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Highlights 

 A water-filled isotope harvesting beam blocker was designed, fabricated, and irradiated at 

the National Superconducting Cyclotron Laboratory  

 The target end station is designed to allow simultaneous collection of gaseous and 

aqueous isotopes 

 The formation of radiolysis products was investigated during heavy ion irradiation of the 

water-target 

 

Abstract 

Harvesting isotopes from beam stops and other activated materials at accelerator facilities is a 

promising source of environmentally, scientifically and socially important radionuclides. At the 

Facility for Rare Isotope Beams (FRIB), a multitude of short- and long-lived radionuclides will be 

collected in a synergistic manner by dumping unused beams into a flowing- water beam stop. 

Ongoing exploratory research at the National Superconducting Cyclotron Laboratory (NSCL) with 

an analogous beam blocker aims towards obtaining the necessary radiochemical expertise for 

this endeavor.  

Herein we present a beam blocker and an isotope harvesting system which allows collection of a 

wide variety of aqueous and gaseous radionuclides. The water which flows through the beam 

blocker functions as an isotope production target and concurrently transports the newly formed 

radionuclides to collection sites. The system includes analytical instruments for online 

measurements of conductivity, dissolved oxygen, temperature, pressure and for detection of 

radiolytic products. To limit the levels of radiolytically produced hydrogen peroxide, a stainless-

steel based degradation system was designed and implemented. The suitability of the constructed 

system for the anticipated radionuclide harvesting project was demonstrated by offline tests and 

under irradiation with 140 MeV/u 48Ca20+ ions at the NSCL Coupled Cyclotron Facility.  
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Abbreviations 

ADC, Analog to digital converter; CERN-ISOLDE, Isotope Separator Online Device; CERN-

MEDICIS, Medical Isotopes Collected from ISOLDE; EOI, End of Irradiation; ERAWAST, Exotic 

Radionuclides from Accelerator Waste for Science and Technology; FRIB, Facility for Rare 

Isotope Beams, MOFs, Metal Organic Frameworks; NSCL, National Superconducting Cyclotron 

Laboratory; PLC, Programmable Logic Controller  

 

1. Introduction 

Over the past few years, an increasing demand for rare radionuclides has been identified in 

several scientific disciplines, among them medicine, biochemistry, plant biology, astrophysics and 

stockpile stewardship science [1]. Conventional isotope production facilities, such as biomedical 

cyclotrons and reactors, can dedicate only a limited amount of time and resources towards the 

production of a given radionuclide, constraining the produced quality and quantity [1,2]. Lately, 

large-scale accelerator facilities have been recognized as a valuable source for a wide variety of 

exotic radioactive nuclides. Following the acceleration of a particle beam for a primary user’s 

experiment, a considerable proportion of the beam energy remains unexploited and is dissipated 

by impinging on inert material, generally known as a “beam blocker”, “beam dump”, or “beam 

stop”. The deposited beam generates a vast amount of by-produced radionuclides [2,3].  

Among one of the first such large accelerator-based projects, the ERAWAST (Exotic 

Radionuclides from Accelerator Waste for Science and Technology) initiative successfully 

exploited the potential of these co-produced isotopes. An exhaustive characterization of particle 

accelerator components, previously exposed to high-intensity radiation, and a subsequent 

development of appropriate chemical separation procedures resulted in the isolation of long-lived 

radionuclides such as 44Ti, 60Fe and 26Al. In a second step, the chemically and isotopically pure 

species were processed into suitable targets, enabling more precise re-determination of half-lives 

and reaction cross sections [3–6]. Previously, astrophysics research has emphasized the 

importance of a precise knowledge of these nuclear properties [7–9].  

Because of the unequivocal success of the ERAWAST project, the concept of collecting auxiliary 

radionuclides encouraged other research groups to take a proactive approach. With the recently 

commissioned CERN-MEDICIS (Medical Isotopes Collected from ISOLDE – Isotope Separator 

Online Device) facility, an entire unit is committed towards the collection of radionuclides for life-

sciences [10]. High energy protons interact with CERN ISOLDE’s target, producing a secondary 

ion beam which can be used as a source of various radiotracers. Such a setup allows radionuclide 
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collection concurrent with other experiments [11–13]. The fraction of the proton beam traversing 

ISOLDE reacts with the CERN-MEDICIS target and the generated radionuclides are isolated by 

off-line mass separation. The far-reaching potential of such a symbiotic relationship was 

demonstrated in the recent successful production of its first radioisotope, 155Tb, and a first-in-

human study using 152Tb using collections from the ISOLDE mass-separator [14,15]. 

With the completion of FRIB (Facility for Rare Isotope Beams) and its intended commissioning in 

2022, the acceleration of stable isotopes from 1H to 238U to primary beams, encompassing kinetic 

energies over 200 MeV/u and 400 kW of beam power, comes into reach. In addition to new 

insights into nuclear physics, astrophysical processes and fundamental symmetries, a number of 

valuable radionuclides will become accessible by synergistic collection of FRIB’s unreacted beam 

in a water-filled beam stop [2]. Exploratory research conducted with heavy ion beams at the NSCL 

(National Superconducting Cyclotron Laboratory) demonstrated the feasibility of collecting 

radionuclides from a water matrix, in a process that has become colloquially termed “isotope 

harvesting” [16–18]. In the initial design of the target system, water volumes were irradiated in a 

batch-wise manner. The harvesting performance of the setup was successfully benchmarked 

using a pre-separated secondary beam of 24Na ions, which was followed by a study on the 

collection and chemical extraction of 67Cu [16,19]. The isolation of radiochemically pure 67Cu, a 

radionuclide bearing great potential for future radiopharmaceutical applications, utilized an 

unseparated secondary beam cocktail, which is a closer representation of the future conditions at 

FRIB [17,18]. Isotope harvesting at NSCL was further extended to capture 48V and 88Zr, showing 

the proof-of-principle for versatile applicability [20,21].  

Moving ahead to the FRIB era, the focus of harvesting experiments is shifting from demonstrating 

the feasibility of radionuclide recovery to including the in-situ isotope production that will occur in 

the FRIB water-filled beam stop. The principle for isotope production in the beam stop is based 

upon nuclear reactions occurring between the incoming beam of ions and the nuclei of the water 

molecules (e.g. 1H or 16O) or of the stopper’s body itself (e.g. Al, Ti and V). Fragmentation 

reactions result when a beam passes through the beam stop at high energy, creating radioactive 

fragments of the original beam particle nucleus. As the beam loses energy while traversing the 

beam blocker, fusion-evaporation reactions with water nuclei become more likely. These lower 

energy reactions often result in evaporation-residues with higher mass then the original beam 

nucleus [22]. The probability of the fragmentation and fusion-evaporation reactions can be 

predicted with simulation packages, including PHITS and LISE++ [23,24]. 



   
 

5 

For the current work, a system able to perform online extraction of in situ-created radionuclides 

at higher beam powers was designed, fabricated and tested. The core feature is a corrosion-

resistant titanium-alloy beam blocker that stops a heavy ion beam and its reaction products in a 

cavity which is traversed by a flow of water, thereby acting analogously to the FRIB beam stop. A 

pump continuously transfers the water between a reservoir and the beam blocker, while 

radionuclides are extracted from the liquid and the gas phase by ion exchange resins and a set 

of gas traps, respectively. In order to gain knowledge on the system’s operating features, several 

parameters such as, ion- and gas-adsorption behavior and the rate of hydrogen peroxide 

decomposition were determined by conducting offline tests. The functionality of the designed 

system under irradiation conditions was tested with a 140 MeV/u 48Ca20+ beam irradiation at the 

NSCL. This new system provides the most realistic test bed for large-scale isotope harvesting 

ahead of FRIB commissioning in the next few years. 

 

2. Instrument design 

2.1. General 

A flowing water beam blocker system, capable of producing and collecting radionuclides from a 

liquid water matrix, was designed, constructed, and tested at NSCL. The design was compliant 

with the safety requirements set by the NSCL operators, included a real-time data read-out from 

water quality sensors, and was controlled remotely. 

A specifically engineered titanium body acted as the beam blocker, receiving the majority of the 

beam’s energy and radionuclide-forming potential. The entities for collecting aqueous and 

gaseous species were designed to provide great flexibility for harvesting a vast range of different 

radionuclides. In the following paragraphs a comprehensive description of the individual elements, 

including a schematic diagram of the complete system (Fig. 2), is given. 

 

2.2. Design of the beam blocker  

The beam blocker consists of a single piece of 3D-printed titanium alloy (“Ti64”, or “grade 5 alloy”: 

90% Ti 6% Al, 4%V, Stratasys, Minneapolis MN, USA) with incorporated channels for water flow. 

It has a width and depth of 10 cm and a height of 20 cm, shown schematically in Fig. 1 a and d. 

The beam-accepting face of the beam blocker is double-walled, consisting of two 590 μm thick 

Ti64 sheets separated by a 2 mm water channel. Water flows vertically through the channel and 

then into a larger cavity behind the second wall. Heavy ion beams from the NSCL traverse the 
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double wall and ultimately stop in the larger cavity. From there the water leaves the beam blocker 

through an outlet tube. To ensure an adequate quality, the fabricated beam blocker was scanned 

on a micro CT scanner (Perkin Elmer, Quantum GX μCT). Fig. 1 displays a schematic cross 

section and a reconstructed CT image of the beam blocker. A uniform double wall thickness of 

540-590 μm was determined, demonstrating that 3D-printing is a suitable method for the 

application. 

 

 

Fig. 1: Schematic 2D cross-sectional representations of the entire target beam blocker. The 

sagittal (or side-on view) cross-sectional design schematic appears in (a) for direct comparison 

to the sagittal micro-CT image in (b). Images (c) and (d) are the corresponding traverse (view 

from above) cross-section views at the beam entrance height, where (c) is the micro-CT 

reconstruction and (d) is the design schematic. All images are scaled equivalently to the 

dimension indicated on (d). For reference, in the sagittal view, water enters in the lower left 

channel, travels upward between the double wall, and exits through the lower right channel.  

 

The main objective for the design was to ensure that the temperature at all interfaces between 

water and Ti64 was low enough to prevent nucleate boiling during irradiation. The double wall 

design was adopted in order to achieve this condition, as it maximizes water flow rates across the 

irradiated portion of the metal. Ti64 was chosen as the material due to its low density, high 

strength, corrosion resistance, and because it is available commercially as an additive 

manufacturing material.   
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2.3. Overview of the isotope harvesting system  

 

 

Fig. 2: Schematic diagram of the isotope harvesting system. 

 

The isotope harvesting system, depicted schematically in Figure 2, features four main 

components, the beam-blocker where the radionuclides are generated, the aqueous chemistry 

unit and the gaseous chemistry unit, which facilitate the collection of liquid and volatile nuclides, 

and a hydrogen peroxide-breakdown unit that is responsible for the decomposition of radiolytic 

hydrogen peroxide. All components are plumbed to a 40 L stainless-steel storage tank (McMaster-

Carr, portable stainless-steel dispensing tank, 10 gal, 190 psi ASME rated) with circulation 

provided by a pump (Grundfos CRNE 3-6) operating in a constant pressure mode, set to 25 psig. 

During operation the tank is constantly purged with nitrogen carrier gas containing 0.1% H2 (200 

mL/min, regulated at 5 psig, AirGas) to degas the water and to facilitate the transfer of produced 

radioactive gases into the gaseous chemistry unit. The small amount of hydrogen gas is included 

to prime a hydrogen analyzer (H2Scan, HY-OPTIMATM 710B) in the gaseous chemistry unit.  
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Following counterclockwise in the schematic (Fig. 2) starting at the pump leads first to a pressure 

sensor (Efectorsod, IFM PX3224 ¼” MNPT Pressure Transmitter) for active monitoring of the 

pressure head. Next the water flow is partitioned by T-junctions into three parallel water streams, 

one through the beam-blocker, another through the hydrogen peroxide-degradation unit, and the 

third through the aqueous chemistry unit.  

In the beam-blocker loop, water flows through nylon-reinforced polypropylene tubing (ID 19 mm) 

at a rate of 10 L/min. The flow rate is measured with a flowmeter (McMaster Carr, Flowmeter for 

chemicals, 3/4’’ NPT female, 2 to 20 gpm) and controlled by changing the pressure head on the 

pump. Upon return to the tank, the water pressure is monitored with a second pressure 

transducer.  

In the stream directed to the hydrogen peroxide-degradation unit, water flows through 

approximately 2 m of polypropylene tubing (OD 6.4 mm) to and from the unit. The flow rate is 

adjusted with a precision flow adjustment valve (Ham-let, 316 Stainless Steel) and monitored by 

a manual-read flow meter (Brooks Instrument, 1250-55). Dissolved oxygen content and water 

temperature are measured with a polarographic dissolved oxygen sensor (Mettler Toledo) and 

the conductivity is monitored with a conductivity probe (Mettler Toledo, UniCond 2-electrode 

Conductivity Sensor). Hydrogen peroxide breakdown is induced by a series of eight commercially 

available in-line particulate filters (Swagelok, SS-6F-60, 316 stainless steel, 60 micron pore size). 

The filter elements provide high surface area for interactions between dissolved hydrogen 

peroxide and stainless-steel. To further increase the total surface area, the filter elements were 

outfitted with additional ~4–7 g stainless steel metal gauze (Alfa Aesar, 316 stainless steel, 100 

mesh and 200 mesh) per element, resulting in a calculated surface area of 4.54 x 105 mm2. A 

total of four heating tapes (HTS/Amptek, length 120 cm), powered by a variable transformer 

(Variac, Tenma), are wrapped around the filter enclosures to provide uniform heating to assist the 

breakdown. The whole setup is embedded in insulation wool (Knauf Insulation, high-temperature 

fiberglass) inside a metal box (McMaster Carr, 31 x 31 x 16 cm). The temperature inside the box 

and of the effluent water is monitored with a digital thermometer featuring a dual readout (Omega, 

K-type thermocouple probe), verifying that the exterior of the filter elements are between 160–

180 ◦C and the effluent water is between 43–45 ◦C during operation. After the breakdown 

elements, the absorbed thermal energy is dissipated by a titanium heat exchanger (Brent 

Industries Titanium Pool Heat Exchanger SP-55Kti-S), operating against chilled circulating water 

(Thermo Scientific, Thermoflex 1400 W). Changes in the dissolved oxygen concentration are 

registered by a second dissolved oxygen sensor, placed after the heat exchanger. Any dissolved 

gases remaining from the hydrogen peroxide decomposition process are removed by a 
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downstream membrane contactor (3M Liqui-Cel, SP Series Membrane Contactor), operating 

against the purge-gas stream.  

Similar to the hydrogen peroxide-breakdown loop, the aqueous chemistry loop is fed through 

approximately 2 m polypropylene tubing (OD 6.4mm). The flowrate is controlled by a precision 

flow adjustment valve (Ham-let, 316 Stainless-steel) and monitored by a Silicon Valley Techparts 

flowmeter (Omega FTB323D Micro-Flo). The aqueous chemistry unit is designed to allow 

insertion of a wide variety of ion-exchange resin beds, solid phase extraction beds, or high surface 

area contactors for collection of radioactive ions from the water. The collection elements are 

interchangeable and can be operated in series or in parallel to one another. The modularity of the 

unit is achieved with valved quick-release fittings (Cole-Parmer, CPC non-spill quick-disconnect 

and coupling body) which allow facile swapping of elements (e.g. anion and cation exchange resin 

beds). A typical arrangement for the unit moves water first through a cation exchange bed 

(BioRad, AG 50W-8, 20-50 mesh) and then through an anion exchange resin bed (BioRad, AG 

1X8, 20-50 mesh). Each resin bed contains typically 1.5 g of resin (providing exchange capacities 

of 3.2 and 2.6 meq for cations and anions) packed in a clear polycarbonate tube (OD 9.5 mm, ID 

6.4 mm). Small amounts of glass wool on top and bottom of the resin as well as a reducing tube 

fitting (connecting the 9.5 mm OD column tubing to the 6.4 mm OD system tubing) immobilize the 

resin against the pressure of the flowing water. After the water exits the collection elements, the 

water conductivity is measured with a Mettler Toledo conductivity probe. Finally, the effluent from 

the aqueous chemistry unit joins the effluent from the hydrogen peroxide breakdown unit just 

ahead of the membrane contactor where it is degassed by the purge-gas stream.  

The nitrogen-based purge-gas stream flows from the gas bottle (regulated at 5 psig) through 

polypropylene tubing (OD 6.4 mm) by controlling the flow rate with a needle valve. The gas is 

directed to the bottom of the water tank through a stainless-steel dip tube, and it bubbles up 

through the water volume (~40 L) into the tank headspace (~10 L). The headspace is flushed 

through the lumen side of the membrane contactor before entry into the gaseous chemistry unit. 

This entire process is intended to evacuate any volatile radioactive gases from the water stream 

and to remove H2 and O2 that build-up in the system due to radiolysis and peroxide decomposition. 

As with the aqueous chemistry unit, the gaseous chemistry unit is designed to accommodate a 

wide variety of interchangeable scrubbers and traps. Typically, trapping materials are placed 

inside of polypropylene tubes (OD 12.7 mm, length 60 mm) with glass wool packing on both ends. 

A possible arrangement could entail a boric acid trap to remove basic radiochemicals such as 

[13N]NH3; a soda lime trap to remove acidic radiochemicals e.g. [11C]CO2; a desiccant, for example 

anhydrous indicating Drierite; and any number of metal organic framework ( 



   
 

10 

) traps. The design of the gaseous chemistry unit could also accommodate the use of in-line cold 

traps with liquid-nitrogen baths.  

After the purge-gas passes through the traps, a hydrogen analyzer measures the concentration 

of radiolytically produced hydrogen gas and a gas flow meter (Brooks Instrument Sho-Rate Model 

1250A) monitors the approximate gas flowrates. At the end of the loop, air-tight gas collection 

bags are utilized to collect the remaining gaseous species that were not collected in the traps. 

Alternatively, the system is also equipped with extended coils of polypropylene tubing to allow 

decay of short-lived radionuclides before venting.  

All components of the isotope harvesting system are arranged on two double-tier heavy duty 

carts. The main cart (McMaster Carr, 0.9m x 0.6m x 0.9m) comprises the majority of the 

components, i.e. the water storage tank, the pump, the membrane contactor, the heat exchanger, 

the sensor probes, and the hydrogen peroxide degradation unit are organized on the bottom level 

whereas the aqueous chemistry entity, the multi-channel transmitter and the Programmable Logic 

Controller (see below) are placed on the top. Additionally, the cart is equipped with a bulkhead 

union, allowing the feed-through of chiller hoses, tubing and electric cords. The gas chemistry 

enclosure is mounted on top of an identical second cart and the sampling bags are placed on the 

bottom level. In order to meet the required safety standards, both carts, as well as all water-

carrying tubes are enclosed by secondary containment. This is achieved with sheets of acrylic on 

all four cart sides with semi-rigid PVC tubing surrounding all tubing runs.  

 

2.4. Layout of the control module 

To monitor the performance of the system, the sensors and pump are managed by a 

Programmable Logic Controller (PLC, Automation Direct Productivity 2000), running ladder logic 

and programmed via the Productivity Suite (v3.3.0.17, Automation Direct). In addition to 

programming the ladder logic, the Productivity Suite also allows users to remotely monitor values 

in the PLC. The software can be used to override values in the PLC in order to stop the pump or 

cut the signal to beam control. 

The analogous recordings from the pressure and hydrogen sensors are directly transmitted to the 

Analog to Digital Convert (ADC) module and transformed into digital signals before being further 

processed by the PLC. All other sensors, i.e. the flow rate, dissolved oxygen and conductivity 

probes, are controlled by a multi-channel transmitter (Mettler Toledo M800), which passes analog, 

0–20 mA readings to the ADC for similar treatment.  

During normal operation, the PLC provides a constant-voltage logic signal to the NSCL’s beam 

controls system. Interruption of the logic signal immediately causes the cyclotron RF to detune, 
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effectively stopping beam transmission to the beam blocker. This circuit acts as a safety interlock 

that is linked to the PLC ladder logic, where, for example, if a pressure or flow rate sensor exhibits 

a difference greater than 5% between two consecutive readings, the PLC will interrupt the voltage 

signal and stop the irradiation. Similarly, readings that indicate over-pressurization, impeded 

water flow, or leaks will initiate a shutdown of the pump and interrupt the beam delivery. 

 

2.5. 48Ca beam irradiation 

In order to benchmark the performance of the beam blocker and harvesting system, a primary 

48Ca beam with an energy of 140 MeV/u was directed at the beam blocker at the NSCL. The 

beam blocker, residing inside a cross-flange (Supplementary material, Fig. S1), was installed at 

the end of the NSCL’s F–beam line. The 48Ca20+ beam exited the vacuum system via a 75 μm 

thick zirconium window before impinging on the first of the two 590 μm thick Ti-64 sheets of the 

target. When the 48Ca20+ beam entered the second, larger water cavity, it had a total energy of 

5.2 GeV, which was calculated by using SRIM-2013 [25]. The water target system was operated 

as described in the previous paragraph with the conditions given in table 1. During the 8-hour 

irradiation period the beam current varied between 1.0 and 1.6 pnA, i.e. beam powers of 6.5 to 

10 W. While irradiating, the aqueous chemistry loop contained only a lone cation exchange 

column (AG 50W x8, H+ form). During temporary suspensions of irradiation, water samples were 

withdrawn for analysis and the cation exchange column was replaced. Several hours after the 

end of irradiation (EOI), when the majority of all generated cations was trapped, an anion 

exchange resin (AG 1 x8, Cl- form) was operated in-parallel with the cation exchange column.  

Table 1: Summary of the operating conditions of the water target system during the 48Ca20+ beam 

irradiation 

Unit Parameter Setting 

Target loop 
Water flow 10 L/min 

Pump pressure 25 psig 

Aqueous chemistry loop Water flow 300 mL/min 

Hydrogen peroxide 

decomposition loop 

Water flow 200 mL/min 

Temperature 160–180 ◦C 

Chiller Temperature 15 ◦C 

Gas chemistry loop Gas flow (0.1%H2 in N2) ~200 mL/min 

 



   
 

12 

3. Performance of the water system 

 

3.1. Radiolysis  

When ionizing radiation deposits its energy in water, several ionic, radical and molecular species 

(H+, OH-, e-, HO∙, H∙, HO2∙, H2O2, H2, O2) are formed. The primary radiolytic yields depend on 

several parameters, such as the radiation’s linear energy transfer (LET) and the pH of the solution. 

Radicals recombine more readily at elevated LET levels, resulting in an increase of molecular 

products, which simultaneously decreases the number of radicals. The formation of hydrogen 

peroxide is believed to be mainly mediated by the combination of HO∙ radicals (1), only at very 

high LET radiation hydroperoxyl radicals (HO2∙) may also contribute towards its production (2, 3) 

[26,27].  

 

HO∙ + HO∙  H2O2          (1) 

HO2∙ + HO2∙  H2O2 + O2 and HO2∙ + O2
-  HO2

- + O2     (2, 3) [27] 

 

Molecular oxygen is another compound produced in the radiolysis of water under the prevailing 

conditions of high LET radiation [28,29]. Its formation can be mainly attributed to the combination 

of HO2∙ with HO∙ (4) or another HO2∙ radical (3).  

HO2∙ + HO∙  O2 + H2O         (4) [29] 

3.1.1. Control of hydrogen peroxide 

To avoid a build-up of H2O2 in irradiated water systems, stainless steel is considered to be an 

effective catalyst due to its ability to promote H2O2 disintegration into oxygen and water [30,31]. 

To explore this possibility for the present system, a series of fritted stainless-steel filters, featuring 

a large, porous surface, was used as a makeshift hydrogen peroxide degradation unit, as 

described above. Its efficiency for decomposing hydrogen peroxide was determined by adding a 

known amount of H2O2 into the water system, and after its homogenous distribution throughout 

the system (~15–20 min of circulation), the hydrogen peroxide degrader unit was heated. Water 

samples were then withdrawn regularly and assayed for H2O2 content (details given in the 

Supplementary material).  

Initial experiments suggested a first order behavior with a corresponding decomposition rate k 

between 1.6 x 10-4 and 3.5 x 10-5 s-1 (Exp. 1 and 2 in table 2 and Fig. 3 a), however, this rate was 

considered inadequate for the anticipated H2O2 levels. Stainless-steel gauze was added in order 

to increase the surface area, and its effectiveness was assessed during the irradiation with 48Ca20+ 
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ions (LET= 693 keV/μm, Exp. 3 in table 2). Over the whole irradiation time, samples were 

withdrawn regularly to guarantee acceptable H2O2 levels. At the end of the 48Ca20+ irradiation, a 

maximum H2O2 concentration of 171 μM H2O2 was observed (Fig. 3 b). For comparison to 

expectations, the hydrogen peroxide levels were simulated over the entire irradiation time, 

considering the H2O2 production in-beam and its destruction by the hydrogen peroxide 

decomposition unit (Equation 1). With the calculation, the primary H2O2 yield (G(H2O2)) of 0.94 

molecules/100 eV was assumed, which is based on the trend between the plotted literature G 

values and their corresponding LET (Fig. 4). The derived G value is also in compliance with 

simulated functions for such high LET radiation [29].  

 

[𝐻2𝑂2]𝑖 =
𝑃 × 𝐺 × 104

𝑁𝐴 × 𝑉
+ [𝐻2𝑂2]𝑖−1 × 𝑒−𝑘(𝑡𝑖−𝑡𝑖−1) 

Equation 1: Formula to approximate the hydrogen peroxide level [H2O2]i in μM at time ti, where P 

represents the power of the 48Ca beam in eV/s, G is the primary H2O2 yield in molecules/100 eV, 

NA is the Avogadro constant in particles/mol, V is the water volume in L, [H2O2]i-1 represents the 

hydrogen peroxide level at the preceding time ti-1 and k is the hydrogen peroxide decomposition 

rate in s-1 (determined in Exp. 3, table 2). The time difference between each step (ti–ti-1) was set 

to 1 s.  

 

At the beginning of the 48Ca20+ irradiation, the computed H2O2 levels were slightly higher than the 

measured H2O2 concentrations, whereas the opposite trend is observed in latter measurements. 

This observation might be attributed to an initially more effective H2O2 decomposition (see below) 

and/or reactions with other radiolytically formed species, such as e-
aq and ∙OH-radicals. Despite 

this slight deviation, the data trend with the model given in equation 1, allows a prediction of the 

hydrogen peroxide behavior for future 48Ca20+ irradiations. 

After the irradiation, the hydrogen peroxide breakdown unit was retested with a H2O2 spike, as 

before. In these follow up tests, hydrogen peroxide decomposition appeared to be hampered, 

exemplified by the increase of the peroxide half-life from 2.5 h to 8.6 h (Exp. 3 and 4 in table 2). 

The decomposition rate per surface area (k/area, table 2) allows the quantitative comparison of 

the first two (Exp. 1 and 2) with the latter experiments (Exp. 3 and 4), indicating a steady decrease 

over time. Similar decreases in H2O2 conversion rates had been observed earlier, suggesting that 

the H2O2 decomposition mechanism of stainless steel may not be exclusively based on catalysis 

[30,31]. The exposure of stainless steel to aqueous H2O2 solutions has been reported to result in 

the formation of a metal oxide layer [32,33], which might contribute to the observed decline in 



   
 

14 

conversion rates. This assumption is corroborated by the modest differences between both 

dissolved oxygen sensors during the 48Ca20+ beam experiment (Fig. 5), which suggests a minimal 

O2 release by the hydrogen peroxide decomposition unit.  

Treatment of the stainless steel surface with warm, dilute hydrochloric acid recovers the initial 

decomposition capacity, but needs to be repeated after each exposure to hydrogen peroxide (data 

not shown here) to remain effective. In view of its intended use as a permanent component in the 

isotope harvesting system, treatment with acid is not a viable option as it may mobilize ions from 

the steel that could interfere with the specific activity of harvested radionuclides. For future 

applications, an exclusively catalysis based hydrogen peroxide decomposition system, such as 

platinum or palladium, is planned [34].  

 

 

Fig. 3: The concentration of H2O2 over time in the water processing system was determined in 

three different experiments (Experiment 1, 2 and 4). The measured H2O2 concentrations are 

illustrated by single data points and the corresponding linear regression by the solid line (a). The 

formation of hydrogen peroxide (blue line) as a beam power dependent function (outlined on the 

secondary axes, grey line) was calculated for the whole irradiation time and for two hours after 

EOI. The measured H2O2 concentrations are represented by single data points (b).   
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Fig. 4: G values for the formation of H2O2 in dependency of the heavy ion beams LET. The 

experimentally derived data was obtained in aqueous solutions of neutral pH [27,35,36]. The solid 

line represents the best fit to estimate the trend among the plotted data and was used to estimate 

a G value for the 48Ca beam.  

 

Table 2: The decomposition rate (k) of hydrogen peroxide in the peroxide breakdown unit and the 

decomposition rate per area stainless steel (k/area) with the corresponding decomposition half-

life (t1/2) were determined in four independent experiments.  

Experiment  k [s-1] k/area [s-1 x mm-2] t1/2 [h] 

Exp. 1  1.6 x 10-4 1.5 x 10-8 1.2 

Exp. 2  3.5 x 10-5 3.9 x 10-9 5.5 

Exp. 3 (48Ca beam irradiation) 7.8 x 10-5 1.7 x 10-10 2.5 

Exp. 4  2.2 x 10-5 4.9 x 10-11 8.6 

 

3.1.2. Formation of oxygen  

With the two dissolved oxygen sensors (D1 and D2) the concentration of molecular oxygen in 

water, also a radiolytic by-product, could be monitored during the entire 48Ca20+ beam experiment. 

Before starting the irradiation, the water was deaerated by a N2-based purge-stream and the 

baseline was registered at ~0.1 ppm dissolved oxygen. During the 48Ca20+ irradiation, O2 levels 

increased in a beam power dependent manner up to a maximum of 0.32 ppm at EOI (Fig. 5). 

Both sensors showed comparable readings, suggesting a minor influence on the O2 concentration 
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by the hydrogen decomposition unit (placed in-between the two sensors). After EOI, the oxygen 

concentration declined exponentially at a rate d equivalent to the rate observed in offline tests, 

1.5 x 10-4 s-1. For comparison to expectations, the projected O2 levels during the irradiation were 

calculated using an assumed production yield of 0.1 molecules O2/100 eV [29], while additionally 

considering the constant influence of deaeration (Equation 2). The resulting computed oxygen 

levels were in line with the measured values, demonstrating the applicability of this approach to 

predict the O2 behavior in future irradiations. 

 

[𝑂2]𝑖 =
𝑃 × 𝐺 × 𝑀 × 10

𝑁𝐴 × 𝑉
+ [𝑂2]𝑖−1 × 𝑒−𝑑(𝑡𝑖−𝑡𝑖−1) 

Equation 2: Formula to approximate the dissolved oxygen level [O2]i in ppm (parts per million) at 

time ti, where P represents the power of the 48Ca beam in eV/s, G is the primary O2 yield in 

molecules/100 eV, M is the molecular mass of O2 in mol, NA is the Avogadro constant in 

particles/mol, V is the water volume in L, [O2]i-1 represents the dissolved oxygen level in ppm at 

the preceding time ti-1 and d is the deareation rate in s-1. The time difference between each step 

(ti–ti-1) was set to 1 s.  

 

 

Fig. 5: The dissolved oxygen levels of the water over the irradiation time were registered before 

(sensor D1) and after (sensor D2) passing the hydrogen peroxide degradation unit. The oxygen 



   
 

17 

concentration was calculated (blue line) as dependent on the corresponding beam power 

(outlined on the secondary y-axes, grey line). 

 

3.2. Characteristics of the aqueous isotope harvesting unit  

To isolate the produced radionuclides from the water, typically both cation and anion exchange 

columns are used. With the selected dimensions, the resin capacities (3.2 meq cation and 2.6 

meq anion) far exceed the anticipated ionic content, even if non-radiogenic ions are mobilized. 

Using analytical resins, like AG1x8 and AG50Wx8, allows collected ions to be readily desorbed 

for post-collection separations and purifications.  

As a test of the ion collection process in the aqueous harvesting unit, the adsorption kinetics of 

Ca2+ onto the cation exchange column (AG50Wx8, H+ form) were investigated at different flow 

rates. Calcium was chosen as model ion as it features a high distribution coefficient on cation 

exchange resin [37] and accurate knowledge about the element’s chemistry was considered 

advantageous for the anticipated 48Ca20+ beam irradiation. A known amount of stable Ca(OH)2 

(80–100 mg, 98%, extra pure, Acros Organics, USA) was added to the water and the conductivity 

readings were recorded. Water samples (~25 mL) were withdrawn regularly and the calcium 

concentration was determined by means of ICP-OES (details given in the Supplementary 

material).  

In two experiments the conductivity initially increased with the addition of Ca(OH)2 up to 8.7 and 

7.8 μS/cm before and to 2.4 and 3.3 μS/cm after the passage of water through the cation 

exchange column at flow rates of 300 and 450 mL/min, respectively (C1 and C2 in Fig. 6). The 

subsequent exponential decrease in conductivity was registered by both sensors and suggests a 

strong adsorption of Ca2+ on the column. The consequential release of H+ counter ions was 

immediately followed by the instantaneous combination with OH- ions, previously introduced into 

the water by the addition of calcium hydroxide. No influence towards the conductivity levels was 

exerted by the resultant H2O molecules and the steady declining Ca2+ concentration, as 

determined by ICP-OES, agrees with the conductivity readings. The relative amount of Ca2+ 

adsorption per column passage is indicated by the ratio between the conductivity readings 

upstream and downstream of the ion exchange resin (C1/C2 in table 3). At the lower flow rate, 

Ca2+ was more efficiently removed from the water during each pass, compared to the higher flow 

rate. Nevertheless, the higher flow rate scenario affected more rapid Ca2+-clearance due to the 

shortened circulation time constant. After about 6.5 hours the post-column conductivity started to 

increase slightly, whereas the pre-column reading continued to drop, though at a noticeable 
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slower rate which could be an indication of breakthrough. However, this is contraindicated by the 

steadily declining Ca2+ concentrations which reflects consistent and efficient Ca2+ adsorption at 

even low concentration. Similar experiments will be used in future to determine the extraction 

characteristics for different ions and differently functionalized resins. The time constants obtained 

in these experiments inform mass transport analyses and are useful for predicting harvesting 

yields.  

 

Table 3: The range of the conductivity ratio registered by sensor C1 and C2 over time, the 

corresponding Ca2+-clearance rate and clearance half-life (t1/2).  

Flow-rate [mL/min] Ratio (C1/C2) Ca2+-clearance rate [s-1] t1/2 [h] 

300 2.8-6.7 5.9*10-5 3.2 

450 2.3-5.2 9.2*10-5 2.1 

 

 

 

Fig. 6: The adsorption behavior of Ca2+ on cation exchange resin (blue line) and the corresponding 

conductivity data at a flow rate of 300 mL/min (a) and 450 mL/min (b). The conductivity of the 

water was registered before (sensor C1) and after (sensor C2) passing the ion exchange column  

 

3.2.1. Water quality during 48Ca beam irradiation 

Due to the negligible contribution of the concentration of radiogenic ions towards the water 

conductivity during irradiation (approximately 1010 ions per second deposited into ~40 L of water), 

the on-line conductivity measurements allow assessment of the degree to which system materials 

become dissolved into the water (e.g. by corrosion, erosion, sputtering, etc.). Because of the 
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potential for radiation accelerated corrosion at the interface between the water and the beam 

entrance window, the conductivity measurements obtained during 48Ca20+ irradiation were viewed 

as indicators of the lifetime of the target window. Before starting the irradiation, the baseline 

conductivity was registered around 0.25 μS/cm, however, with the impinging 48Ca20+ beam the 

conductivity started to increase. The conductivity rise was strongly correlated to the beam current 

(Fig. 7): increasing while beam was on and slowly declining while beam was off. At the EOI, a 

maximum value of ~1.5 μS/cm was reached, which is still indicative of high-purity water. Although 

the conductivity level was increasing while the beam was on, the rate of increase slowed. With 

the data obtained, it was not possible to determine whether or not the increase in conductivity 

was indicative of material degradation. This finding prompted additional experiments, such as 

determining beam produced radioisotopes released from the target window into the water, to 

assess the material lifetime (data not presented here). 

   

Fig. 7: The conductivity levels of the water were monitored over the entire 48Ca20+ beam irradiation 

time.  

 

3.3. Characteristics of the gaseous isotope harvesting unit 

3.3.1. Degassing of the system 

To benchmark the kinetics of the gas transfer process, the dissolved oxygen and carbon dioxide 

concentration were selected as parameters. When purging the highly-pure, air-saturated water 

with a nitrogen-stream (200 mL/min), exponentially decreasing dissolved oxygen and 
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conductivity-levels (consistent with degassing of dissolved carbon dioxide), were observed (Fig. 

8). For the deoxygenation of the system a half-life of 1.4 hours was determined, whereas the CO2 

outgassing was, with a half-life of 3.2 hours, about 2-times slower. The kinetic timescale is 

dependent on the Henry’s Law partitioning coefficients of the respective gas, amounting to 33.6 

for O2 and 1.2 for CO2 (Henry’s law constants represented as ratio of cgas/caqueous, dimensionless) 

at standard conditions [38]. When assuming a single-step degassing model [39], a ~1.7-times 

higher CO2 concentration in the water was found, which is in line with the observed slower 

degassing. The observed kinetic characteristics of the harvesting system indicate that the 

collection of gaseous radionuclides with half-lives on the order of several hours is feasible.   

 

 

Fig. 8: The deoxygenation of water and the simultaneous degassing of carbon dioxide, whereas 

the latter is represented by the conductivity (represented by the solid black and blue lines). The 

corresponding exponential fits are depicted by the dash-dot lines 

3.3.2. 48Ca beam irradiation 

During the 48Ca irradiation, all components of the gas loop were still under development and only 

qualitative data were acquired. As anticipated, the dissolved oxygen levels, shown previously in 

figure 5, followed the degassing trend observed in off-line tests (Fig. 8). Additionally, radiolytic 

hydrogen gas was observed but was not quantified during the irradiation.  

For future irradiations with higher-mass beams, radioisotopes of the heavier noble gasses will be 

formed. Metal organic frameworks (MOFs) are a promising new technology for trapping those 

radionuclides. MOFs are a class of hybrid crystalline structures and can be tailored to fit a specific 
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element or compound. Potential MOFs, like Basolite C300 and NOTT-100, could be selected due 

to their improved selectivity for noble gasses, an essential feature for the anticipated harvesting 

of Kr and Rn isotopes [40,41]. Due to potential interferences with molecular nitrogen, a different 

carrier gas, e.g. He, would be used. Improving the extraction of noble gas radioisotopes from the 

aqueous system is an important future research endeavor for the isotope harvesting program.    

 

4. Conclusion 

An isotope harvesting system was designed, constructed and successfully used to collect a 140 

MeV/u 48Ca20+ beam at the NSCL. The characteristics of the system were determined in offline 

experiments, and its suitability for anticipated isotope harvesting from a water matrix 

demonstrated by the 48Ca20+ beam experiment. The desorption kinetics of dissolved gases, and 

absorption kinetics of dissolved ions onto ion exchange resins were measured and considered 

suitable for the aimed at harvesting of radioisotopes with short to intermediate half-lives. The 

modular design of the system provides a large degree of flexibility for the collection of various 

radionuclides. The formation of radiolytic by-products during the heavy ion beam irradiation, such 

as hydrogen peroxide, was addressed but will require further consideration when moving towards 

higher beam powers. For the future, a replacement of the regular, solid beam stop by our water-

flown target is foreseen, which would allow for isotope harvesting in an online mode without 

interfering with any ongoing NSCL experiments and without requiring dedicated beam time. The 

complete system provides the necessary platform for testing and optimizing isotope harvesting 

procedures in preparation for large-scale operation at FRIB. 
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