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As part of an effort to develop aqueous isotope harvesting techniques at
radioactive beam facilities, “®V and a cocktail of primary- and secondary-beam ions
created by the fragmentation reaction of a 160 MeV/nucleon °®Ni beam were
stopped in a 100 mL aqueous target cell at the National Superconducting Cyclotron
Laboratory. After collection and sample characterization by y-ray spectroscopy, 4V
was separated from the remaining mixture of beam ions using cation exchange
chromatography. The overall extraction efficiency from the aqueous solution was
(47.0 £ 2.5)%, and the isolated 3V had a radiochemical purity of 95.8%. These data
demonstrate that harvesting large quantities of select radioisotopes at the Facility
for Rare Isotope Beams, where isotope production is expected to be several orders
of magnitude larger, will be feasible even for elements with complicated aqueous
chemistry. The fabrication of targets from harvested isotopes may allow the
experimental determination of neutron-induced reaction cross sections of
importance to nuclear science, from nuclear astrophysics to national security. This
proof-of-concept work shows that aqueous isotope harvesting could provide
significant quantities of rare isotopes which are currently unavailable at

conventional facilities.

Many radioisotopes with specific nuclear, physical, and biological properties have been
proposed for use in both fundamental nuclear science research and applications ranging
from medicine to stockpile stewardship. However, at conventional production facilities
such as cyclotrons and nuclear reactors, some of these radioisotopes are difficult to

produce in the quantity or the purity needed for these applications.’2
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In this work, we investigate the collection of 4V (T12 = 15.97 d, Eg*ayg = 290.0 keV,
lg* = 49.9%, Ey = 944, 984, 1312 keV, Ig*= 7.9, 99.8, 98.2%) by isotope harvesting from
an aqueous target cell at the National Superconducting Cyclotron Laboratory (NSCL).
This radioisotope serves an important role in science-based stockpile stewardship
which aims to provide high confidence in the safety, security, reliability, and
effectiveness of the U.S. stockpile, based, in part, on the ability to interpret archival data
from underground tests (UGTSs) of nuclear devices. The transmutation of certain
detector materials loaded in UGTs serve as important diagnostics which are sensitive to
neutron and charged-particle fluences. However, the complex networks of nuclear
reactions which lead to the production and destruction of activation products such as
48\/ involve many stable and radioactive nuclei. For example, the reaction 48V + n > 48Tj
+ p destroys some of the “8V which is produced. The cross section for this reaction, as
for most reactions involving radioactive nuclei, has not been directly measured because
of the difficulties associated with producing samples, performing experiments with
radioactive targets, and isolating the signal of interest in the presence of contaminants.
Currently, the cross sections are based solely on theoretical predictions which typically
have large uncertainties.3#

Isotope harvesting provides a method to collect large quantities of 48V while limiting
the mass of accompanying stable isotopes (such as stable %%-%'V) which can be present
in other production methods. The studies presented here were undertaken to
investigate the challenges associated with efficiently collecting and purifying this
isotope. Ultimately, the harvested and purified 8V samples could enable direct cross-

section measurements for the first time.> The 48V would be deposited on a thin backing
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foil such as carbon or titanium for mechanical support and bombarded with neutrons of
varying energies in order to measure the protons produced via the (n,p) reaction. This
type of target may also provide the opportunity to measure 8V(n,y) or 4V(n,2n) cross
sections using other techniques such as y-ray or atom counting, providing additional
data to further constrain the cross-section networks.

This promising route to extract radioisotopes from both aqueous and non-aqueous
media at radioactive beam facilities is a means to obtain relevant quantities of
radioisotopes otherwise unavailable or in short supply by accessing unused byproduct
nuclides. The feasibility of collecting long-lived radioisotopes from activated beamline
components that otherwise would have been treated as waste was demonstrated at the
Paul Scherrer Institute in Switzerland."®® Similarly, an isotope harvesting technique
involving the on-line or off-line collection of diverted and unwanted radioisotopes from
aqueous media at radioactive beam facilities, such as the Facility for Rare Isotope Beams
(FRIB) or the NSCL has been developed.'579 FRIB, located at Michigan State University,
will be the largest heavy-ion fragmentation facility in the world when it comes online, and
will produce unprecedented quantities of radioactive isotopes that could be harvested

using these techniques.

Among the many challenges facing aqueous isotope harvesting at radioactive beam
facilities, the chemistry of extracting specific isotopes from complex multi-element
mixtures is perhaps the most challenging. In initial tests, Pen et al. (2014) demonstrated
that simple aqueous sodium ions of ?*Na (T2 = 14.959 h) deposited at high energy into
water at the NSCL could be efficiently recovered.® Subsequently, Mastren et al. (2014)

showed the feasibility of collecting and purifying an element with a more complicated
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aqueous chemistry, copper, by harvesting 6’Cu (T2 = 61.83 h) co-produced with a large
number of fragmentation radioisotopes (Z ~ 19-39) from an aqueous target cell at the
NSCL.” To further develop aqueous isotope harvesting capabilities at radioactive beam
facilities, 4V was selected as a test-case due to the complexity of aqueous vanadium
chemistry. This element exhibits both anionic and cationic species with multiple oxidation
states in pure water and large quantities (10" to 10'® atoms) of 48V are of interest for use

as a target material for subsequent nuclear reaction studies.

By assessing methodologies used in past and current isotope harvesting studies, the
scientific community will be better equipped to efficiently extract rare radioisotopes
generated by the intense exotic beams available at the newest generation of radioactive
beam facilities such as FRIB.'%'? A developed isotope harvesting program at FRIB could
yield significant quantities of long-lived radioisotopes which accumulate in the aqueous
beam dump and other areas within the accelerator any time this user facility is delivering

beams for nuclear physics experiments.

To demonstrate the isotope harvesting approaches under conditions similar to those
expected at FRIB, heavy-ion beams generated at the NSCL and electromagnetically
separated by the A1900 spectrometer were utilized with beam time secured as a primary
user. In contrast, at FRIB, isotope harvesting can provide an ancillary service that will
have little to no impact on routine operation by primary users. Moreover, isotope
harvesting at multiple FRIB extraction points, aqueous and non-aqueous, could allow

collection during routine operation and maintenance.*

The LISE++ nuclear code, which calculates the transmission and yields of beam ions

produced and separated at the NSCL, was used to simulate the yield and distribution of
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radioisotopes, including %8V, delivered to the aqueous target cell. The understanding of
which elements will be present in collected aqueous samples guided the development of
a separation method to isolate V. The production experiments at the NSCL were
conducted and the beam intensity and identity of beam ions was characterized. The
aqueous samples were collected at an end station with a water collection cell and each
sample was characterized by y-ray spectroscopy followed by chemical isolation of the
targeted radioisotope. This proof-of-principle collection of 48V at the NSCL, the
subsequent purification of the sample, and the future prospects of aqueous isotope

harvesting at FRIB are described in this paper.
RESULTS

Predicted Heavy-ion Fragmentation Yields. At the NSCL, a high rigidity, large
acceptance magnetic spectrometer (A1900) was used to separate 48V and ions of similar
magnetic rigidity produced following the fragmentation of a 58Ni primary beam. The
A1900 parameters, given in Table 1, remained constant throughout this work. Using
these parameters, the nuclear reaction code LISE++ and EPAX3.1a production cross
sections were used to predict the yields of the fragmentation products.’®'* The calculated
ion production rate at the focal plane of the A1900 for 8V was 2.93 x 108 pps/pnA
(particles per second per particle-nA of %Ni primary beam). This value does not take into
account losses that occurred along the beamline during transport to the aqueous target
cell and secondary nuclear reactions in water. Based on the LISE++ production rates for
potential fragmentation products and their progeny, the distribution of radioisotopes was
calculated using the Decay Engine for Large Nuclide Sets++ (Nucleonica®'®) at two post-

collection times, 2 and 72 hours (Figure 1), to estimate radioisotope distributions
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expected after the end of a typical collection and at the beginning of chemical separation.
The predicted radioisotopes present at 72 hours after collection were then grouped by
element, and the number of atoms per element and fraction of the total population, shown
in Table 2, were determined. The predicted yields, from Table 2, show a complex multi-
element mixture of which approximately 8% is made up of V isotopes. Collectively, these
data revealed the need for a highly selective separation method compatible with the

multivalent oxidation states of V.

Separation Method Development. To develop a separation strategy for the purification
of 48V, the elements predicted in the aqueous target cell (shown in Table 2) were prepared
as non-radioactive solutions and separated from stable V by adapting a cation exchange
chromatography method using DOWEX 50W-X8 cation exchange resin in the acidic
form.’® The adapted method (Figure 2) involves four eluents (E1, E2, E3, and E4) and
the eluted fractions were monitored via inductively coupled plasma mass spectrometry
(ICP-MS) or microwave plasma atomic emission spectrometry (MP-AES). Vanadium was
first eluted from the column using 10 mL of 1% H202in 0.01 M H2SO4 with an average
recovery of (82.8 + 4.3)%. Titanium was then eluted from the column using 10 mL of 1%
H202 in 1 M H2SO4 with an average recovery of (63.6 £ 3.3)%. Finally, the remaining
elements were eluted in 10 mL of 3.0 M HCl followed by 10 mL of 6.0 M HCI. The complete
elution profile is shown in Figure 3. The percent recovery for each element, including V
and Ti, are shown in supplemental data (S1). In order to determine the absorption and
elution behavior of 8V on the column at a trace level, 11 MBq of “8V was produced via
the "Ti(p,x) reaction and used as a radiotracer. Three aliquots, containing 576 kBq each,

were loaded onto three separate columns, and the percent of 8V adsorbed and recovered
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using the procedure outlined in Figure 2 was (92.4 + 4.1)%. The complete elution profile
is shown in Figure 4. Based on these data, the multi-step separation method using
hydrogen peroxide as an oxidizing agent was predicted to isolate “8V in both high yield

and purity.

Beam Characterization and Calibration. Prior to isotope harvesting of aqueous
samples of 48V at the NSCL, the rate and identity of ions in the secondary beam (in
particles per second per particle-nA of ®Ni primary beam) was determined using the
standard AE/time-of-flight (TOF) method."'” This technique uses a silicon-PIN diode
positioned in the A1900 focal plane (to determine AE) and a plastic scintillator triggered
by the cyclotron radio frequency output (to determine TOF). Often, a degrader wedge is
used at the NSCL to further separate and purify the secondary beam based on the
magnetic rigidity of different ions. However, to simulate conditions predicted in the
aqueous beam dump at FRIB, no degrader wedge was used to pre-separate the
secondary beam in the A1900, which afforded a wider range of isotopic contaminants in
the collected samples. The particle identification (PID) data generated for this work by the
A1900 operations group at the NSCL are shown in the supplemental data (S2). The PID
data indicated that the secondary beam contained 2.34% 48V and the measured rate of

48\/ jons was approximately 2.0 x 108 pps/pnA.

After beam characterization, two methods were used to quantify the amount of 48V
delivered to the aqueous target cell during sample collection. First, a fully intercepting
Faraday cup and non-intercepting proportional detectors positioned along the A1900
beamline were calibrated in order to measure the integrated beam current delivered to

the aqueous target cell during sample collection. The normalization data collected to
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calibrate the beamline detectors are shown in the supplemental data (S3). Second, a
series of graphite pucks positioned in front of the aqueous target cell were irradiated with
the full beam intensity at different times during beam collection followed by offline low-
background y-ray analysis using High Purity Germanium (HPGe) detectors.® These
methods were previously described in Mastren et al (2014).” The normalization data
collected to calibrate the beamline detectors are shown in the supplemental data (S3).
From the y-ray analyses of the graphite pucks, described in the supplemental data (S4),
the 48V was delivered to the end station at an average rate of (1.23 + 0.07) x 108 pps/pnA.
In contrast, using the calibrated non-intercepting beamline detectors, the average rate of
48\/ measured prior to separation in the magnetic separator was (1.9 + 0.1) x 10° pps/pnA.
These data indicate loss of approximately 37% of the 48V ions as they traverse the

magnetic spectrometer, exit the beamline, and stop in the graphite pucks.

Beam Collection. Six separate collections of 48V and beam ions of similar magnetic
rigidity were conducted, varying in length between 3.0 and 4.6 hours. After exiting the
beam line and traversing a thin Kapton® and titanium window, the secondary beam ions
were stopped in the Teflon® target cell containing 100 mL of Ultratrace water that had
been sparged of dissolved gases using helium. After irradiation, each sample of water
was transferred to a 100 mL Teflon® sample vessel. A small aliquot was removed from
each Teflon® vessel and y-ray emissions were measured using an HPGe detector to
characterize and quantify the collected secondary beam ions. The results from each set
of measurements and the predicted 8V quantities (determined using the calibrated
beamline detectors) along with the transport efficiency are given in Table 3. The average

rate of 4V ions collected in the aqueous samples was (1.2 = 0.3) x 10° pps/pnA. This
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value was obtained using the quantity of 48V ions, the length of collection, and the
integrated beam current obtained from the calibrated beamline detectors. This rate

agreed with the average rate of “8V ions stopped in the graphite pucks.

Chemical Separation. The six aqueous “V samples were combined and then divided
into several fractions. After combination, the sulfuric acid concentration of each sample
was adjusted to 0.02 M H2SO4 and then processed according to the method in Figure 2.
Contrary to the results obtained for the bulk, non-radioactive validation studies, the
percent recovery of 4V in the first two samples (labeled A and B) was less than 13%. The
remaining samples were evaporated to dryness overnight, and then re-dissolved in 1.0 M
H2SO4 (labeled C) and 4.0 M H2SO4 (labeled D). Each sample was diluted to reach a final
volume of 100 mL of 0.02 M H2SO4. For samples C and D, the percent recovery of 48V
was (38.6 £ 2.7)% and (47.0 + 2.5)%, respectively. Results from the chemical separation

are summarized in Table 4.

For each sample, further analyses via y-ray spectroscopy of 4 mL of eluate containing
the highest concentrations of 48V recovered from eluent 1, showed trace quantities of 5'Cr
(T12=27.7 d, Ey = 320.08 keV, I, = 9.91%). The amount of >'Cr measured in sample A,
B, C, and D, was (1.0 + 0.2) kBq, (2.5 £ 0.3) kBq, (2.2 + 0.2) kBq, and (2.0 £ 0.3) kBq,
respectively. Due to the co-elution of ®'Cr, the radiochemical purities of sample C and D
were (96.3 = 5.2)% and (95.8 + 5.0)%, respectively. Figure 5 shows the y-ray spectra
from the unpurified sample and a 1 mL fraction from the column separation of sample D.
A characterized y-ray spectra of aqueous mixture, supplemental data (S5), has been

included in the supplemental information.
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Discussion

Based on analyses of the graphite pucks, aqueous samples, and data recorded by the
calibrated beamline detectors, the efficiency for transporting 8V ions from the A1900
beamline into the graphite pucks (63 + 4)% and aqueous samples (64 £ 14)% were in
agreement. For both the graphite pucks and aqueous samples, the measured “8V ion rate
(based on HPGe measurements) was (1.23 + 0.07) x 10® pps/pnA and (1.2 + 0.3) x 10°
pps/pnA, respectively. These rates were less than the upstream measured rate of (1.91
+ 0.1) x 108 pps/pnA (particles per second per particle-nA of 58Ni primary beam). Unlike
past studies using a 10-20 mm vertical and horizontal slit gap, the focal plane slits of the
A1900 were set to 50 mm, producing a larger beam image that was more likely to suffer
losses during transmission to the aqueous end station. Additionally, LISE++ was used to
better understand the magnitude of secondary nuclear reactions between 8V ions and
water in the aqueous target cell. For these models, we assumed no loss of energy during
the primary fragmentation reaction (“V ions at 160 MeV/u). Based on LISE++,
approximately 3.1% and 4.3% of the 48V ions are expected to be destroyed via secondary
nuclear reactions as they stopped in graphite and water, respectively. Taken as a whole,
the loss of 48V ions was likely due to the many interactions that occurred between the
secondary beam and the beamline components prior to stopping in a target material
(graphite and water). Moreover, both rates were close to the rate of 2.9 x 10® pps/pnA
predicted by LISE++; predicted rates were expected to be uncertain by up to a factor of

2 based on previous isotope harvesting experiments.’’”

For the chemical separation of samples A and B, the percent recovery of ¥V was

significantly less than the >89% recovery achieved during method development. Likely,
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radiolytic hydrogen and oxygen gases were generated during beam collection due to
radiolysis in the aqueous target cell. The reducing environment generated by these
conditions, may have led to the formation of VO?*. In the work by Fritz and Abbink (1962),
VO?* formed via reduction failed to elute from DOWEX resin.'® Similarly, recent work by
Abel, Clause, and Severin (2018) showed that 63% of 8V harvested in water at the NSCL,
in the absence of H20O2, was recovered from an AG 1X8 anion exchange resin. The 4V
retained on the resin could be due to VO4* and VO?*, generated by the slow conversion
of VO3 to VO?*."® In this work, the presence of the anionic vanadate observed in the
work by Abel et al. (2018) may indicate a lower concentration of VO(O.)*, the complex
ion formed as a result of V(V) present as VO2* reacting with H20-. Alternatively, the effects
of radiolysis and elevated temperatures in the aqueous target cell, may have altered the
chemical composition of the water resulting in the occurrence of unforeseen V speciation.
To test this, samples C and D were evaporated to dryness before reconstitution in sulfuric
acid, which was expected to drive VO?* and anionic vanadates to the VO2* form. Following
this technique, the recovery of “8V improved in the two samples to (38.6 +2.7)% and (47.0
+ 2.5)%. It should be noted that during development of the separation method, aqueous
standards were prepared in 0.02 M H2SO4 and used immediately after preparation,
whereas the NSCL samples were collected in water and processed five to six days after
collection. Once the acidity of the initial solutions was better controlled, retention onto the
resin and isolation of 48V with higher efficiency was demonstrated, although still a factor
of two lower than measured in the initial separation method development. These results
support a hypothesis that formation of VO?* may have led to a lower than expected

percent recovery.'%-2
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The radiopurity of the eluate containing the most 48V from the evaporated samples (4
mL of eluate) was assessed by y-ray spectroscopy and each fraction was found to contain
the long-lived radioisotope 5'Cr (Table 4). Similar to V, Cr is a multivalent element
(possible oxidation states of Il, 1ll, and VI in water) that forms metal hydroxides and oxides
at neutral conditions.2"?* During method development, elemental analysis of the eluted
fractions showed no breakthrough of macroscopic Crinto the V eluate (10 mL of 1% H20>
in 0.01 M H2SOs). As discussed above, the difference in sample matrices between
method development and “8V samples collected in water at the NSCL may have led to a
different chemical makeup in the collected samples. Alternatively, the Cr species may
have been present during method development but in a concentration below the limits of
detection for ICP-MS or MP-AES (>1 ppt). These results indicate aqueous harvesting of
radioisotopes that have complex hydrolysis chemistry require further investigation, and
special considerations should be made to account for the unique conditions that occur in

high power aqueous beam dumps.
CONCLUSIONS

This work shows that future batch collections of aqueous beam dumps could be harvested
and processed to isolate V. The results indicate that controlling pH and other aqueous
parameters are important for the recovery of 8V. In the future, adjusting the pH of samples
to <1 after collection and reacting the sample with hydrogen peroxide prior to adsorption
onto the cation exchanger, may yield results similar to those obtained during methods
development. Additionally, carrying out work to better understand the impact of radiolysis

and hydrolysis of species of interest on the water chemistry present in an aqueous beam
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dump expected at FRIB under normal operation conditions could better support

development of succesful aqueous isotope harvesting techniques.

At FRIB, unlike in this work, ions diverted to aqueous beam dump will not traverse an
electromagnetic spectrometer and primary beams will be generated at much higher
intensities. Using a 1 pnA %Ni beam and beamline parameters similar to those in this
work, the LISE++ fragmentation yield at FRIB for 48V was predicted to reach 3 x 10" pps,
five orders of magnitude greater than the rate measured at the NSCL. At this rate, yield
in the primary beam dump could reach as high as ~150 GBq after a 15-day collection.
Collections could be performed whenever a primary beam near %8Ni is used, potentially
allowing for the collection of enough “V to serve as a target for cross-section

measurements.

These results, along with those from previous studies, are helping inform future
designs for isotope harvesting at FRIB and demonstrate a new method for collecting long-
lived radioisotopes that may be otherwise unavailable, or are in short-supply. The
collection and isolation of these radioisotopes in significant quantities opens the potential
for them to be used for direct cross-section measurements. In addition to %8V, other
radioisotopes relevant to stockpile stewardship have been proposed as suitable
candidates for isotope harvesting at a radioactive beam facility. These radioisotopes and
their FRIB production rates include: 8Zr (23 GBg/week), '®Tm (2 GBq/week), *°Eu (3
GBq/week), °Eu (2 MBg/week), and 8Y (9 GBqg/week).* Therefore, a robust isotope
harvesting program implemented at FRIB could provide large enough samples of these
isotopes needed to help reduce uncertainties in nuclear data and improving the accuracy

of the reaction networks relevant to the stewardship of the U.S. stockpile.25-2
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METHODS

Chemicals. All chemicals were analytical or trace metals grade and used as received
unless otherwise noted. Milli-Q deionized 18.2 MQ-cm water (Milli-Q System; Millipore,
Billerica, MA, USA) was used unless otherwise specified. Ammonium citrate dibasic
(BioXtra, 299.0%), hydrogen peroxide (H202, TraceSELECT® Ultra 230%), hydrochloric
acid (HCI, 37% wt. in water, 99.999%), nitric acid (HNO3, 70% wt. in water, 99.999%),
sulfuric acid (H2SO4, 95-98% wt. in water, 99.999%), and Ultratrace Water (H20) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). TraceCERT® Atomic Absorption
Standards (AAS) were purchased from Fluka Analytical for Al, Ca, Co, Fe, K, Mg, Mn,
Na, Sc, Si, Ti, and V (1000 mg/L, St. Louis, MO, USA). A 10 mg/L stock solution was
prepared using AAS standards containing Al, Ca, Co, Fe, K, Mg, Mn, Na, Sc, Si, Ti, and
V in 2% HNO3. Mixed-ion calibration standards were prepared using the 10 mg/L AAS
stock solution at 5 pug/L, 10 ug/L, 25 ug/L, 100 pg/L, 250 ug/L, 500 nug/L, 750 ug/L, 1 mg/L,

and 2.5 mg/L.

LISE++ Fragmentation Modeling. The production rates of radioisotopes at the A1900
exit produced during fragmentation of a 160 MeV/nucleon %Ni beam on the 744.9 mg/cm?
Be target were modeled using LISE++ code (v.10.1.51) with EPAX3 cross sections. 330
Growth of daughter radioisotopes resulting from decay were modeled using the
Nucleonica© decay engine."The production rates of radioisotopes at FRIB were
estimated based on EPAX 2.15 cross sections using LISE++ code (v.9.2.68) at 400 kW

beam current. For rates at FRIB, carbon was selected as the target material and the
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optimum target thickness was approximated as 30% of the range of primary beam ions

in the target.

Separation Development and Validation. A method by Fritz & Abbink for the separation
of trivalent V from a mixture of mono-, di-, tri- and tetravalent cations in dilute acid was
adapted for this work.'® Briefly, 100 ug in 100 mL of Al, Ca, Co, Fe, K, Mg, Mn, Na, Sc,
Si, Ti, and V in 0.02 M H2SO4 was loaded onto a Bio-Rad glass column (1.5 x 12 cm, 20
mL, Hercules, CA, USA) containing approximately 5.0 g of Bio-Rad DOWEX 50W-X8
resin (100-200 mesh analytical grade, Hercules, CA, USA) in the hydrogen form
previously treated with 25 mL of 10% ammonium citrate, 25 mL 3.0 M HCI, and 40 mL
water at a flow rate of 1.0 mL/min. During development of the method, eluate generated
during treatment with water was collected and analyzed for chloride content. A negative
chloride test using AgQNO3 was observed after typically 30-40 mL of water was used to
treat the resin. After resin treatment and loading of sample onto the column, the
separation involved four steps. The column was first eluted with 10 mL of 1 % H202 in
0.01 M H2SO4, then 10 mL of 1 % H202 in 1.0 M H2SO4, followed by 10 mL 3.0 M HCI,
and finally 10 mL of 6.0 M HCI. The initial load volume, collected as flow-through, was
evaporated to dryness and dissolved in 1 mL of 2% HNO3 for elemental analysis. For
each separation step, the eluate was collected in 1 mL fractions into 1.5 mL Eppendorf
screw-cap conical centrifuge tubes for elemental analysis. In order to validate the
separation, three aliquots containing 576 kBq of “8V in 0.02 M H2SO4 (produced as
described below) were separately loaded onto glass columns containing approximately

5.0 grams of pre-treated 100-200 mesh DOWEX 50W-X8 resin, and eluted as described
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above. Validation samples were analyzed by y-ray spectroscopy to confirm the elution

profile and percent recovery of 48V.

Elemental Analysis. Fractions reserved from all separations in this work were analyzed
via ICP-MS or microwave-plasma atomic emission spectroscopy (MP-AES) to determine
the concentration of elements present. For each fraction, an aliquot was diluted in 2%
HNO3 and analyzed on an Agilent Technologies 7800 ICP-MS (Santa Clara, CA, USA) or
an Agilent Technologies 4200 MP-AES (Santa Clara, CA, USA). During MP-AES
analysis, Agilent Technologies MP Expert software (Santa Clara, CA, USA) was used for
data acquisition and analysis. The MP Expert spectral library was utilized to select non-
interfering emission wavelengths for each element part of the analysis. Similarly, Agilent
Technologies ICP-MS MassHunter (version 4.3, Santa Clara, CA, USA) was used for

ICP-MS data acquisition and analysis.

Targetry and Cyclotron Production of “V. 48V was produced via the ™Ti(p,n)*8V
reaction for radiotracer studies and separation method validation. A Titanium foil (99.94%,
25-um thick and of natural isotopic composition) was purchased from Alfa Aesar
(Haverhill, MA, USA) as a sheet, 25x75 mm?. Circular targets with a 9.5-mm diameter
were punched from the sheet using a Precision Brand (Downers Grove, IL, USA) self-
centering punch and die set. Individual thin targets were mounted onto a niobium target
holder and bombarded on an Advanced Cyclotron Systems Inc. TR-24 cyclotron
(Richmond, BC, Canada) for 30 minutes at 20 pA using 17 MeV protons. The activated
target was dissolved in 5 mL of 2.0 M H2SO4 contained in a 250 mL pear shaped flask.
During dissolution, the flask was placed in a sand bath and heated to 350°C under reflux.

Complete dissolution of the target required 4-5 hours, resulting in a clear violet solution.
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NSCL Beam Calibration. The makeup and arrangement of beam monitors at the NSCL
were previously described by Mastren et. al (2014)."7 Beam monitors were calibrated
prior to sample collection and at the end of the experiment. During calibration, the beam
was attenuated by factors of 3-100 using metal filters. The signal from each type of beam
monitor (Faraday cup for primary beam and non-intercepting proportional detectors for
secondary beam) was recorded and normalized as a function of detector response. After
the non-intercepting proportional detectors were calibrated against direct measurement
of the primary beam current (in eA) using a Faraday cup, the calibrated non-intercepting
proportional detectors were integrated over each sample collection and then multiplied by
the “8V ion rate (in pps/pnA), given above, to determine the number of 8V nuclei
transmitted through the A1900 spectrometer. In addition to the non-intercepting detector
calibration, a series of graphite “pucks” were positioned in front of the aqueous target cell
to stop all the secondary beam particles at various times during the experiment. Prior to
each 8V collection run, a puck was irradiated with full beam for approximately 5 minutes.
Each irradiated puck underwent offline measurements using a low-background HPGe

detector to identify the amount of 48V nuclei present.

NSCL Beam Collection. A 160 MeV/u %®Ni beam was fragmented using a 744.9 mg/cm?
Be target at the object point of the of the high-resolution A1900 spectrometer (projectile
fragment separator).'”:3" After fragmentation of the 5Ni beam, 8V was selected from the
mixture of remaining primary beam ions and fragmentation products based on magnetic
rigidity using the A1900 without an aluminum wedge, the focal plane mass-selection

aperture set to 50 mm, and the momentum acceptance slits open to 2% Ap/p. The

secondary beam intensity and purity were measured using an AE/Time-of-Flight
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technique with a silicon-PIN diode in the A1900 focal plane and cyclotron RF signal prior
to delivery of the beam to the experimental end station.®? The ions with similar magnetic
rigidity, including “8V, were collected for varying periods in an aqueous target before
transfer to a Teflon vessel.® Six samples were collected for characterization and chemical

separation of 8V,

y-ray Spectroscopy. Samples containing radioisotopes were characterized and

quantified by y-ray spectroscopy using a Canberra HPGe detector with a relative
efficiency of 24.5% (Model GC2018, Meriden, CT, USA) connected to a Canberra
multichannel analyzer (DSA-100, Meriden, CT, USA). Canberra software was used for all
data acquisition and analysis (Genie 2000, Meriden, CT, USA). Energy and efficiency
calibrations were performed using a mixed-radioisotope source in a sealed 1.5 mL
microcentrifuge tube prepared by Eckert & Ziegler Analytics (Atlanta, GA, USA). Aliquots
of sample material taken throughout this work were transferred to a 1.5 mL vial, diluted
to 1 mL and suspended in a fixed acrylic holder at a distance of 5 mm from the HPGe
detector. This geometry was maintained for all measurements. The activity of
characterized radioisotopes was determined based on the net peak area (Na) in each full-
absorption photopeak.>® For each photopeak, the activity (Ao) at the beginning of the

decay-counting measurement was determined according to:

AN,
Bo = @A = D) (1 = e Mr)
Y

where A is the decay constant of the radioisotope, I, is the branching ratio of the y ray, ¢

is the energy-dependent photopeak efficiency of the detector, DT is average dead time
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fraction during the measurement, and tr is the real time of measurement. For all

measurements, the average dead time fraction was less than 5%.

48y Separation from Heavy-lon Fragmentation. An aliquot was removed from each 100
mL aqueous target solution containing 4V and beam-fragmentation products and all
radioisotopes were quantified using y-ray spectroscopy. Next, each solution was adjusted
to 0.02 M H2S0O4 and combined into three samples for subsequent separation of 48V (A,
B, & C). Samples A and B were then loaded onto a glass column containing approximately
5.0 grams of 100-200 mesh DOWEX 50W-X8 resin pre-treated as described earlier. For
samples A and B, no changes were made to the separation method validated during
development. Due to a measured percent recovery lower than observed during
separation method development, sample C was split into two fractions (C & D) and both
were evaporated overnight in a 250 mL glass beaker to dryness at 95 °C. The samples
C and D were dissolved in 4.0 and 1.0 M H2SOq4, respectively, followed by slow stepwise
addition of water until a HoSO4 molarity of 0.02 M was reached. The “8V and beam
fragmentation products were stripped from the column during each step as described
earlier. The eluate from each column was collected in 1 mL fractions into 1.5 mL

Eppendorf screw-cap conical centrifuge tubes and characterized by y-ray spectroscopy.
DATA AVAILABILITY

The data supporting the findings of this work are available from the corresponding author
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Table 1 | A1900 Spectrometer parameters used to obtain an unwedged secondary
beam containing 48V ions at the NSCL.
Beamline Component Description Value
Primary Beam Target Beryllium 744.9 mg/cm2
D1 Br Dipole Magnet 3.3238 Tm
D2 Br Dipole Magnet 3.3238 Tm
12_Slits Momentum Acceptance (dp/p) 2.03%
D3 Br Dipole Magnet 3.3238 Tm
D4 Br Dipole Magnet 3.3238 Tm
FP_slits Vertical and Horizontal Slit 50 mm
Exit Window Zirconium 75 mm
Air Gap Air 89 mm
Target Cell Window 1 Kapton® 8 um
Target Cell Window 2 Titanium 12 pm
561
562
Atoms
- 2E11
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Figure 1. The number of atoms of each radioisotope predicted from LISE++ calculations.
(Left) Predicted radioisotopes and progeny expected after 2 h of 4V secondary beam
563 collection. (Right) Predicted radioisotopes and progeny 72 h post-collection.
564
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Table 2 | Radioisotopes and their progeny, decay corrected and grouped by
element, predicted at 72 hours post-collection by LISE++ at the NSCL. The
fractional population of each elemental relative to the total population is shown in

parenthesis.

Element N(atoms) Fraction(%) Element N(atoms) Fraction(%)
Na 6.80E+09  0.9% Mg 1.18E+10 1.6%

Al 2.59E+09 0.3% Ca 5.66E+10 7.4%

Sc 1.62E+10 2.1% Ti 527E+10 6.9%

Vv 6.37E+10 8.4% Cr 1.09E+11 14.3%

Mn 1.15E+11 15.1% Fe 1.67E+11  21.9%

Co 1.60E+11  21.0% Ni 6.71E+06  0.001%

N\

Cation exchanger

Sample adjusted to

1% H,0,in 10 mL

1) 25 mL 3.0 M HCI
2) 40 mL MQ H,0

Eluate 1 (E1): v, Si, Fe
. V.

DOWEX50W-X8 > > 1.0 M H,SO,
(5.0 g, 100-200 Mesh) 0.02 M H,S0, Eluate 2 (E2): Na, Ti
. J |\ . y,
) v v
Condition resin: Sample loaded 10 mL 3.0 M HCI
25mL10% onto DOWEXTresin Eluate 3 (E3): Na, Mg,
ammonium citrate (1.0 mL/min) Al, K, Ca, Mn, Fe, Co, Sc
] v v
Rinse resin: 1% H,0,in 10 mL 10 mL 6.0 M HCI

— | Eluate 4 (E4): Mg, Al K,

Ca, Cr, Fe, Sc

J

Figure 2. Separation method developed to purify 48V. The makeup of each eluent is shown
as well as the elements collected in each eluate.
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Figure 3. Elution profile of different elements adsorbed onto 5 g
of DOWEX 50W-X8 cation exchange resin and subsequently
eluted in eluate 1-4. The initial mass of each element was 100
ug. Analysis was conducted by MP-AES.

400
= Column 1
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Figure 4. Three replicate elution profiles of “V on 5 g of
DOWEX 50W-X8 cation exchange resin eluted in 10 mL of 1%
H202in 0.01 M H2SO.. Analysis was conducted by HPGe
measurement.



Table 3 | Samples harvested at the NSCL, the collection time, quantity of 4V
determined by offline HPGe measurement and calibrated beamline detectors, and
efficiency for collecting “8V in the aqueous target cell.
Run Time (h) 48y(kBq)? 48y(kBq) Efficiency(%)
1 3.5 78(5) 134(6) 58(5)
2 4.0 75(8) 139(6) 54(6)
3 3.0 73(5) 133(6) 55(5)
4 4.6 61(9) 126(5) 48(7)
5 3.0 104(4) 117(5) 89(5)
6 3.2 99(5) 139(6) 71(5)
“Radioactivity determined by HPGe measurement of an aliquot from the aqueous sample
Radioactivity determined using the integrated beam current (beamline detectors), V beam purity (2.34%), and ion rate (2.0 x 10° pps/pnA)
572
Table 4 | The initial and recovered “8V radioactivity in 4 mL of eluate, percent
recovery, and radionuclidic purity for each sample separated in this work.
Samole Initial Recovered Percent Radionuclidic
P Radioactivity(kBq) Radioactivity(kBq) Recovery(%) Purity(%)
A 190 (9) 25.1(1.2) 12.5(1.0) 95.6
B 195 (9) 24.7(1.1) 12.2(0.9) 89.7
C 107 (5) 41.3(2.1) 38.6 (2.7) 96.3
D 105 (5) 49.6 (2.5) 47.0 (2.5) 95.8
573
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Figure 5. HPGe analysis of sample D. (A) Gamma spectra of unpurified mixture
showing photopeaks due to “V, fragmentation products, and their progeny prior
to separation. (B) Gamma spectra showing 48V after purification.



