to
achieve three primary objectives: (a) to produce useful quantities of ***Ac for evaluation in
nuclear medicine applications, (b) to develop the remote chemical process adaptable to large-
scale production of **Ac, and (c) to resolve the often-challenging logistical issues associated

with the shipment of highly radioactive targets containing alpha emitting radionuclides.
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Table 1. Irradiation Parameters. Irradiations 1-3 occurred at IPF and 4-16 occurred at BLIP.

T_arget Energy  Irradiation Average

Number  Thickness . Current
(mg cm2) (MeV) Period (h) (LA)
1 637.6 76.5 24.2 207.1
2 637.6 89.9 24.1 208.3
3 585.0 89.9 91.5 159.5
4 166.0 127.8 3.6 87.2
5 519.5 127.8 17.0 54.1
6 157.4 127.8 107.4 45.1
“Ta 164.5 127.8 137.6 36.6
“7b 168.5 127.8 137.6 36.6
366.3 127.8 190.3 50.8
9 146.3 127.8 16.0 23.6
10 146.3 152.5 16.0 30.7
11 146.3 173.6 16.0 29.9
12 592.8 191.7 218.2 108.5
13 579.2 191.7 222.0 116.4
14 438.8 191.7 215.3 93.1
15 146.3 192.1 16.8 65.2
16 527.2 191.7 1914 86.0

"Targets 7a and 7b consisted of two thorium foils that were
irradiated together but processed separately.
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2.1.1 Irradiations at LANL-IPF

IPF is one of five primary facilities that combine to make up the Los Alamos Neutron
Science Center (LANSCE). LANSCE is capable of simultaneously accelerating H+ or H- ions up
to 800 MeV for a variety of applications (Figure 3). Initially, protons are generated at LANSCE
by a duoplasmatron ion source and accelerated with a Cockroft-Walton generator to 750 keV.
From there, proton beams are focused and bunched through a low-energy beam transport area
before reaching the first section of the linac. The first section of the linac is considered a drift
tube linac based on the design by Alvarez from 1946 [21]. An average proton beam current of up
to 250 pA exits the drift tube linac at 100 MeV where and enters a transition region. As shown in
Figure 4, a kicker magnet located within the transition region extracts a portion of the 100 MeV
protons and bends them towards the IPF beam line. The remaining protons continue into a side-
coupled cavity linac where they are accelerated to 800 MeV for use in the other LANSCE

research facilities [22].
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Figure 3. Schematic of LANSCE.
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Flgure 4. Diagram of IPF where the kicker magnet bends the LANSCE proton beam towards
the IPF target station.
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Targets irradiated at IPF were composed of arc-melted thorium metal that was rolled to the
thickness of the finished target and trimmed to its final dimensions. X-ray fluorescence
spectroscopy of the thorium stock confirmed a composition > 99.6%. These thorium discs were
electron-beam welded into machined Inconel capsules (Figure 5). During irradiations at IPF,
instantaneous beam intensities were monitored and logged at one and ten second intervals by two
inductive current monitors. In the past, recorded beam histories have been compared with
integrated fluences measured by established monitor reactions [23] and found to be accurate

within 5%.

Figure 5. Inconel-encapsulated thorium disk before irradiation at IPF.

After irradiation, targets were allowed to decay at IPF to U.S. Department of Transportation
(DOT) Type A quantities and then moved to the processing facility where the Inconel
encapsulation was cut open. The irradiated thorium was then removed from the Inconel cladding,

repackaged in a glass vial, and shipped to ORNL for chemical processing.
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2.1.2 Irradiations at BNL-BLIP

As shown in Figure 6, BLIP is part of a system accelerators referred to as the BNL
Accelerator Complex that is involved in a variety of high-energy physics research applications.
Similar to IPF, the preinjector system at BLIP begins with a duoplasmatron ion source and a 750
keV Cockroft-Walton generator. From there, protons are transported the 8 m distance to the linac
via the Low Energy Beam Transport system. After being accelerated up to 200 MeV, a portion of

the proton beam is bent by three magnets a total of 30° towards the BLIP target station [24].

Jet Target

“®HOBOS)

Launched ‘72
upgraded 2x

Figure 6. BNL Accelerator Complex

BLIP is capable of accelerating 115 pA proton beams up to 200 MeV in a Gaussian
geometry. The maximum current is controlled by an administrative limit that allows for proper
target cooling to avoid target failure or melting. By definition, a Gaussian beam profile

concentrates accelerated protons in the center of a radial distribution with a decreasing current
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density with increasing radial distance from the center of the beam. In a recent upgrade to BLIP,
a raster system was installed to increase the maximum average current to 150 pA while
improving the uniformity of the current density. However, all of the irradiations performed at

BLIP for this study employed a Gaussian beam profile like the one shown in Figure 7.

normal Gaussian tune

arbitrary exposure
scale

Figure 7. Typical Gaussian beam profile recorded at BLIP. The x and y axes are in mm and
the z-axis in arbitrary units of exposure to compare the relative spatial proton current.

For the irradiations at BLIP, thorium foils (0.125 mm, 99.5% purity) were purchased from
Goodfellow Corporation (Coraopolis, Penn., USA). For a typical irradiation, a ~27.9 mm circle
was cut from the foil and wrapped in 0.025 mm Al metal foil to prevent contamination spread
during target opening and packaging for shipment. A single foil was irradiated in the shorter
irradiations while three sandwiched foils were irradiated in the longer ones. The beam current
was monitored using 0.127 mm Al foil (99.99%, Atlantic Metals and Alloys, LLC) whose area
mimicked that of the thorium foils. Since BLIP targets are cooled by water, in all experiments

the foils and Al monitor foil were isolated in a bolted aluminum target capsule described
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previously [25]. The well of the target capsule was machined to the size of the thorium and
aluminum foil stack to ensure close fit for good thermal conductivity (Figure 8, Figure 9). After
irradiation, the aluminum monitor foil was dissolved in a mixture of HCl and HNO3, and the
resulting solution was assayed for *’Na (ty, = 2.6 y) using y-ray spectroscopy. Finally, beam

current was determined using cross section data from Steyn et al. [26].

Figure 8. Aluminum target holder with thorium disk before irradiation at BLIP.

Before shipment of the more radioactive targets, each target was allowed to decay for seven
days to reduce the dose and radioimpurities to levels that met transportation and radiological
facility requirements. The foils were packaged and shipped individually in DOT Type A

containers.

2.1.3 TRIM Calculations
Incident proton energy for each irradiation and target package geometry was determined

using the computer code TRIM (transport of ions in matter). TRIM is a Monte Carlo based code
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that follows a user-specified (usually very large) number of particle histories in a user-created
target. As implied by the name, TRIM only models the transport of heavy charged particles and
is not applicable to the transport of y-rays, electrons, positrons, or neutrons. Particle energy is
lost through nuclear or electronic collisions, and the particle history ends when the particle
reaches a minimum energy or is scattered outside of the target. The applicable range of ion
energies is from 0.1 keV/u to “several” MeV/u [27]. When compared to other programs utilizing
the Monte Carlo technique, one of the main advantages TRIM provides is the ability to cut down
computing time by up to 50 times over other programs. However, with this increased speed,
some assumptions must be made such as neglecting nuclear reactions, relativistic effects, and

directional properties of the crystal lattice of the target material.

Upper half

c-ring

Allen screw

Lower half
Thorium foil

Figure 9. Aluminum target holder used for thorium irradiations at BLIP.

The results of the TRIM calculation for the six different energy single foil irradiations and
the 192 MeV three-foil irradiations are shown in Table 2 and Table 3 respectively. A nominal
10,000 incident protons were used for each simulation to limit computation time. For good
measure, one simulation was performed with 100,000 incident protons and resulted in a similar

value for uncertainty. In this case the uncertainty values are dependent not on number of incident
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particles simulated but largely upon range straggling effects. Fractional tabulated uncertainties
are simply the standard deviation divided by the mean proton energy as shown in Equation 6

below.

._F)2
2E B Equation 6.

Table 2. TRIM calculated energies for single foil irradiations at BLIP and IPF.

Incident Exit Average Uncertainty Uncertainty
(MeV) (MeV) (MeV) (%) (MeV)
777 75.3 76.5 1.0 0.8
91.0 88.8 89.9 0.5 0.4
128.0 127.6 127.8 0.4 0.5
152.7 152.3 152.5 0.3 0.5
173.8 173.4 173.6 0.3 0.5
192.2 191.9 192.1 0.2 0.5

Table 3. TRIM calculated energies for three foil irradiations at BLIP.

Incident Exit Average Uncertainty Uncertainty
(MeV) (MeV) (MeV) (%) (MeV)
1915 191.2 191.4 0.3 0.5
191.9 191.6 191.7 0.3 0.5
192.2 191.9 192.1 0.2 0.5

2.2 Target Dissolution and Processing at ORNL
After arrival at ORNL, the targets were transferred into a hot cell for remote processing. The
radiation dose measured on contact with the target foils was usually greater than 60 mSv/h (6

rem/hr). Each foil was dissolved in 10 M optima grade HCI with a few drops of 2 M HF. Gentle
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heating was applied to aid the dissolution. After dissolution, the supernatant solution was
separated from residual solids by decantation, and a 50 pL aliquot was taken from each dissolved
sample and diluted to 5-10 x 10* times to reduce the sample activity enough for y-ray
spectroscopy analysis. Activities of all radioisotopes reported in this work except for %*’Ac

(t2 = 21.77 y) were determined from this target solution aliquot.

Since %2’ Ac does not emit abundant y-rays, its activity was determined by measuring the
activity of its daughter, ?2’Th, after it reached secular equilibrium with **’ Ac. Two approaches
were used: In the first approach, an aliquot of target solution was allowed to decay for at least
180 days and then it was assayed for **’Th. The second approach was used in later experiments
as it facilitated faster results; the Ac fraction was chemically separated from thorium and **'Th
was then allowed to grow in the purified ' Ac fraction. The resulting 2’ Ac activity was
corrected taking into account chemical yield of the actinium fraction that was monitored through

the detection of ?°Ac.

lon exchange and extraction chromatography were used to separate actinium from the
thorium target, isotopes of protactinium and radium, and the large number of fission products
generated in each irradiation. Although a detailed explanation of the chemical purification is
beyond the scope of this thesis, a brief description is useful to outline the measures required to

determine the chemical yield of actinium, specifically %*’Ac.

Chemical processing varied slightly for each target, as new methods and process
optimization were implemented after each irradiation. The most commonly used procedure
employed a series of anion exchange columns for bulk thorium removal [28] followed by a

lanthanide/actinium separation (Figure 10). Typically, chemical processing consisted of five ion
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Figure 10. lon-exchange chromatography process to purify actinium.

25



exchange columns. Briefly, the first anion exchange column was used in 10 M HCI media to
facilitate separation of actinium from protactinium isotopes and most of the higher-activity non-
lanthanide fission products, such as molybdenum and silver. The second and third anion
exchange columns used 8 M HNO3; media to separate the large quantity of thorium still present
in the dissolved target solution. Next, a cation exchange column was used to separate the
divalent alkali earth metals (calcium, strontium, barium, and radium) from the actinium (1.2 M
HNO3) and to eliminate trace amounts of silver that leaked from the first column. This was
followed by an actinium/lanthanide separation column using extraction chromatography, such as
Eichrom Ln resin [29] or DGA resin [30]. This aspect of the separation is highly sensitive as the
lanthanide (111) and actinium (I11) cations exhibit very similar chemical properties. All fractions
of each ion exchange column were collected for analysis and diluted as necessary for y-ray

spectroscopy.

2.3 Gamma Ray Spectroscopy and Effective Cross Section Measurements

Radioactivity measurements were conducted using a well-shielded, Canberra Model
GC2020 High-Purity Germanium detector with a relative efficiency of 20%. A PC-based
multichannel analyzer utilizing Canberra Genie 2000 software was coupled to the detector. The
measured resolution of the detector was 2.0 keV at 1.33 MeV. Energy and efficiency calibrations
were completed using a y-ray source traceable to the National Institute of Standards and
Technology (NIST). Spectra collection times varied from one-hour counts for initial sample
dilutions to 36-hour counts for severely decayed samples. Sample to detector geometry was

varied to reduce the detector dead time below 5%.

Each peak in the y-ray spectra was fitted using the non-linear least squares fit method [31].

In this method, the net area in a single peak is calculated using Equation 7 below where G is the
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sum of the gross counts in the peak region of interest (ROI) and B is the area of the

background/Compton continuum.

S=G-B Equation 7.
The background/Compton continuum was calculated using the linear continuum equation
(Equation 8) where N is the number of channels in the peak ROI, n is the number of continuum

channels on each side, B; is the sum of counts in the continuum region to the left of the peak, and

B, is the sum of the counts in the continuum region to the right of the peak.
N .
B = (5) (B1 + B3) Equation 8.
Uncertainty of the net peak area is calculated by propagating the uncertainty for the area of
the background/Compton continuum and the uncertainty of the gross counts in the peak. Since

both B and G shown in Equation 7 above are Poisson distributed quantities, the propagated

uncertainty for the net peak area (S) is given simply by Equation 9 below.

2
og = /aé + 0% = JG + (%) (B1 + B3) Equation 9.

Equation 7 — Equation 9 were all performed automatically within the framework of the

Genie 2000 software while Equation 10 — Equation 19 (below) were applied through a series of
Microsoft Excel spreadsheets. After each count, Genie 2000 automatically divides the net peak
area by the total count time to report a value of counts per second (CPS) along with a fractional
uncertainty in percentage (os/S). However, for short lived isotopes and longer count times, it is

necessary to correct for the decay during the count as shown in Equation 10 where CPS, is the
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uncorrected CPS, t is time (s), and A; is the decay constant (s™) for the radionuclide that

corresponds to that y- ray emission.

CPS, Xtx4;
1_e—lit

CPSg; = Equation 10.

The decay constant is calculated simply as follows where ty/, corresponds to the published half-

life for the nuclide of interest in seconds:

2, = n®
t1/2

Equation 11.

Activity in becquerels (Bq) for each sample for radionuclide (i) based on y-ray energy (E) is
given in Equation 12 where & is the fractional absolute efficiency of the detector at E and |, is

the fractional intensity of the y- ray emission.

CPSg
SEXIy

Ap; = Equation 12.

Fractional uncertainty in activity calculated using a single y-ray emission is given in Equation 13
below where o is the fractional uncertainty in the net peak area as given by Equation 9 and o, is

the uncertainty in the y-ray intensity as reported by the Nuclear Data Sheets [32-43].

Opi = /0-52 + 0,2 Equation 13.

When possible, multiple y-ray peaks were used to quantify the activity at end of
bombardment (EOB) for each radioisotope through a weighted average method. The weighted

average of the activity of a specific sample at the time of count (Ai toc) is calculated using
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Equation 14 and the values calculated in Equation 12 and Equation 13, summed for all relevant

y-ray emissions for each radionuclide.

Airoc =Y Ap; X 0p; 2 Equation 14.

Equation 15 corrects the weighted mean activity at time of count back to weighted mean activity

at end of bombardment (A eog).

A; A
Aigos = 5 Equation 15.

By summing the fractional uncertainties of all y-rays used in the activity measurement for a
specific isotope, Equation 16 gives the absolute fractional uncertainty of the weighted mean

activity for each radionuclide.

0y = /2%512 Equation 16.

Since each sample was heavily diluted to reduce detector dead time, each sample was
multiplied by its dilution factor. The dilution factor is calculated in Equation 17 where V; is the

initial sample volume, and Vx is the final sample volume after the addition of inert solvent.

DF = ? Equation 17.
Often, three or fewer y-rays from each radionuclide were used due to the complicated
spectrum generated from hundreds of fission products and a number of isotopes of protactinium,
thorium, actinium, radium, and several decay daughters of these chains. Two examples of spectra

collected over the course of this project are shown below. The top half of Figure 11 shows a
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Figure 11. Gamma-ray spectra of a sample of target solution taken ~57 hours post EOB
(TOP), and after ~17 months of decay (BOTTOM). As indicated in the expanded view, the
236 keV y-ray peak from *’Th (ty, = 18.7 d) is visible after 16 months of decay — an
indication of presence of the *’Ac (., = 21.8 y) predecessor in the sample.
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y-ray spectrum of a dissolved foil sample within one day of dissolution and within three days of
EOB, and the bottom half of Figure 11 shows the same sample spectrum after ~16 months of

decay.

The principal y-ray energies, intensities, and appropriate branching ratios (if necessary) used
in this study (Table 4) were acquired from the Nuclear Data Sheets [32-43]. Cross sections were
calculated by using the activation equation shown below (Equation 18) where A;gog is activity
at end of bombardment (Bq) as calculated in Equation 15, N is area density (atoms - cm™) of the

target, and ¢ is the current or proton flux (protons - s™)

AiEoB
Nx*¢

Otot = Equation 18.

Cross section uncertainties were calculated using a simple error propagation of the
calculated fractional uncertainty of activity given in Equation 16 and the estimated fractional
uncertainties for target mass (6.7-11.9%), beam intensity (7—10%), and sampling and detector
efficiency (5%). Equation 19 gives the final fractional uncertainty for each experimentally
measured cross section where ca/A is the fractional uncertainty in the activity at EOB, om/m is
the fractional uncertainty in target mass, o,/ is the fractional uncertainty in sampling and

detector efficiency, and 6,/ is the fractional uncertainty in the beam intensity.

uncertainty in o;,; = \/(2)2 + (a—m)z + (2)2 + (a—"’)z Equation 19.
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Table 4. Principal y-ray emissions used for assay of radionuclides produced in high energy-proton irradiation of >2Th.

E I Cool-Off
Radionuclide  Half-life (kez/) (O/Z ) Period Possible Reaction Pathways Comments
Required?

Mo 66.0h 7395 123 No 22Th[p,f]
1084 128d 5373 244 No 22Th[p,f]
139¢Ce 137.6d 1659 80.0 Yes 22Thp,f]
14ce 325d 1454 483 Yes 22Thp,f]
%3ce 33.0h 2933 428 No 22Th[p,f]
1ice 2849d 1335 111 Yes 22Th[p,f]

4405 22Th[p,a4n]*>Ac Assayed from 2**Bj
Ac 992d o 259 No  **Th[p,ap3n]**Ra[p-,14.9d]>**Ac  daughter

Z2Th[p,p7n]**Th[EC, 8.8m]—**Ac
228 pc 294h 2300 26.9 No 22Th[p,a3n]*®°Ac
227 236.0 22Th[p,a2n]??'Ac See text for assay method.
Ac 218y @ty 129 YeS 2y aon]2 Ra(p-.42.2m)— 2 A
» N Also used to quantify *’Ac
227 Th[p,p5n]~'Th after Th separation and
Th 18.7d 2360 129 No  zequr s ®7paEC 38 3m) > Th  decay

238.6 22Th[p,p4n]??*Th Assayed from *?Pb

228Th 191y (212F5b) 43.6 Yes 22Th[p,5n]**®Pa(EC,22.4h)—?*Th  daughter

22Th[p,on]*®Ac(p’,6.2h)—***Th
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