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Isotope harvesting is a method of collecting the long-lived radioisotopes that build up during the18

operation of ion-beam facilities in a way that is useful for subsequent research. As a demonstration19

of this method for the collection of a Group IV metal at a fragmentation facility, the high-energy 88Zr20

secondary beam produced from a 140-MeV/u 92Mo primary beam at the National Superconducting21

Cyclotron Laboratory (NSCL) was stopped in a water target. The setup aimed to mimic the aqueous22

beam dump that will be implemented at the Facility for Rare Isotope Beams (FRIB). The collected23

88Zr and accompanying 88Y decay daughter were radiochemically extracted from the solution and24

made into target samples suitable for neutron-capture cross-section measurements. These samples25

were then irradiated at two reactor facilities, and the 88Zr average thermal-neutron-capture cross26

section (σT ) and resonance integral (I) were determined to be σT = (8.04 ± 0.63) × 105 b and I=27

(2.53± 0.28)× 106 b. The σT value agrees well with previous results and I, determined for the first28

time here, was found to be the largest measured resonance integral by two orders of magnitude.29

The 88Y thermal-neutron-capture cross section was determined to be less than 1.8 × 104 b. This30

work demonstrates the steps needed to make cross-section measurements with samples produced31

via aqueous isotope harvesting.32

I. INTRODUCTION33

Long-lived radionuclides are produced and accumulate34

at various locations within an accelerator during routine35

operation. Isotope harvesting [1] is the collection and pu-36

rification of these byproduct radionuclides for use in sub-37

sequent research. Initial uses of this method have shown38

great promise to complement the conventional method-39

ologies. At the Paul Scherrer Institute (PSI) in Switzer-40

land, the copper beam dump that had been used during41

high-energy proton irradiations was dissolved, and the42

60Fe (t1/2 = 2.62 × 106 yr) present was radiochemically43

separated from the mixture. A sufficiently pure amount44

of 60Fe was isolated [2] to measure its half-life [3–5] and45

neutron-capture cross section [6, 7], and to produce a set46

of standards for accelerator mass spectrometry [8]. In ad-47

dition, numerous other isotopes are being pursued from48

the copper beam dump [9], irradiated graphite targets49

[10], and stainless steel parts [11] at PSI.50

The implementation of isotope harvesting at the up-51

coming Facility for Rare Isotope Beams (FRIB) at Michi-52

gan State University (MSU) has attracted considerable53

interest because of the large quantities of a broad range54

of radioisotopes that will be produced during routine op-55

eration. At FRIB, a water-filled beam dump will be uti-56

lized to stop the primary beam and much of the beam-57

fragment distribution, opening up new opportunities to58

collect radioisotopes sought after in areas of nuclear sci-59

ence ranging from national security to medicine. Thus, in60

preparation for an extensive isotope-harvesting program61

at FRIB, there have been several efforts to investigate the62

efficacy of extracting radioisotopes deposited in a water63

target [12–16].64

Initial efforts at the National Superconducting Cy-65

clotron Laboratory (NSCL), which produces radioiso-66

topes using the same fragmentation process as at FRIB,67

albeit at significantly lower intensities, demonstrated the68

successful recovery of 24Na and 67Cu from an aqueous69

target [12–14]. Both sodium and copper are well suited70

for collection and extraction from an aqueous environ-71

ment these elements have well understood redox and72

speciation chemistry in near neutral environments, only73

exist as monovalent and divalent cations in solution, and74

do not hydrolyze irreversibly.75

Other elements, such as Zr, V, and Hf, present chal-76

lenges. These group IV and V metals tend to exist in77

tetravalent and pentavalent oxidation states, and form78

oxide and hydroxide complexes in aqueous conditions79
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that are not highly acidic. This effect is most pronounced80

when metal concentrations exceed the micromolar regime81

[17]; however, even at trace concentrations, such as those82

expected for radioisotopes, mononuclear hydroxide com-83

plexes can form. Recent results have indicated a reduced84

recovery efficiency for 48V deposited in an aqueous solu-85

tion at the NSCL, potentially due to redox and radiolysis86

chemistry [15]. The work presented here is the first aque-87

ous harvesting collection of a group IV element, and the88

efficacy of the method for collection of a hydrolyzable89

metal is assessed.90

Several radioactive Zr isotopes are valuable to nuclear91

science, including 86Zr and 89Zr for nuclear medicine92

[18, 19], 95Zr for astrophysics [20], and 88Zr and 89Zr for93

stockpile-stewardship applications. For example, 88Zr is94

part of a neutron-induced reaction network that is of in-95

terest for interpreting data from radiochemical detectors96

used in underground nuclear tests [21]. The daughter of97

88Zr, 88Y, is also part of this network as well as of interest98

to the astrophysical community for p-process investiga-99

tions [22]. Analysis of historic test data using such cross100

sections is an aspect of the United States Science-Based101

Stockpile Stewardship Program, which aims to provide102

high confidence in the safety, security, reliability, and ef-103

fectiveness of the nuclear stockpile without nuclear test-104

ing [23]. The only measurements of a neutron-induced105

reaction on 88Zr were of the 88Zr(n,2n)87Zr cross sec-106

tion at 14.8 MeV [24] and the thermal neutron-capture107

cross section on 88Zr recently measured using samples108

produced via the 89Y(p,2n)88Zr reaction. The latter re-109

sult revealed that the thermal-neutron-capture cross sec-110

tion on 88Zr is (8.61± 0.69)× 10 5 b, which is the second111

largest reported neutron-capture cross section [25]. Sim-112

ilarly, the 88Y(n,2n)87Y was measured at 14.8 MeV [24],113

and recent efforts have aimed to constrain the neutron-114

capture cross section on 88Y from 0.01 to 1 MeV using115

the Oslo Method [22].116

In the work presented here, a secondary beam of 88Zr117

was collected in the water target irradiation cell of an118

aqueous harvesting endstation [12] at the NSCL in a dedi-119

cated experiment. While most harvesting efforts at FRIB120

will be carried out continuously without interfering with121

a users experiment, dedicated experiments for proof-of-122

concept work at NSCL are useful to validate method-123

ologies for both production and separation. The steps124

needed to extract and purify the 88Zr produced via aque-125

ous harvesting for a subsequent neutron-capture cross-126

section measurement were demonstrated. The aqueous127

samples were subsequently shipped to Lawrence Liver-128

more National Laboratory (LLNL) for radiochemical sep-129

arations and preparation of 88Zr and 88Y targets for130

measurements of thermal-neutron-capture cross sections.131

The targets were irradiated at two nuclear reactors, the132

University of Missouri Research Reactor (MURR) and133

the McClellan Nuclear Research Center (MNRC), to per-134

form measurements of the neutron-capture cross sections.135

The measurements served to reproduce the recent 88Zr136

neutron-capture results [25] and to better discern the137

relative contribution of thermal versus resonance region138

neutrons. While aqueous harvesting efforts at the NSCL139

have successfully demonstrated collection and purifica-140

tion of several radionuclides [12–15], the present effort is141

the first to utilize an aqueous harvested radionuclide for142

a subsequent measurement.143

The methods developed for purifying Zr from the co-144

produced fragmentation products and harvesting matrix145

can be adapted to yield multiple useful samples once146

FRIB is online. Based on the expected production rates147

at FRIB, approximately 630 mCi of 88Zr (t1/2 = 83.4148

d) will be made per week running with a full-intensity149

92Mo primary beam [1]. Given the notoriously complex150

speciation of Zr at near-neutral pH [26] and irradiation151

restrictions (e.g. minimal organic content and residual152

fluoride) on the final 88Zr target material, the efficacy153

and efficiency of Zr recovery chemistry post-aqueous har-154

vesting is important to assess.155

II. AQUEOUS ISOTOPE HARVESTING OF156

88ZR AT NSCL157

At the NSCL, a 10-pnA, 140-MeV/u 92Mo primary158

beam impinged upon a 446-mg/cm2 beryllium target to159

produce a range of fragmentation products. The A1900160

projectile-fragment separator [27, 28] was used to select161

the 88Zr secondary beam for delivery to the irradiation162

cell. The overall beam composition was measured peri-163

odically throughout the run at the A1900 via the par-164

ticle identification detector (PID), which characterizes165

the beam components by energy-loss and time-of-flight166

measurements of the individual ions. By adjusting the167

settings of the dipole magnets and mass slits of the sep-168

arator, a momentum acceptance of 1.36% was achieved,169

which yielded the typical beam composition summarized170

in Table I.171

The beam current was continuously measured using172

a non-intercepting beam monitor which provided a sig-173

nal proportional to the electromagnetic field produced by174

the beam. To normalize this signal, direct measurements175

of the beam current were obtained regularly throughout176

the run both from a Faraday cup (FC), briefly inserted177

into the beam path immediately upstream of the endsta-178

tion, and from the activity deposited in a graphite puck,179

positioned in front of the irradiation cell window for 5180

minutes between each water target irradiation. The ra-181

dioactive species collected in these 1
2 -inch-thick graphite182

pucks were quantified within 1 hour using a high-purity183

germanium (HPGe) γ-ray detector. It was assumed that184

the activities in the puck were representative of the beam185

composition and that nuclear reactions with the carbon186

did not substantially contribute to the observed products.187

The radionuclides detected in the puck are compared in188

Table I to the distribution of isotopes detected at the189

A1900. These two diagnostics indicated that 88Zr was190

the most prevalent species in the beam, and overall gave191

consistent results, although the stable isotopes could not192
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TABLE I. Beam composition observed at the A1900 Particle Identification Detector and in the graphite puck. The radionuclide
composition of the beam in the puck was determined from the emitted γ-rays after a 5-min irradiation. The rates in atoms/sec
were inferred from the observed activities, after correcting for decay losses, and accounting for the puck irradiation time. For
both the PID and the puck, the intensity of each radionuclide has also been listed normalized to 88Zr.

Nuclide Half-Life PID Atom % Puck (atoms/sec) PID Norm. to 88Zr Puck Norm. to 88Zr
91Nb 680 yr 0.35% - 0.007 -
90Nb 14.60 h 15.28% 1.28× 10 7 0.316 0.394
89Nb 2.03 h 0.20% - 0.004 -
89Zr 78.41 h 4.76% 3.44× 10 6 0.099 0.106
88Zr 83.4 d 48.33% 3.26× 10 7 1.000 1.000
87Zr 1.68 h 0.31% 2.26× 10 5 0.006 0.007
86Zr 16.5 h - 9.24× 10 4 - 0.003
87Y 79.8 h 14.50%a 1.12× 10 6 0.300a 0.034

87mY 13.37 h - 7.65× 10 6 - 0.235
86Y 14.74 h 9.91%a 2.44× 10 6 0.205a 0.075

86mY 47.4 min - 2.23× 10 6 - 0.068
85Y 2.68 h - 3.45× 10 5 - 0.011
84Y 39.5 min - 1.72× 10 5 - 0.005
86Sr Stable 0.32% - 0.007 -
85Sr 64.849 d 4.94% - 0.102 -
84Sr Stable 0.43% - 0.009 -
81Sr 22.3 min - 3.69× 10 4 - 0.001
84Rb 32.82 d 0.33% - 0.007 -
83Rb 86.2 d 0.25% - 0.005 -
82Rb 1.2575 min 0.09% - 0.002 -
81Rb 4.572 h - 2.39× 10 5 - 0.007

a The PID did not distinguish between the isomer and ground state, so both contributions are reported as ground state.

be quantified with γ-ray spectroscopy. This beam cali-193

bration indicated that the average rate of 88Zr impinging194

upon the irradiation cell was 1.1 × 107 pps. Therefore,195

over the course of 6.1 days, (5.8±0.4)×1012 atoms (cor-196

responding to 15.0 ± 1.0 µCi) of 88Zr were delivered to197

the cell.198199

The 88Zr beam entered the water-filled irradiation cell200

by passing through a gold vapor-deposited titanium win-201

dow. To minimize chemical interactions, the cell walls202

were made of PEEK and the Au side of the window,203

which consisted of a 0.15-µm-thick layer of Au on a 75-204

µm-thick Ti foil, was in contact with the water. Prior to205

irradiation, the double-distilled water (OmniTrace R© Ul-206

tra) in the irradiation cell was sparged with atmospheric207

pressure helium gas. After beam was deposited in the208

irradiation cell for an extended period of time typically209

ranging from 10-16 hours, the water was transferred to210

an acid-washed PTFE bottle. Following irradiation, the211

water was measured to be pH 5; each sample was acid-212

ified with 3M HCl to decrease the pH to about 1.5, in213

an effort to minimize Zr hydrolysis. In total, 10 bottles,214

each with 100 mL of irradiated water, were collected over215

the course of the experiment.216

After each irradiation, the bottle of water was removed217

from the endstation and the radioisotope content was an-218

alyzed using a HPGe detector in an analogous way as219

with the pucks. A typical γ-ray spectrum is shown in220

Fig. 1. The 88Zr activity was characterized with the221

detection of its characteristic 392.87-keV γ ray (emitted222

with a γ-ray intensity Iγ=97.29%) [29]. A large number223

of other radioisotopes were also present in the water sam-224

ple, with the spectrum dominated by the intense γ rays225

from the decays of the short-lived products 90Nb and 86Y.226

Radionuclides detected in the puck were also consistent227

with those collected in the water samples with the excep-228

tion of 83Sr, which was only detected in the water, due229

to its relatively low yield and the short irradiation time230

for the puck. The presence of 514-keV γ rays emitted231

following the decay of 85Sr could not be detected in the232

pucks or the water samples immediately after bombard-233

ment because it was obscured by the annihilation radia-234

tion, but it was identified once much of the shorter-lived235

activity contributing to the annihilation peak reduced in236

intensity after several weeks of decay. The presence of237

some short-lived activities was reduced in the water rel-238

ative to the puck as a results of decay during irradiation.239

The total activity of 88Zr collected in the bottles was 9.6240

± 0.9 µCi at the end of all the collections, consisting of241

about 60% of the total 88Zr delivered to the irradiation242

cell. Eight of the bottles, containing a total activity of 9243

µCi of 88Zr, were sent to LLNL for chemical processing.244

The two bottles from the shortest collections remained245

at MSU for small-scale chemistry tests.246

Following the last collection, the empty irradiation cell247

was disassembled and the window removed so that the248

activity retained on these pieces could be assessed. Au-249

toradiography of the cell and window was performed, and250

the image-plate results following a 16-hour exposure time251
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FIG. 1. γ-ray spectrum from a typical bottle containing an aqueous sample recorded 7 hours after being collected at the NSCL.
Decay and efficiency corrections have not been applied. In addition to 88Zr, many other 92Mo fragmentation products are
observed, including 90Nb, 87mY, and 86Y.

FIG. 2. a) photograph of the gold vapor-deposited titanium
entrance window to the cell prior to irradiation, b) autoradio-
graph of the window after irradiation, c) photograph of the
backplate of the cell after irradiation, d) autoradiograph of
the backplate of the cell after irradiation. In (b) and (d), the
darker areas indicate locations with higher radioactivity. The
cell backplate, which was in contact with the water of the
cell, contains about 12 times the radioactivity of the entrance
window.

are shown in Fig. 2. The autoradiograph of the window252

shows a clear image of the beam spot as well as where253

the water had been in contact with the window. The au-254

toradiograph of the backplate of the cell similarly shows255

where the water had been in contact with the PEEK and256

splash marks from when the water had been transferred257

from the cell to the PTFE bottles.258

Gamma-ray spectroscopy of the irradiation cell and259

window indicated that they had about 5.9 ± 0.2 and260

0.5 ± 0.04 µCi of 88Zr adsorbed, respectively. Together,261

these quantities accounted for the remaining 40% of the262

delivered 88Zr activity. The 88Zr activity on the back-263

plate is about 12 times that observed on the window; this264

is not purely due to the surface area exposed to the water,265

which would account for approximately a factor of 4. It266

is not clear why the Zr adsorbed to the PEEK to such a267

high degree, but it is possible that a hydrolyzed Zr species268

coordinated with the ketone moieties of the PEEK sur-269

face. In addition, 87/87mY, 89Zr, 86Y, and 90Nb were also270

adsorbed. By the time the spectra were collected on the271

cell and window, nearly all of the 87Zr (t1/2= 1.68 h)272

had decayed to 87/87mY. It is assumed that the higher273

localization of 87/87mY activity on the cell and window274

rather than in the water is a result of this decay. This is275

similarly the case with 86Y, produced from the decay of276

86Zr.277

III. RADIOCHEMICAL PROCESSING AND278

TARGET FABRICATION279

The 8 bottles received at LLNL had a total of 800 mL280

of dilute HCl. The radiochemical processing was per-281

formed about one month after the sample collection, and282

at that time the samples contained approximately 7 µCi,283

or 0.4 ng, of 88Zr as well as about 1.1 µCi, or 0.1 ng, of284

88Y resulting from 88Zr decay. Most of the other radioiso-285
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topes have half-lives short enough that they had decayed286

away, with only 85Sr and 83Rb still present in the sample287

in detectable amounts. Of the 8 bottles, 6 were radio-288

chemically processed to purify 88Zr and 88Y to serve as289

target materials for neutron-capture cross section mea-290

surements.291

The overall chemistry flowsheet used to isolate the 88Y292

and 88Zr samples is shown in Fig. 3. The 88Y and 88Zr293

needed to be concentrated into a smaller volume and sep-294

arated from one another, which was done using cation ex-295

change and co-precipitation followed by anion exchange,296

respectively. Previous work successfully demonstrated297

separations of 88Zr from stable Y target material us-298

ing anion exchange chromatography [25]. However, as299

a result of the large volume of solution generated dur-300

ing aqueous harvesting, a pre-concentration step was re-301

quired for these samples. Evaporating the water sam-302

ples for pre-concentration, as had been done in previous303

aqueous harvesting experiments [12, 15], resulted in 88Zr304

irreversibly adsorbed to the polypropylene tubes. There-305

fore, various pre-concentration and separation techniques306

were tested, with the highest recovery (∼ 70%) coming307

from co-precipitation of the 88Zr using La(OH)3 followed308

by anion exchange. Stable Zr carrier could not be added309

as this would interfere with the subsequent neutron irra-310

diation.311

Given the low mass of Zr, co-precipitation with La was312

done via hydroxide precipitation with NH4OH, which313

carries both the Zr and the Y. To minimize the total314

mass of La introduced, 4 mg of La3+ were used by iter-315

atively co-precipitating 2 × 20 mL aliquots of the NSCL316

collections with 1 mg La3+ in each tube. The precipi-317

tated mixture was centrifuged at 4000 rpm for 5 minutes318

and the supernatant removed. The precipitate was dis-319

solved in concentrated HCl and the next 20 mL of the320

sample solution added, repeating the precipitation proce-321

dure. The supernatants were spiked with an additional 1322

mg of La carrier and precipitated, centrifuged, and sepa-323

rated again. The precipitates from each of the two passes324

were dissolved in concentrated HCl and combined. This325

co-precipitation process successfully concentrated greater326

than 95% of the 88Zr from the aqueous samples.327

The dissolved La(OH)3 precipitate from the pre-328

concentration step was evaporated to wetness and addi-329

tional concentrated HCl added with a couple of drops of330

30% unstabilized H2O2 (∼ 50µL), which helped keep Zr331

in solution. The stock was heated briefly to destroy the332

peroxide prior to loading on Dowex 1X8 (100-200 mesh,333

1 cm × 7 cm, column volume (CV) ≈ 5 mL) strong-base334

anion exchange resin that was preconditioned with con-335

centrated HCl. After adding the loading solution (∼2.5336

mL), the resin was washed with 6 CVs of concentrated337

HCl to elute the Y and La. The Zr was eluted with 2M338

HCl in 5 CVs. Likely as a result of hydrolysis of the339

Zr upon stopping in the water during irradiation, it ad-340

hered to the polypropylene containers used for chemistry,341

which otherwise would typically have low Zr retention.342

Desorption of the Zr was attempted with a variety of343

matrices with the most successful being a mixture of hot344

concentrated HCl and a few drops of 30% unstabilized345

H2O2, added to the resin while still warm. This, how-346

ever, was only done as a final desorption attempt as the347

hot HCl/H2O2 destroys the resin. The overall chemistry348

recovery of the 88Zr was just over (26 ± 2)% after the349

full chemical processing summarized in the flowsheet in350

Fig. 3. The 88Zr in 2M HCl was concentrated to about351

100 µL to make the targets.352

The low recovery of 88Zr is largely attributed to hy-353

drolysis of the Zr. When the beam initially stops in the354

water cell, the water is approximately pH 5. The ions col-355

lected in the cell were at this pH for 10-20 hours. After356

the irradiation, the water was acidified with HCl to ap-357

proximately pH 1.5, but at this point irreversible species358

seem to have already formed. At pH 5 with dilute Zr359

concentrations ([Zr]< 10 –6 M), the dominant speciation360

for Zr is its hydrolyzed form Zr(OH)4 [30]. At pH 1.5,361

that species is a more minor constituent with Zr(OH)3
+

362

and Zr(OH)2
2+ dominating. The post-irradiation count-363

ing of the irradiation cell and its window indicated that364

just over one third of the 88Zr produced was sorbed to365

these materials, as opposed to collected in the water sam-366

ples. This is indicative of hydrolysis of the Zr causing it367

to adhere to both the gold and PEEK surfaces.368

The precipitation of the Zr has high recovery as it was369

done in a hydroxide precipitate that would carry any370

of the aforementioned Zr species. These species, how-371

ever, behave differently chromatographically from Zr4+,372

as they cannot form the Zr(Cl)6
2– anionic complex. Fur-373

ther, the hydrolyzed species are susceptible to adhering374

to surfaces through strong electrostatic interactions that375

inhibit their recovery. This was observed during separa-376

tion chemistry, in which portions of the Zr adhered to377

the polypropylene centrifuge tubes and chromatography378

columns. The bulk of the 88Zr that was not recovered379

during chemistry was lost to the polypropylene centrifuge380

tubes, despite various attempts at desorption.381

It is expected that Zr recovery will improve if the beam382

is stopped in more acidic solutions to minimize hydrolysis383

potential or with the addition of strong complexants such384

as fluoride which form stronger complexes than hydrox-385

ide. The water-filled beam dump at FRIB will operate at386

or near neutral pH, in part due to the logistical challenges387

of executing such an experiment with highly acidic and388

potentially corrosive matrices. Therefore, future studies389

will explore alternative collection methods for hydrolyz-390

able radioactive beam fragments.391

The 88Y present in two of the collection bottles was392

isolated prior to recovering the 88Zr. The solutions from393

these two bottles were passed through 50WX8 cation ex-394

change resin (100-200 mesh, 0.8 cm × 2 cm) that had395

been preconditioned with 0.5M HCl. The resin was rinsed396

with 0.5M HCl, eluting the Zr. During loading and rins-397

ing, the Y was retained on the resin along with most of398

the Sr, while the Zr was collected as an eluate for use399

in the precipitations. The Y was then eluted with 6M400

HCl and concentrated to make the 88Y stock for target401



6

FIG. 3. Flowchart depicting the steps taken to isolate 88Zr and 88Y from the harvested samples for target production.

preparation. After separation, 80% of the 88Y was con-402

centrated as the final Y stock, which had no detectable403

88Zr. The Y stock contained 0.9 Ci of 88Y, 0.3 Ci of404

85Sr, and 0.02 Ci of 83Rb, which were not further sep-405

arated because the 85Sr and 83Rb do not interfere with406

the 88Y(n,γ)89Y measurement.407

Two 88Y and four 88Zr targets were prepared by pipet-408

ting the respective stocks into 4 mm × 6 mm (I.D. ×409

O.D.) Suprasil quartz tubes that had been flame sealed410

on one end. The Y and Zr in HCl deposits were dried411

in a water bath evaporator with nitrogen flowed into the412

tubes. After drying, the tubes were flame sealed and413

leak-tested. A portion of the 88Y and 88Zr stocks was set414

aside for characterization.415

The stable element content in the samples was deter-416

mined with inductively coupled plasma-mass spectrome-417

try (ICP-MS) by analyzing aliquots consisting of 100 µL418

of the 88Y and 88Zr stocks that had been diluted to 5 mL419

with 2% HNO3. In the 88Zr targets, the stable Sr, Y, Zr,420

Nb, Mo, and La content was found to be in the range421

0.79-2.3 ng, 0.03-0.07 ng, 27-79 ng, 0.4-1.1 ng, 6.2-18 ng,422

and 0.03-0.09 ng for each metal, respectively. In the 88Y423

targets, the stable Sr, Y, Zr, Nb, Mo, and La content424

was found to be in the range 15-25 ng, 0.94-1.6 ng, 5.5-425

9.0 ng, 0.02-0.03 ng, 1.4-2.4 ng, and 18-29 ng for each426

metal, respectively. Despite the La carrier initially being427

present at nearly 109 times the 88Zr mass (7.4×10−12 g)428

after co-precipitation, it was successfully separated with429

a decontamination factor of 108. The stable element con-430

tent in each sample was low enough that it did not in-431

terfere with the subsequent cross-section measurements.432

For stable Zr content, this was demonstrated with the433

Zr monitors. For the 60 mg Zr monitor, 89Zr activity434

produced via the 90Zr(n,2n)89Zr reaction was less than435

10% of that observed in the co-irradiated 88Zr samples.436

With 10−6 times less stable Zr present in the 88Zr sam-437

ple, the percent contribution of 89Zr from this source is438

negligible. Here the stable Zr content did not impact439

the subsequent cross-section measurements, however this440

will have to be assessed on a reaction-by-reaction basis441

for future measurements.442

The sealed samples were characterized with γ-ray spec-443

troscopy to assess the initial amounts of each radionu-444

clide. The γ-ray spectrum of a typical 88Zr target is445

shown in Fig. 4a. Although the yield of the chemistry446

was only 26%, the radiopurity of the 88Zr sample was447

high - the only other radionuclide present in the 88Zr448

targets was its decay daughter, 88Y, which grew in after449

the 88Zr separation. At the end of separation, the atom450

ratio of 88Zr to 88Y was on the order of 103. A typical γ-451

ray spectrum from a 88Y target is shown in Fig. 4c. The452

dominant species are 88Y and 85Sr. Other minor features453

in the spectrum are escape peaks from the 1836.063-keV454

γ ray from the decay of 88Y, the 511-keV annihilation455

peak, and the photopeaks due to the decay of 83Rb.456

IV. NEUTRON-CAPTURE CROSS-SECTION457

MEASUREMENTS458

The cross sections were determined through the acti-459

vation method using γ-ray spectroscopy to measure the460

burnup of the target and, in the case of 88Zr, the pro-461

duction of the capture product after neutron irradiation.462



7

TABLE II. Summary of characteristics for each target used for subsequent neutron irradiation

Target No. Radionuclide
Activity at beginning of

irradiation (kBq)
Irradiation Time (h) Irradiation Facility Cadmium Covered

1 88Zr 3.31 ± 0.11 1 MURR No
2 88Zr 3.63 ± 0.12 10 MURR No
3 88Zr 3.81 ± 0.12 12 MNRC No
4 88Zr 4.68 ± 0.19 12 MNRC Yes
5 88Y 7.17 ± 0.30 1 MURR No
6 88Y 4.34 ± 0.18 10 MURR No

The samples were shipped to MURR and MNRC for ir-463

radiation.464

At MURR, one set of samples was irradiated for 1 hour465

and a second one for 10 hours in the graphite reflector.466

Each set contained a 88Zr sample, a 88Y sample, and a467

collection of monitor foils individually encapsulated in468

quartz. The monitor foils for the 1-hour irradiation con-469

tained stable Zr, Fe, and Mo while the 10-hour set con-470

tained only Zr and Fe; Mo was not included in this set471

because of the high level of activity that would be pro-472

duced.473

After irradiation, the samples were removed from the474

reactor, extracted from the irradiation canister in a hot475

cell, and packaged for shipping. The samples were476

shipped back to LLNL and the exteriors cleaned with477

aqua regia and 18.2 MΩ·cm water washes to remove any478

contamination. The samples were then opened and the479

residues dissolved with 9 M HCl (∼500 µL), which were480

diluted with 18.2 MΩ·cm water to 10 mL. Starting 3 days481

after the irradiation, these 88Y and 88Zr samples were482

counted for approximately 1 month to track the decay483

of the γ-ray lines shown in Figs. 4b and 4d. The pop-484

ulation of 88Zr, 89Zr, and 88Y atoms were determined485

from the intensity of the characteristic γ-ray peaks de-486

tected at 909.15 keV, 392.87 keV, and 898.042 keV, re-487

spectively [29, 31]. The monitor foils were extracted from488

the quartz vial and individually counted to quantify the489

dominant activation products from the γ-ray peaks at en-490

ergies listed in parentheses: 59Fe (1099.245 and 1291.59491

keV), 95Zr (724.192 and 756.725 keV), 97Zr (743.36 keV),492

and 99Mo (181.068 and 739.5 keV).493494

At MNRC, two sets of samples containing 88Zr and495

Fe, Zr, and Mo monitor foils separately encapsulated in496

quartz were irradiated for 12 hours in the Neutron Trans-497

mutation Doping (NTD) location. This location has the498

highest ratio of thermal (< 0.5 eV) to fast (> 1 MeV)499

neutrons in the MNRC reactor, with thermal and res-500

onance region flux values determined from the monitor501

foils shown in Table III. The neutron flux in that loca-502

tion was modeled using MCNP5 (Fig. 5) to demonstrate503

the shape of the epithermal neutron region. The non-504

lethargy-normalized flux values obtained from MCNP5505

were fit with the equation:506

Φep(E) = Φep,c
(1eV )α

E1+α
(1)

where Φep,c is a proportionality constant to determine507

the epithermal neutron shape factor, α [32]. For an ideal508

1/E spectrum, α is 0 while we calculated a value for α509

of 0.35. It should be noted that this epithermal neutron510

shape factor determined from the model only describes511

the general shape of the spectrum averaging out local512

features unique to the irradiation position.513

One set of samples was irradiated with a 1-mm-thick514

cadmium wrapping, to reduce the thermal flux by about515

two orders of magnitude. After irradiation, the samples516

remained at MNRC for 2.5 days to allow the shortest-517

lived activities to decay away. They were then re-518

turned to LLNL where the exteriors were wiped clean519

and counted within 3 days following the irradiation. The520

monitor foils were counted in the same manner as the521

MURR samples. Typical γ-ray spectra of the samples522

before and after irradiation are shown in Fig. 6.523

A. Thermal and resonance-region cross sections for524

88Zr525

The 88Zr and 89Zr atom populations were quantified526

using their characteristic γ rays at 392.87 keV and 909.15527

keV (Iγ= 99.04%), respectively [29, 31]. The 909-keV528

peak in the MURR-irradiated samples was found to de-529

cay with an average half-life of 3.27 ± 0.02 days, which530

agrees with the well-established value of 3.267 ± 0.005 d531

for the half-life of 89Zr. The less intense transitions at532

1657, 1713, and 1745 keV from the decay of 89Zr were533

also observed. The 909-keV peak is clearly the result of534

89Zr decay based on the half-life and presence of multiple535

γ-ray lines.536

The inferred number of 88Zr and 89Zr atoms was cor-537

rected for decay both during and after irradiation. While538

the decay during irradiation for 88Zr is less than a 2% ef-539

fect, the correction for 89Zr is up to 6% for the 10-hour540

MURR irradiations. The measured ground state 89Zr541

atoms originate from the decay of 89mZr, which is pre-542

dominantly populated in the radiative-capture process543

due to angular-momentum considerations. The deduced544

number of 89Zr atoms therefore has to be adjusted for the545

branching ratio of 89mZr, which decays by isomeric tran-546

sition to the ground state 93.77% of the time [31]. The547

resulting 89Zr population was then normalized to the ini-548

tial 88Zr population to adjust for differences in 88Zr in549
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TABLE III. Measured thermal and resonance region neutron flux from MURR and MNRC determined from the Fe, Zr, and
Mo flux monitors irradiated alongside the 88Zr and 88Y samples. The average flux was determined from 3 or 4 neutron-capture
reactions with known cross sections depending on whether a Mo foil was included.

Measured Average Flux (n/cm2s)
Sample Irradiation Time (h) Thermal Resonance Thermal/Resonance Monitor Foils

MURR 1.0 (7.71 ± 0.46)×1013 (2.33 ± 0.22)×1012 33 Fe, Zr, Mo
MURR 10.2 (8.05 ± 0.50)×1013 (2.30 ± 0.22)×1012 35 Fe, Zr
MNRC 12.0 (2.54 ± 0.15)×1011 (3.94 ± 0.36)×109 65 Fe, Zr, Mo

MNRC/Cd-lined 12.0 (1.55 ± 0.17)×109 (2.86 ± 0.26)×109 0.54 Fe, Zr, Mo

FIG. 4. γ-ray spectra of a) 88Zr target before irradiation, b) 88Zr target after 10-hour irradiation at MURR and 3.6 d
decay, c) 88Y target before irradiation, and d) 88Y target after 10-hour irradiation at MURR and 7.4 d decay. Decay and
efficiency corrections have not been applied. The initial 88Zr activity was accompanied by 88Y, which grew in from the decay
following chemical separation. After irradiation, the 88Zr activity was greatly reduced and a large quantity of 89Zr was present.
Conversely, no 88Y burnup was observed in the 88Y targets after irradiation. The initial 88Y activity was accompanied by 85Sr
and a small amount of 83Rb. After irradiation, 140La, the radiative capture product on stable 139La, was also observed.

each target. The thermal-neutron-capture cross section550

for 89Zr was previously constrained to 1.2 × 104 b [25],551

which has been supported with recent nuclear data calcu-552

lations [33]. Despite the large magnitude of the predicted553

and constrained cross section for 89Zr, it is still 1.5% that554

of 88Zr, and thus the subsequent burnup of 89Zr via ra-555

diative capture is a negligible loss mechanism within the556

uncertainty of this measurement.557

The MNRC irradiation provided measurements with558

two different neutron-energy spectra, obtained with and559

without the thermal-neutron flux suppressed by a Cd560

absorber. From the results of these two irradiations,561

the thermal-neutron-capture cross section and resonance562

integral from 88Zr were determined using methods de-563

scribed in Refs. [34–36]. The thermal and resonance-564

region neutron-flux values (ΦT and Φep, respectively)565

were determined from the monitor-foil reactions which566

have well known neutron-capture cross sections in these567

two energy regions [37]. The average neutron flux the568

samples were exposed to is presented in Table III. The569

unlined sample was exposed to a thermal-neutron flux570

over two orders of magnitude larger than the Cd-lined571

sample. The initial number of 88Zr atoms (N88(0)) in572

the unlined and Cd-lined samples and the atoms of 89Zr573
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FIG. 5. Neutron energy spectra of MNRC reactor in NTD
void location calculated using MCNP5. The main figure
is displays the full energy range on log-scale with lethargy-
normalized flux. The inset features a more detailed model
of the epithermal region on a linear energy scale with the
non-normalized flux. More points were used to model this
region to allow for a fit (gray solid line) to determine the
epithermal-neutron shape factor. Both calculations include
the 1-cm thick Al sample holder.

present after irradiation (N89) were determined in the574

same way as with the MURR samples.575

The cross sections for the thermal (σT ) and resonance576

region (I) were extracted using the equation:577

N89(Φ) = N88(0)
[
1 − e−ti(σT ΦT +IΦep)

]
(2)

where ti is the irradiation time, which was the same578

for both irradiations. As the energies and widths of the579

88Zr resonances have not yet been measured, the reported580

value for I is uncorrected for 1/v behavior, as this cannot581

be assumed from the existing measurements.582

Based on these measurements, the thermal-neutron-583

capture cross section and uncorrected resonance integral584

for 88Zr(n,γ)89Zr were determined to be (8.81±0.63) ×585

105 b and (2.53±0.28) × 106 b, respectively. While the586

resonance integral here was found to be a factor 3 greater587

than the thermal cross section, this ratio is in line with588

other I/σ ratios, especially for other isotopes near 88Zr589

[37, 38]. To the best of our knowledge, this resonance590

integral is the largest measured to date by a factor of591

100 over the second largest, 155Eu (I=2.32 ×104 b) [39].592

Given the magnitude of the cross sections here and poten-593

tial for unexpected behavior as a result of this, a further594

evaluation of resonance widths and locations is required595

to give a more complete picture of the resonance inte-596

gral. The 1σ uncertainties here for the thermal-neutron-597

capture cross section and resonance integral are about598

7% and 11%, respectively. The uncertainties in the re-599

sults were driven by correlated contributions from the600

FIG. 6. Typical γ-ray spectra of a 88Zr target a) before irra-
diation, b) after irradiation at MNRC, and c) after irradiation
at MNRC in a Cd-lined container. Decay and efficiency cor-
rections have not been applied. The initial target contained
only 88Zr and its daughter 88Y and after irradiation a decrease
in the 88Zr and an increase in the 89Zr were observed. When
the thermal-neutron flux was suppressed with the Cd-liner,
the 88Zr burnup and 89Zr production were both reduced.

nuclear data of known cross sections for the monitor foil601

reactions used to determine the neutron flux. The main602

uncorrelated contribution was from the counting geome-603

try uncertainty. Other minor uncertainty contributions604

arise from nuclear counting statistics, masses, irradiation605

times, and photopeak efficiencies. For the two samples606607

sent to MURR, the thermal-neutron-capture cross sec-608

tion for 88Zr (σT ) was calculated from the production of609

89Zr using Eq. 2. The value for the resonance integral,610

I, determined from the MNRC measurement was used611
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TABLE IV. Summary of 1σ uncertainty contributions for each aspect of the experiment. The final uncertainty on each
measurement was assessed by weighting the listed contributions and assessing their impact on the central value. Correlated
uncertainties were common across each measurement listed in Table II, while uncorrelated uncertainties varied from sample-
to-sample.

Source of Uncertainty Magnitude Correlated/Uncorrelated
Chemical composition and yield

Counting statistics < 3 % Uncorrelated
Sample geometry 3 % Uncorrelated
Point-source calibration of HPGe efficiency 1 % Correlated
Dilutions by mass < 0.5 % Uncorrelated
Mass spectrometry 0.5 − 10 % Uncorrelated

Neutron Flux
Monitor mass 0.3 − 7.4 % Uncorrelated
Irradiation time < 0.8 % Uncorrelated
Sample geometry 3 % Uncorrelated
Point-source calibration of HPGe efficiency 1 % Correlated
Counting statistics < 2 % Uncorrelated
Reference cross-section data, thermal 5.6 % Correlated
Reference cross-section data, resonance 8.8 % Correlated

Final-to-initial atom ratios
Sample geometry 6 % Uncorrelated
Point-source calibration of HPGe efficiency 1 % Correlated
Counting statistics 0.5 − 4.6 % Uncorrelated

here. The thermal and resonance region neutron capture612

cross sections on 89Zr were previously determined to be613

small relative to the 88Zr values [24], and thus are ne-614

glected. The thermal-neutron-capture cross sections for615

88Zr(n,γ)89Zr calculated from 89Zr production for the 1616

hour and 10 hour irradiations at MURR are (8.55±0.63)617

× 105 b and (7.78±0.59) × 105 b, respectively.618

The thermal-neutron-capture cross section for 88Zr was619

also determined from the disappearance of 88Zr using620

N88(Φ) = N88(0)e−ti(σT ΦT +IΦep) (3)

which is effectively the complement of Eq. 2. From621

the burnup of 88Zr, the thermal-neutron-capture cross-622

sections for 88Zr(n,γ)89Zr were found to be (8.40±0.63)623

× 105 b and (6.99±0.55) × 105 b for the 1 hour and624

10 hour irradiations, respectively. The average of the625

four thermal-neutron-capture cross-sections measured at626

MURR and the one measured at MNRC is (8.04±0.63) ×627

105 b, where the uncertainties between the measurements628

are highly correlated and therefore are not reduced. The629

thermal-neutron-capture cross section can be compared630

with the previously measured value of (8.61±0.69) × 105
631

b [25]. However, the analysis of the present work sep-632

arately takes into account the contribution of the res-633

onance integral and the thermal-neutron contribution634

whereas the previous result attributed all reactions to the635

thermal flux. The impact of including the resonance in-636

tegral in an analogous way for the previous result reduces637

the thermal cross section by about 10%. Good agreement638

is obtained between the two sets of measurements.639

B. Thermal neutron capture cross section 88Y640

The neutron-capture cross section for 88Y is more dif-641

ficult to determine because the reaction product, 89Y,642

is stable. Therefore, with decay spectroscopy, the only643

available signature was a decrease in 88Y activity follow-644

ing irradiation that exceeded that expected from radioac-645

tive decay. For the 88Y samples, the characteristic γ-ray646

peaks at 898 and 1836 keV were prominent both before647

and after neutron irradiation. After accounting for de-648

cay losses, the number of 88Y atoms remained constant649

within uncertainty following both the 1 and 10 hour ir-650

radiations at MURR. As such, a limit could be set for651

the cross section using Eq. 3 together with the estimate652

that the minimum detectable 88Y burnup (N88(Φ)
N88(0) ) in the653

experiment is the 2σ uncertainty limited by the 3% ge-654

ometric counting uncertainty. For this calculation, the655

resonance region contribution was not considered. Based656

on the data collected for the sample irradiated for 10657

hours, an upper limit of 1.8 × 104 b was obtained for658

the thermal-neutron-capture cross section on 88Y. This659

value is therefore at least 400 times smaller than that of660

88Zr, and further supports that the large 88Zr neutron-661

capture cross section is not associated with the nearby662

N=50 neutron-shell closure [24], as 88Y is only one neu-663

tron away while 88Zr is two neutrons away. The predicted664

neutron-capture cross section for 88Y is 18.7 b [33], which665

falls well within the limit established here.666
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V. CONCLUSION667

Aqueous harvesting was used to collect and purify 88Zr668

from a mixture of 92Mo fragmentation products that had669

been stopped in a water cell at the NSCL. The chemical670

recovery efficiency achieved for 88Zr was (26±2)%; how-671

ever, the radiopurity was nearly 100% following chemical672

separation, with the only radioactive contaminant being673

the subsequent ingrowth of the 88Y daughter. Previous674

experiments achieved greater recovery efficiencies for sec-675

ondary beams of 22Na [12] and 67Cu [13, 14], but chal-676

lenges were encountered for 48V [15] that were similar to677

what was encountered during this 88Zr harvesting exper-678

iment. This set of experiments, although limited, seems679

to indicate that species that are readily hydrolyzed will680

be more difficult to efficiently collect via aqueous har-681

vesting at FRIB in a water beam dump.682

The accumulation of 88Zr in a single aqueous sample683

lasted for up to 16 hours, giving ample time for even684

kinetically-slow chemical processes to occur. Circulating685

the water in the FRIB beam dump directly into a chem-686

istry setup [40] to minimize the time between irradiation687

and chemistry will likely help minimize the surface ad-688

sorption, especially for the kinetically-slower processes.689

Recently, a hollow fiber supported liquid membrane (HF-690

SLM) coated with the extractant Aliquat 336 was used691

to extract 48V. This method was intended to simulate692

a circulating aqueous harvesting experiment and demon-693

strated an extraction efficiency of 71% for 48V present at694

the part-per-trillion level in an aqueous matrix [41]. The695

addition of complexants or acids that interact with these696

metals to the circulating water may also allow for higher697

recovery efficiency.698

Using an energetic charged-particle beam to produce699

88,89Zr from 89Y in solution could induce a similar water700

radiolysis condition that may be aiding in the Zr hydroly-701

sis and will also allow for shorter irradiations and kinetic702

studies [42, 43]. Given that the group IV and V metals703

tend to hydrolyze above pH 1.5, future efforts target-704

ing these species should focus on alternative harvesting705

methodologies, such as circulating aqueous systems, use706

of complexants, or transitioning to other phases of har-707

vesting, such as implementation of solid collectors.708

The results obtained from the MURR and MNRC ir-709

radiations of samples produced from the isotopes col-710

lected at the NSCL yielded a weighted average thermal-711

neutron-capture cross-section for 88Zr of (8.04±0.63)712

× 105 b and an uncorrected resonance integral of713

(2.53±0.28) × 106 b. In addition, an upper limit on714

the thermal neutron 88Y(n,γ)89Y cross section was es-715

tablished to be 1.8 × 104 b.716

Despite the chemistry challenges, this work was the717

first demonstration of the sequence of steps needed to718

collect radioisotopes deposited in an aqueous target at a719

fragmentation facility and to use that material for subse-720

quent cross-section measurements. The production rates721

of 88Zr at FRIB are expected to reach approximately 3 ×722

104 times higher than at the NSCL and would yield about723

630 mCi of 88Zr per week. Additionally, new instruments724

such as the Device for Indirect Neutron Capture Exper-725

iments on Radionuclides (DICER) at the Los Alamos726

Neutron Science Center (LANSCE) could be used for727

detailed investigations of the resonance region neutron-728

capture cross sections [44]. With the higher production729

rates at FRIB and access to new tools to study neu-730

tron capture reactions, additional cross-section measure-731

ments relevant to stockpile stewardship and nuclear as-732

trophysics could be pursued.733
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A. Endres, J. Glorius, K. Göbel, G. Hampel, M. Heftrich,792
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