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ABSTRACT: An experiment was performed at the National Superconducting Cyclotron
Laboratory using a 140 MeV/nucleon **Ca beam and a flowing-water target to produce *Ca for
the first time with this production route. A production rate of 0.020 + 0.004 *’Ca nuclei per
incoming beam particle was measured. An isotope harvesting system attached to the target was used
to collect radioactive cationic products, including 4'Ca, from the water on a cation-exchange resin.
The *Ca collected was purified using three separation methods optimized for this work: (1) DGA o
extraction chromatography resin with HNO, and HC], (2) AG MP-50 cation-exchange resin with an
increasing concentration gradient of HCl, and (3) AG MP-50 cation-exchange resin with a
methanolic HCI gradient. These methods resulted in >99 + 2% separation yield of *’Ca with 100%
radionuclidic purity within the limits of detection for HPGe measurements. Inductively coupled
plasma-optical emission spectrometry (ICP-OES) was used to identify low levels of stable ions in the
water of the isotope harvesting system during the irradiation and in the final purified solution of o s
#'Ca. For the first time, this experiment demonstrated the feasibility of the production, collection,

and purification of *'Ca through isotope harvesting for the generation of *’Sc for nuclear medicine applications.
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B INTRODUCTION

Several scandium isotopes have recently been identified as
potential candidates for the theranostic treatment of metastatic
cancers. Isotopes such as ****Sc are suitable for imaging with
half-lives on the order of a few hours and low-energy positron
emissions (¥*Sc: t;/, = 3.891 h, E, . 5 = 476 keV and *Sc: t,, =
3.97 h, E,pp = 632 keV).'~” The ideal therapeutic partner for
these diagnostic isotopes is “’Sc with a half-life of 3.35 days
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and a 100% low-energy f~ emission (E,,4 = 162 kev).57!
Additionally, a low energy 159 keV y ray accompanies this
decay, allowing for visualization of the therapeutic dose with
SPECT imaging.8

Though several routes have been explored, it has proven
difficult to find a sustainable production method for *’Sc.
Proton and neutron irradiations as well as photonuclear
reactions on calcium and titanium targets have been explored
(see Figure 1 for the relevant area in the chart of the
nuclides)."”*° One obstacle encountered with these methods
is the coproduction of other sufficiently long-lived scandium
isotopes such as *™Sc (t;,, = 2.44 days), *Sc (t,, = 83.8
days), and **Sc (t,, = 1.82 days). Among these contaminants,
#Sc and **Sc emit high-energy and high-intensity y rays (*Sc:
889 keV at 99.98%, 1121 keV at 99.99%; “¥Sc: 984 and 1312
keV at 100%) that make them undesirable byproducts in terms
of added radiation dose that does not contribute to
thera\py.u’22 To minimize these contaminants, enriched *Ca,
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Figure 1. Key nuclei for the reactions discussed to produce *’Sc are
shown. For stable nuclei, the natural abundance is given, and for
radioactive nuclei, the half-life is given.

*Ca, and *Ti targets can be used. These low-abundance
calcium isotopes are available only to a low level of enrichment
and can be prohibitively expensive. Ti targets are particularly
difficult to convert to and maintain in a form that is readily
dissolved; this sensitivity limits irradiation intensities that can
be used and extends the preparation time for the target
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material. Recycling methods must be used to recover enriched
target material after each irradiation, reducing long-term cost
of enriched targets but extending the processing time.
Although some of these production routes show promise, a
sustainable production route has not yet been fully developed.

While work continues to find a long-term production route,
an untapped supply of *'Sc exists at the National Super-
conducting Cyclotron Laboratory (NSCL) and will exist in the
future at the Facility for Rare Isotope Beams (FRIB) when a
primary **Ca beam is used for a nuclear physics experiment.”’
These facilities accelerate heavy (A > 16), stable ion beams to
approximately 50% the speed of light into thin targets. A small
portion of the beam undergoes fragmentation reactions in
which the stable beam is broken into smaller radioactive
fragments, some of which are interesting for studies in nuclear
physics. However, upwards of 90% of the accelerated stable
beam at the NSCL goes unreacted at the target, is separated
from the secondary exotic product beams, and is collected in a
solid metal block known as a beam blocker. By replacing the
current beam blocker with a flowing-water target (i.e., a metal
shell with a hollow interior through which water flows), the
radionuclides formed from this “left-over” beam can be
accessed.”

Several previous experiments have been performed to test
the feasibility of this isotope production method at the
NSCL.***" These experiments range from collecting radio-
active secondary beams in a water matrix to irradiating a
prototype flowing-water target with a stable primary beam.
This work has led to the development of a flowing-water target
and extended water system for use in the beam blocker
position at the NSCL (see Figure 2 for a simplified schematic
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Figure 2. The harvesting system contains a main loop in which 37 +
4 L of water are circulated from a reservoir at 10 L/min through a
titanium alloy (Ti64) target shell (gray box with light blue interior).
Subsystems off the main loop collect radioactive and stable ions from
the water with ion-exchange resins, collect radioactive gases, and
monitor and condition the water. The inset shows the flow of water
through an ion-exchange resin and a valve-capped line for water
sampling in the aqueous harvesting loop.

and Figure S1 in the Supporting Information for a more
detailed schematic).”” The water in this system serves as a
cooling agent to remove heat from the target shell, as a target
medium for isotope production where the accelerated beam
reacts with the '°0 and 'H nuclei in the water molecules, and
as a transportation medium to move products from the target
to collection components. Together, this method of
production and collection of byproduct radionuclides at an
accelerator facility is one example of isotope harvesting.”’

It is predicted that GBq (mCi equivalent) quantities of *’Ca
can be produced during a typical 5 day experiment at the
NSCL through fragmentation of the primary **Ca beam in the
water medium. Production of *'Ca allows for the generation of
its daughter, ¥’Sc, without other scandium isotope impurities
(see Figures 1 and 3). With a similar percentage of the unused
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Figure 3. Radioactive decay scheme of *'Ca to ¥’Sc."’

beam and an almost 400 times increase in beam intensity for
the **Ca beam at FRIB, TBq (Ci equivalent) quantities of *'Ca
are predicted to be formed in the beam dump during the
regular operation of the facility when a **Ca primary beam is
used. This level of activity is more than enough to support
research and preclinical work to determine the efficacy of */Sc
in the theranostic treatment of cancer. In these tests, it will be
particularly important to compare the therapeutic application
of #’Sc with that of the clinically available '”’Lu. This work in
turn could inspire or discourage further investments into
finding a sustainable production method for clinical tests.

In this study, a flowing-water target was irradiated for the
first time with a 140 MeV/nucleon **Ca beam to produce
#Ca. Results will be given for the measured production rate of
#Ca in this target, the collection and purification of the ¥'Ca
produced, and the identification of stable contaminants in the
isotope harvesting water during the irradiation. The radio-
nuclidic purity and the level of stable ions in the purified
samples from this work are used to predict the viability of using
generated *’Sc for future radiolabeling experiments.

B MATERIALS AND METHODS

Materials. Reagents. Before the irradiation, the water in
the isotope harvesting system was purified using mixed bed
resins (McMaster-Carr, Filter media PVC water deionizer),
resulting in a conductivity level of 250 nS/cm. Chemical
processing of the products was performed with the following
reagents: hydrochloric acid (VWR Chemicals, ACS grade,
36.5—38%), nitric acid (VWR Chemicals, ACS grade, 68—
70%), methanol (Macron Fine Chemicals, anhydrous, ACS
grade), and MilliQ water (Thermo Scientific MicroPure
Ultrapure Water System, 18.2 MQ cm).

Extraction Chromatography and lon-Exchange Resins.
DGA-exchange chromatography resin (N,N,N’,N’-tetra-n-
octyldiglycolamide, normal resin, particle size 50—100 pm,
TrisKem International) was dry loaded in a column and
sequentially prerinsed with 20 mL of 5 M HCl, S M HNO;,
and MilliQ water before use in the separations. Two cation-
exchange resins (AG SOW-X8, mesh size 20—50, BioRad and
AG MP-50, 100—200 mesh size, BioRad) were prepared in
large quantities by rinsing with the following solutions twice:
50 mL of 2 M HCI, 50 mL of 4 M HCI, 50 mL of 6 M HC],
and 100 mL of MilliQ water. The rinsing steps described here
were used to remove ionic impurities, especially metallic
impurities, from the resins.

Column Construction. The columns used for collection and
separation were made of rigid polycarbonate tubing (3/8” OD,
1/4" ID, McMaster-Carr, PN:9176T1) and push-to-connect
fittings with a poly(butylene terephthalate) (PBT) body and
stainless steel tube gripping clamps on both ends of the column
(Pneumatic NITRA Union Reducer, 3/8” to 1/4”). Two
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pieces of glass wool were used on each end of the column to
stabilize the resin.

Instruments. Identification of stable ions was performed
with an Agilent inductively coupled plasma-optical emission
spectrometer (ICP-OES) (TCP700.) Identification and
quantification of radionuclides were performed with an
HPGe Canberra BEGe y-ray Detector (BE2020). Energy and
efficiency calibrations were previously performed with a '**Eu
point source S0 cm from the detector face. Analysis of spectra
was performed with Genie 2000 software (Mirion Technolo-
gies). The handling of nonstandard sample geometries is
addressed in the Supporting Information.

*8Ca Irradiation. A 140 MeV/nucleon **Ca>** beam was
used to irradiate a flowing-water target over 8.5 h. Beam
current measurements were recorded every second on average
from the unsuppressed target, meaning the recorded values
were proportional but not equivalent to the true beam current.
Intermittently, an intercepting faraday cup was inserted into
the beam to get an absolute measurement of the current. A
linear trend between the true beam current values from the
Faraday cup and the relative measurements on the target (see
the Supporting Information) was used to calibrate the
frequently recorded values from the target. After a short
tuning period at an intensity of 0.26 pnA, the beam intensity
was increased and maintained at an average of 0.92 pnA for
about 5.1 h.

The irradiation was paused occasionally for samples of the
system water to be withdrawn and ion-exchange resin beds to
be removed and inserted (see Figure 2). According to the
timeline in Figure 4, three 1 L water samples were taken during
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Figure 4. Beam current (blue), water sample collection (green), and
resin bed changes (orange) are shown as a function of time. The
beam current shown are the calibrated values of the current on the
target.

the irradiation, and a fourth sample was taken after the end of
the irradiation (named Water Sample 1—4, respectively). After
water sample 3 was withdrawn, a cation-exchange resin bed
(AG S0W-X8, mesh size 20—50, H* form, 1.5 g, 8.9 cm X 0.6
cm ID) was placed in the system with a water flow of
approximately 180 mL/min over the resin bed. This cation-
exchange resin bed was replaced with fresh resin beds after two
more irradiation periods (resins 1, 2, and 3, respectively).
Resin 3 was left in the system for 2 h after the irradiation
ended with the flow rate increased to 500 mL/min for the
second hour to increase the collection rate. Two more resin
beds (resin 4 and S, respectively) were put in the system in
parallel the day after the irradiation and a final 1 L water
sample was taken at the end of the collection effort (water
sample S). Altogether, activity was collected in five 1 L water

samples and five cation-exchange resin beds that were used for
further measurements and experiments.

Production of *’Ca. The activity of ¥Ca found in the
water samples and on the cation-exchange resin beds was
measured with the HPGe detector. Analysis of these spectra
was performed with Genie software to detect and integrate
peaks, implement baseline corrections, and calculate efficien-
cies at each peak energy. This allowed for the detection and
quantification of radionuclides based on their characteristic y-
ray energy emissions. Peaks from three characteristic y rays
were used to quantify the activity of *'Ca: 489.2 keV at 5.9 +
1.2%, 807.9 keV at 5.9 + 1.2%, and 1297.1 keV at 67 + 13%.""

The total produced activity of ¥’ Ca was estimated to be the
sum of activity found in each water sample, on each of the
collection ion-exchange resin beds, and in the water after
collection with the resin beds. The activity remaining in the
system water was approximated by measuring the activity in a
water sample taken when the last column was removed from
the system and scaling up this activity to account for the total
remaining water volume of 33 + 4 L. This large uncertainty in
the water volume mainly resulted from difficulties in draining
the water from all components and tubing in the system. Due
to this 11% uncertainty in the total water volume of the system
and 19-20% uncertainties in the branching ratios, the
estimated activity has a large associated uncertainty. For future
measurements of this production rate, other indirect methods
of measurement will be used to determine the system water
volume more accurately and these branching ratios will be
remeasured to reduce the associated errors. More details on
the production rate calculation are given in the Supporting
Information.

The production rate of *Ca in the flowing-water target of
the isotope harvesting system has also been predicted using
two simulation codes that predict the production rate of
radionuclides in nuclear reactions: Particle and heavy ion
transport code system (PHITS) and LISE++.°%" For both
estimates, a target was designed in the program to account for
a 500 pum layer of Ti alloy followed by a water cavity.
Additionally, both fragmentation reactions (at higher particle
energies) and fusion evaporation reactions (at lower particle
energies) with '°O and 'H were included in the production
rate estimates.

Collection and Sample Processing. In addition to *Ca,
the following radionuclides were collected on the resins and
identified with y spectroscopy: **Na, *"**Mg, ****K, and
#m4748G¢. These activities were quantified using characteristic
y-rays observable above the limit of detection and with the
branching ratios reported in the Evaluated Nuclear Structure
Data File for each radionuclide (see Table SI in the
Supporting Information).””'"*"*>3273¢ The collection effi-
ciency for ¥’Ca was calculated by comparing the total activity
collected on the cation-exchange resin beds to the activity
remaining in the system water, where the activity remaining in
the water was approximated as described previously.

The *“'Ca activity collected on five cation-exchange resin
beds was removed with 50—70 mL of 3 M HNO; per resin
with a flow rate of 1.8—2.0 mL/min. This solution contained a
mixture of cationic radionuclides from each resin and was
separated into several fractions for use in three separation
methods. Method 1 used the eluate directly as the load
solution. Fractions used for methods 2 and 3 were evaporated
to dryness on a rotary evaporator and reconstituted in 0.1 M
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HCl and 0.5 M HC1/90% methanol, respectively. See Figure S
for a schematic overview of the sample processing.

Collection on Cation Elution from Evaporation
Exchange Resin Bed  Collection Resin Bed and
Redissolution

a7Cq2+ HNO;
Water-filled N
42,43,44,45+
— N
Cation 2.28Mg2* H O o0
“Collection” °o°

24Na+ \
44m 46,4748 Cation mixture

Resin

Water system

Figure S. Sample processing was performed in this manner except for
samples used with separation method 1, which were used directly after
elution from the collection resin.

Purification of *Ca. The following three methods were
developed and optimized in this work to separate Ca from Na,
Mg, K, Sc, and Fe. These elements took the form of 2Na,
27’ZgMg, 2A3AASE  MmATAG. and stable Fe during the
experiment. After each separation, the columns were rinsed
with water for storage.

Separation Method 1: DGA Resin with HCl and HNO;.
A column of 1.07 g of DGA resin (dry packed, 7.2 cm X 0.6 cm
ID) was preconditioned with 20 mL of 3 M HNO; and a 10—
20 mL sample of the collection column eluate in 3 M HNO;
was loaded at a flow rate of 1.8 mL/min. These conditions
were chosen to elute many of the coproduced radionuclides
such as **Na, 28Mg, and ®*K as well as stable Fe while
retaining *’Ca on the resin. The pump rate was decreased to
1.3 mL/min and an additional 10—15 mL of 3 M HNO; was
used to rinse the column and ensure all Na, Mg, and K
isotopes were entirely removed. Elution of ¥'Ca was carried out
with approximately 20 mL of 3 M HCI to selectively remove
*’Ca and leave the Sc isotopes adsorbed to the resin.

Separation Method 2: AG MP-50 with HCI. A column
of 1.5 g AG MP-50 resin (slurry packed, 7.5 cm X 0.6 cm ID)
was preconditioned with 0.1 M HCL. Evaporated fractions from
the collection columns were redissolved in 20 mL of 0.1 M
HCl. This concentration was used since Ca has a large
distribution coefficient with AG MP-50 at this condition,
allowing for the creation of a narrow #'Ca band during the
loading step. This solution was loaded on the column and was
followed by rinse steps of 10 mL of 0.1 M and 23—25 mL of 2
M HCIL. Rinsing with these HCI concentrations allowed for the
elution of coproduced radionuclides such as "Be, **Na, **Mg,
434K, and stable Fe. Then, 10 mL of 5 M HCI was used to
elute ¥’Ca while retaining the Sc isotopes on the column. This
separation was carried out with a flow rate of 0.8 mL/min
throughout.

Separation Method 3: AG MP-50 with Methanolic
HCl. One gram of AG MP-50 resin (slurry packed, S cm X 0.6
cm ID) was preconditioned with 0.5 M HCl in 90% methanol.
Evaporated fractions from the collection columns were
reconstituted in 20 mL of 0.5 M HCI in 90% methanol and
the solution was loaded on the column. Rinse solutions of 0.5
M HCI/90% methanol (20 mL, 1 mL/min), 2 M HCI/60%
methanol (50 mL, 0.75 mL/min), and 2 M HCI/30%
methanol (35 mL, 0.75S mL/min) were used in succession.
The load and rinse solution of 0.5 M HC1/90% methanol was
chosen due to the high distribution coefficient of Ca and the
low distribution coefficient of Fe under these conditions.
Therefore, stable Fe could be eluted in this step while forming
a narrow *’Ca band on the column during loading. The two

intermediate rinse steps were used to elute coproduced
radionuclides such as "Be, 2*Na, 28Mg, and PHK. Specifically,
the 2 M HCI/30% methanol rinse step was added during the
optimization of this separation to allow for complete
separation of the K isotopes from *'Ca. Elution of *'Ca from
the column was performed with 15 mL of 4 M HCI at a flow
rate of 1.25 mL/min. The high distribution coeflicient of Sc for
all rinse media used in this separation means all Sc isotopes
remain on the column.

Separation Yield and Radionuclidic Purity. For each
separation performed, the separation yield was calculated as
the activity of ¥'Ca in the purified fractions divided by the total
activity loaded for the separation. The radionuclidic purity was
found as the activity of */Ca in the purified fractions divided by
the total activity in these fractions. Both the separation yield
and radionuclidic purity of the purified ¥’Ca were found using
the rate at which characteristic y rays for each radionuclide
were observed by the y detector to avoid using the reported
branching ratios and their large associated errors for *’Ca. This
was made possible as all spectra were taken at 25 cm from the
detector face and the yield and purity were calculated in terms
of ratios, avoiding the need for absolute activities. Therefore,
the only error considered in the y ray rates measured was
statistical counting errors. Since the separation yield and
radionuclidic purity of the *’Ca processed with each of the
separation methods were high (i.e., 100% separation yield and
radionuclidic purity), the limit of detection for HPGe
measurements of *Ca in samples around the *'Ca elution
peak and *K for samples in the *’Ca elution peak were found.
See the Supporting Information for more details.

Any activity of **Ca that was present in the purified *'Ca
fractions was not measurable due to the absence of reasonably
intense y-rays from this radionuclide (i.e., the only y emission is
12.47 keV at an intensity of 3 X 107%%). While this calcium
isotope, if present, would follow *'Ca through all separation
methods, it would also follow *’Ca through the previously
published pseudo generator.'> Additionally, *Ca decays slowly
(t/» = 162.61 d) to stable *Sc, which would not affect the
radionuclidic purity and only minorly affect the specific activity
of the final radiolabeling solution. Since **Ca should not
interfere with the generation of highly radiopure *'Sc in future
work, the radionuclidic purity reported for *’Ca does not
consider any **Ca present in the purified product.

Stable Elemental Analysis. Samples from water samples
1—4 and the final purified *’Ca solution containing fractions
from each separation performed were analyzed using a
semiquantitative method on ICP-OES.*” This analysis was
performed to identify and semiquantify stable ions above the
limit of detection of the instrument with a one-point
calibration semiquantification method for 69 elements.
Among these elements were those that would indicate
corrosion of the target or metal components in the system
(eg, Ti, V, AL, Fe, Ni, Cr) and elements that have been
previously identified as common contaminants in the isotope
harvesting system™® (e.g., Na, Mg, Ca, Si, Zn). More details on
this method and sample preparation are given in the
Supporting Information.

B RESULTS AND DISCUSSION

Production of #’Ca. The total activity of ’Ca measured
and decay corrected to the end of the irradiation was 3.7 + 0.7
MBq (100 + 20 wuCi). The errors considered in this

measurement are from counting statistics, errors in reported
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y-ray branching ratios, and an uncertainty in the total water
volume of the system. By far, the dominant factor is the error
in the reported branching ratios with 19—20% error for the
three main y rays. Table S2 in the Supporting Information
gives the decay corrected activity to the end of the irradiation
for ¥/Ca in each of the samples measured.

A production rate of 0.020 + 0.004 *Ca nuclei produced
per incoming **Ca nuclei was measured. The reported error for
this rate is solely from the uncertainty in the quantification of
the total activity of ¥’Ca produced. The production rate can
also be thought of as a 2.0 + 0.4% conversion rate of beam
particles to the desired nucleus, which is relatively high for a
charged particle irradiation. In comparison, this rate is 10—20
times higher than that for '°F through the routine production
route of 0(p,n)!*F.*

The predicted production rates using both PHITS and LISE
++ are given in Table 1. These predictions are significantly

Table 1. Predicted and Measured Production Rates of *’Ca
in Isotope Harvesting Water Target with a 140 MeV/
Nucleon **Ca Beam”

source of production rate production rate (%)

experimentally measured 2.0 + 04
predicted with PHITS 1.19
predicted with LISE++ 1.03

“The production rate is given as the percent of beam particles
converted to “’Ca.

lower than the production rate measured in this work. This
difference demonstrates the importance of measuring the
production rate of radionuclides in the isotope harvesting
system as predictions have been found to be inaccurate as seen
previously with a **Ca beam experiment with a water target at
the NSCL.**

The measured production rate can be extrapolated to higher
intensity irradiations anticipated at the NSCL and FRIB. This
allows for more detailed safety and experimental planning for
future isotope harvesting of *’Ca. Approximately 4.8 GBq (130
mCi) would be expected at the end of a 120 h irradiation with

a 140 MeV/nucleon 80 pnA **Ca beam, assuming 90% of the
primary beam is directed to the isotope harvesting beam
blocker. Since *’Ca would be produced as a byproduct of the
NSCL experimental program, this estimate uses the average
length of a nuclear physics experiment at the NSCL and the
standard settings for the available **Ca beam. Without any
dedicated beamtime or additional use of enriched **Ca, a
significant supply of *Ca could be produced for research
purposes during normal NSCL operations.

The measured production rate can be extended to the *Ca
beam at FRIB as an underestimation of the potential
production of ¥’Ca. At FRIB, the **Ca beam that reaches the
isotope harvesting beam dump will have an estimated energy of
189 MeV/nucleon. With a higher energy beam, a larger
fraction of the beam particles undergoes fragmentation
reactions, resulting in a higher production rate of *'Ca.
These principles were supported using LISE++ (see the
Supporting Information).”” While it has been noted that the
absolute production rates predicted from LISE++ differ from
the experimentally measured rate, this program can provide
reliable relative trends. Using the production rate measured in
this experiment, a 1 day irradiation of the isotope harvesting
beam dump at FRIB full beam power (189 MeV/nucleon 30
puA *Ca beam, 86% primary beam transmission to beam
dump) would produce >520 GBq (14 Ci) of 'Ca. As with the
*’Ca produced at the NSCL, the *’Ca production at FRIB will
occur simultaneously with the nuclear physics program as the
unused primary beam from these experiments is stopped in an
aqueous beam dump.*’

Collection and Sample Processing. The efficiency with
which *'Ca was collected from the system on resins 1—3 for
about 5.5 h on the day of the irradiation was found to be 65 +
1%. Two additional resin beds were used to increase the
collected fraction, resulting in 82 + 3% of the *’Ca collected
on five resins. The errors considered for these efficiencies
result from counting statistics and an uncertainty in the volume
of water in the system. Offline experiments have demonstrated
that increasing the flow through the ion-exchange resins can
increase the overall collection rate. While there is a lower
collection efficiency “per pass” of water, the high flow rate

Table 2. Quantification of Radionuclides Collected on Cation-Exchange Resins 1-3“

activity collected (kBq)

activity eluted (%)

nuclide half-life resin 1 resin 2
"Be 53.22 days 12(2)
**Na 14.997 h 92(4) 250(10)
Mg 9.458 month 26(2)

BMg 20915 h 13(1) 37(3)

2K 12.355 h 280(8) 740(50)

BR 223 h 236(5) 639(8)

R 22.13 month 650(100) 1.0(2) x 10°
R 17.18 month 470(30) 560(40)

YCa 4.536 days 300(60) 880(170)
Hmge 58.61 h 5.7(5) 15.5(6)

7S¢ 3.3492 days 53(3) 159(9)

#S¢ 43.67 h 30.3(6) 85(2)

3¢ 83.79 days 1.8(3) 3.9(4)

resin 3 resin 1 resin 2 resin 3
21(2) 100(22) 100.0(2)
290(10) 100(1) 100.0(7) 100.0(1)
46(3) 100(3) 100(2) 100.0(1)
990(70) 100(2) 100(1) 100.0(1)
930(10) 100.0(3) 99.8(2) 100.0(1)
1.2(2) x 10° 99.8(7) 93.9(4) 92.42(1)
16.5(9) 75(4) 57(3) 64.97(8)
310(20) 79(2) 67(3) 62.9(1)
85(2) 77(1) 60(1) 64.98(4)
3.6(4) 100(20) 60(14) 100.0(1)

“The activities collected with and eluted from resin beds 1—3 are reported with the uncertainty in parentheses afterwards. The activities eluted
from resin beds 1—3 were achieved in 70, 62, and 55 mL, respectively. Additionally, the activity eluted for each radionuclide is given as a percentage
of the activity removed from each column based on the measurements of each column before and after elution.
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. . 2!
increases the frequency of water passing over the column.”

For future experiments in which the half-life of the radio-
nuclide of interest is short, the flow rate through ion-exchange
resins can be increased to expedite the collection process.

In addition to *’Ca, other cationic radionuclides were
collected on the cation-exchange resin beds. The activities on
these resins decay corrected to when they were removed from
the system are given in Table 2. Short-lived radionuclides were
not observed on resin 3 because it was removed hours after the
irradiation ended. Therefore, the activities on resins 1 and 2
give an understanding of the radionuclides and their activities
that would be encountered soon after an irradiation and the
activities on resin 3 represent the activities that would be
present after a 21 h cool-down period.

Using 3 M HNOj,, an average of 96 =+ 1% (n = 4) of the
*'Ca collected on the cation-exchange resins was removed with
50—70 mL. The highest removal rate was observed when 70
mL were used to remove 99.8 + 0.7% of the *'Ca from Resin 1
and the lowest was observed when 55 mL were used to remove
89 + 2% from Resin 4. The sodium, magnesium, and
potassium isotopes were entirely eluted from the collection
resins, while the scandium isotopes were eluted to a lesser
extent (Table 2). The first 50—55 mL of 3 M HNOj; used to
remove *Ca from each column were used in the separations.
When more than this volume was used in the elution from the
collection resins, the last few milliliters contained a low activity
of ¥’Ca due to tailing elution behavior.

For the fractions evaporated to dryness for separation
methods 2 and 3, the activity was reconstituted in the proper
matrix for each load solution with a high yield: >99% for
separation method 2 and >98% for separation method 3. Since
no “Ca was detected on the flasks after the transfer, these
yields are lower limits found using the limit of detection in the
7 spectra at the ¥/Ca characteristic energies.

In a wide range of oxidation potentials and pH values,
calcium is expected to be in the divalent state in water. This
simple chemistry allows for the *'Ca produced in this
harvesting experiment to be easily removed from the water
and processed in the laboratory with high yields. The ease of
working with calcium is a major advantage to harvesting ¥'Ca
for use in a ¥’Ca/*’Sc radionuclide generator. Other elements
that are easily hydrolyzed in near-neutral pH conditions, such
as ¥V and *Zr, have also been produced through isotope
harvesting.28 These radionuclides, with more complicated
chemistries, have proven less easily collected and chemically
modified offline.

Purification. Separation Methods. Each separation
method was performed three times to confirm the elution
profiles of all radionuclides involved and the separation yield
and radionuclidic purity for ¥’Ca. A representative elution
profile for the replicate with the most finely collected fractions
for each method is given in Figure 6 with details of the fraction
volumes and compositions given in Tables S4—S6 in the
Supporting Information. The error bars in Figure 6 result only
from statistical uncertainties in the detection method.

Depending on the time each separation was performed, a
slightly different mix of radionuclides was identified due to
their half-lives and production rates. For example, separation
methods 2 and 3 required optimization, so *K was not
observed in the final elution profiles for either of these
methods. As would be expected, **K followed the elution
pattern of ®K in all separations performed in this work,
including the separations performed to optimize these two
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Figure 6. Separation profiles for methods 1—3 (1: DGA with HNO,/
HCI, 2: AG MP-50 resin with an HCI gradient, and 3: AG MP-50
resin with HCl/methanol gradient) are shown in a—c, respectively.
The liquid phase as well as its composition and volume are indicated
along the x-axis for each separation method. The “column” label to
the right side of each figure shows the species that remained on the
column through the separation. The error bars are from counting
statistics for one replicate of each method and not from deviations
across replicates, with large errors resulting from low activities in the
samples.

methods. Therefore, it can be confidently assumed that the
elution profile for **K is the same as that of K in the final
protocols for methods 2 and 3. Conversely, “Sc was not
observed for any of the three replicates performed for
separation method 1 due to the level of activity of other
radionuclides at the time of separation and the relatively long
half-life of “Sc. However, this scandium isotope should behave
identically to *™Sc, ¥/Sc, and **Sc, and each of these isotopes
were found exclusively on the DGA resin after the elution of
YCa.

Two radionuclides appear during purification as daughters of
isotopes produced during the irradiation: **Al as the daughter
of Mg and **Sc as the daughter of *™Sc. The half-life of **Al
(t;/, = 2.245 min) is so short that it has an apparent elution
with **Mg in all separations. Like all of the scandium isotopes
observed, *Sc remained on the column through each of these
separations. Therefore, neither of these daughters affected the
radionuclidic purity of the final *’Ca sample.

Separation Yield and Radionuclidic Purity. The average
separation yields and radionuclidic purities across three
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replicates for *'Ca processed with these separation methods
are quite high as shown in Table 3. The only separation that

Table 3. Separation Yield and Radionuclidic Purity of *'Ca
for Three Separation Methods”

average

separation  separation yield =~ LOD for  radionuclidic =~ LOD for
method (%) *Ca (%) purity (%) K (%)
1 100 £ 1 0.9 100 + 4 0.5
2 100 + 2 0.5 100 + 4 1
3 99 + 2 0.8 100 + § 0.9

“Separation method 1 used DGA resin with HNO;/HC], 2 used AG
MP-50 resin with an HCI gradient, and 3 used AG MP-50 resin with
HCl/methanol gradient.

demonstrated less than 100% separation yield was one of the
replicates for separation method 3, and even then, a 99 + 2%
average separation yield with high radionuclidic purity was
demonstrated. The limit of detection (LOD) with HPGe
measurements for ¥’Ca and ¥*K for the separation yield and
radionuclidic purity, respectively, are shown to be within the
statistical errors accounted for in the final values. Therefore,
within the limits of detection, these methods resulted in 99—
100% separation yield with 100% radionuclidic purity in the
#'Ca recovered. This high purity indicates that any of the three
methods would facilitate the generation of *’Sc with high
radionuclidic purity for radiolabeling applications.

Comparing Separation Methods. Each of the three
separation methods used in this work resulted in 10—20 mL
of 3—5 M HCI containing essentially 100% of the *'Ca loaded
on the column at 100% radionuclidic purity. This is a relatively
small volume at an appropriate acid concentration for use as
the loading solution in a previously published pseudo
generator procedure to be used in future experiments."
With these results, any of the three methods could be used for
further work with harvested ’Ca. Once a method is selected,
elution of *Ca from the collection resin bed and sample
processing will be tailored to the selected method to avoid an
evaporation step in future experiments. For example, the
collection resin bed could be processed with HCI instead of
HNO;. The resulting solution could then be diluted to the
correct load solution concentration for separation methods 2
and 3, avoiding the use of an evaporation step.

The advantages and disadvantages of these methods are
found in practical considerations for routine future use: volume
required, suitability of the final solution, and durability of the
resin used. In terms of the volume required, it is likely that a
small reduction in the early rinse stages and load solutions
could be implemented with further optimization. Even with
these optimizations, separation method 3 requires the highest
volume to achieve the purification of ¥’Ca. Though each of the
separation methods result in ¥’Ca in 3—5 M HCI, separation
method 3 uses significant levels of methanol in all other rinse
steps. This could potentially lead to small amounts of methanol
in the final radiolabeling solution, which is not acceptable
under current guidelines for radiopharmaceuticals. The
TODGA extraction molecule used in DGA resin has been
shown to be less durable than cation-exchange resins like AG
MP-50 to the high levels of radiation expected at FRIB.*"**
Additionally, the surface tension interactions that immobilize
TODGA on DGA resin are less strong than the covalent
bonding in AG MP-50, leading to an increased risk of leaching

extractant molecule from the resin after repeated use.” Both
durability issues could result in organic material from the DGA
resin contaminating the final product and requiring an
additional purification step. Finally, DGA resin is used in the
#Ca/*Sc generator that will be used in future experiments.
Using one of the AG MP-50 resin methods, orthogonal resins
can be used to potentially maximize the purification ability of
the final procedure.

After these practical considerations, the most suitable
separation method for future harvesting efforts with *'Ca is
separation method 2. Adjustments can be made to this
procedure based on future experimental results, including
generator performance and radiolabeling efficiency. This
separation method will be used in combination with the
published *’Ca/%’Sc generator™ in future experiments at the
NSCL to determine the feasibility of generating *’Sc from
harvested *'Ca for radiolabeling biological molecules.

Stable Elemental Analysis. The stable elemental analysis
was performed on water samples 1—4 and the combined,
purified solution of *Ca from these separations as high levels
of elements, such as iron, in the final purified solution may
inhibit future radiolabeling experiments. This analysis identi-
fied only low levels of a few stable elements. In the total water
volume of 35 L when water sample 3 was removed from the
system, <750 pug of Ca, Mg, Na, Si, B, and Zn and <100 pg of
Fe, Ni, and Cu were detected. The approximately 130 mL of
purified *'Ca solution had concentrated levels of stable calcium
(200—400 pg) as expected, lower levels of Mg, Na, Si, Fe, and
Zn (<40 pg), and a very low level of Sc (<2 pg). More details
on the semiquantification of these elements can be found in
the Supporting Information.

Only small amounts of stable ions were found in the water
samples, indicating that the system under these irradiation
conditions did not contribute significant amounts of stable
ions. This was a concern as a beam of energetic particles
creates radiolysis products such as HY, OH™, HO®, H®, HO;",
and H,0, as it deposits energy and stops in water. (More
detail on radiolysis in the isotope harvesting system can be
found in Domnanich et al.””) While most of these radiolysis
products recombine rapidly, H,O, is long-lived and can cause
oxidative damage to metal components exposed to the system
water. In this water system, a few stainless steel components
are in contact with the system water and could become a
source of Fe, Cr, and Ni. This stable element analysis
demonstrates that under the irradiation conditions in this
experiment, the mass of stable ions that accumulated in the
water was low, and therefore, the corrosive effects of radiolysis
in the water system were minimal.

The measured stable ion masses in the water system and in
the purified ¥'Ca product demonstrate that the stable ion
content is reduced through the purification steps. The fact that
there are remaining stable ions in the purified sample is not
surprising as reagent grade chemicals as opposed to Suprapur
chemicals are used in each step of the purification process. It is
anticipated that these levels of stable ions will be reduced in
future experiments when higher purity chemicals are used. The
only high level of ions observed in the purified fraction was
stable calcium, which should follow *'Ca through the pseudo
generator and not affect a purified *’Sc solution. These results
indicate that stable elements in the water system and in the
final purified ¥’Ca solution may not impede radiolabeling with
#Sc generated through isotope harvesting.
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B CONCLUSIONS

In this work, ¥’Ca was produced with a *Ca beam on a
flowing-water target for the first time. A relatively high 2.0 +
0.4% beam conversion to *’Ca was measured and used to
predict GBq to TBq *'Ca activities through isotope harvesting
at the NSCL and FRIB. The *'Ca produced in this experiment
was effectively collected on cation-exchange resin beds in the
isotope harvesting water system, eluted from the collection
resin beds, and purified with three different separation
methods that were optimized in this work. These methods
resulted in >99% separation yield for *'Ca with 100%
radionuclidic purity. Together, the low levels of stable
contaminants and the high radionuclidic purity in the purified
#Ca sample indicate that radiolabeling with *’Sc generated
through isotope harvesting at the NSCL holds promising
potential. Overall, the results from this experiment demon-
strate for the first time the feasibility of producing, collecting,
and purifying *'Ca for a ¥’Ca/*Sc generator through isotope
harvesting.
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