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Abstract 

A flowing-water target was irradiated with a 140 MeV/u, 8 nA 40Ca20+ beam to test the feasibility of isotope 

harvesting at the upcoming Facility for Rare Isotope Beams. Among other radionuclides, 2.6(2)E-6 48Cr and 

5.6(5)E-6 28Mg nuclei were formed for every impingent 40Ca and were collected through ion exchange. 

Radiolysis-induced molecular hydrogen evolved from the target at an initial rate of 0.91(9) H2 molecules 

per 100 eV of beam energy deposited. No radiation-accelerated corrosion of the target material was 

observed.  

1. Introduction 

One promising option for producing radionuclides for basic and applied research is to take advantage of the 

reactions that occur as byproducts from heavy ion accelerator facilities like the National Superconducting 

Cyclotron Laboratory (NSCL) and the upcoming Facility for Rare Isotope Beams (FRIB). The NSCL and 

soon, FRIB, accelerate heavy, stable-isotope “primary” beams to provide exotic, reaction-product 

“secondary” beams for nuclear physics research. In this process, a large portion (>90%) of the primary 

beam is unreacted and can be used for additional nuclear reactions in an appropriately designed beam dump. 

The concept of collecting and purifying the resulting radionuclides is termed “isotope harvesting” and it 

has been identified as an important technique for accessing otherwise unobtainable radionuclides (Abel et 

al., 2019). 

 

To take advantage of the harvesting opportunity, an experimental program has developed which focuses on 

accessing byproduct radionuclides in FRIB’s water-cooled beam dump, where TBq-levels of important 

radionuclides are anticipated. Recent research into isotope harvesting at FRIB’s predecessor, the NSCL, 

has demonstrated feasibility of radionuclide recovery from a small, non-moving, water volume after 

implantation with a heavy ion beam. For example, Pen (2014) and Mastren (2014) directed 24Na and 67Cu 

beams, respectively, into a static water volume and demonstrated highly efficient recovery, purification, 

and chemical reactivity of harvested ions (Mastren et al., 2015, 2014; Pen et al., 2014). Based upon these 

promising results, a next generation of experiments have been designed to investigate isotope harvesting in 

progressively more FRIB-like conditions. Specifically, this means higher intensity irradiations, the use of 

the primary beam reactions rather than secondary beam implantation, and on-line collection or “harvesting” 
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from circulating water. These modifications lead to a condition where the effects of heavy-ion beam 

irradiation of water are no longer negligible. This requires consideration of the nuclear and electronic 

interactions between the beam particles and water, e.g. in-situ isotope production and radiolysis, 

respectively. 

 

The important nuclear interactions in this context are fragmentation (FR) reactions, and fusion-evaporation 

(FE) reactions. FR reactions result from high energy interactions, where beam particles collide with target 

atoms and break apart, forming fragments of the original nucleus. As the energetic beam loses energy in 

the target, FE reactions begin to occur, primarily at the end of the particle tracks. Simulation codes like 

PACE4, LisFus, and LISE++ are tools that can be used to estimate the amounts of specific radionuclides 

of interest produced as well as the overall activity in a water-filled beam dump (Gavron, 1980; O.B. 

Tarasov, 2003; Tarasov and Bazin, 2008). 

 

In addition to nuclear interactions, electronic interactions between the beam and water lead to radiolysis. 

During irradiation, energy is deposited along the particle tracks in the water, resulting in the formation of 

free radicals and other molecular species, including ∙OH, ∙H, H+, OH-, H2, and H2O2. The radical and 

molecular yields of these species, referred to as G-values, describe the number of molecules either formed 

or destroyed per 100 eV of energy that is deposited into the water. As the linear energy transfer (LET) of 

the bombarding particles increases (e.g. with heavier, slower, more highly charged beam particles), 

radiolysis tracks form closer together, allowing for the rapid recombination of some of these species 

(Kanike et al., 2015; Meesungnoen and Jay-Gerin, 2005). However, not all species recombine completely 

to form water, resulting in an accumulation of H2 and H2O2 (Pastina and LaVerne, 1999). This changes the 

chemical state of the water leading to corrosion and damage to components in contact with the irradiated 

water, and H2 gas buildup in headspaces that can lead to an undesirable buildup of pressure. 

 

The present experiment was designed to investigate fast, heavy-ion-beam-induced nuclear and electronic 

interactions in a water-filled target as they pertain to isotope harvesting. It demonstrates the principle of 

radionuclide production and collection from irradiated flowing-water systems in the presence of radiolysis. 

Importantly, this method relies upon the isotope production in the beam stop itself, rather than stopping a 

reaction-product beam in water. In addition, special attention is directed towards any corrosion effects from 

radiolysis in the target shell, which is the same titanium alloy as will be used in the FRIB beam dump 

(Avilov et al., 2016). As the research progresses, experimental conditions more closely reflect the physical 

and chemical scenario that will be faced when harvesting isotopes from the upcoming Facility for Rare 

Isotope Beams.  

2. Materials and Methods: 

2.1. Isotope Harvesting System and Experimental set-up: 
A 40Ca+20 beam was accelerated to an energy of 140 MeV/nucleon by the Coupled Cyclotron Facility at the 

NSCL. The beam was initially delivered to the target at an intensity of 0.11(1) pnA (2.1(3) enA) for 

approximately 17 minutes. After this lower intensity test, the intensity was increased to 0.42(4) pnA (8.4(9) 

enA) for about 3.5 hours. The target used for this experiment is shown in Figure 1a and 1b. (Note: This 

target was not designed to withstand high pressures or temperatures, and it developed a small leak during 

irradiation. Therefore, a different target design has been adopted for future work.) The beam passed through 

several layers of material, depicted in Figure 2, before passing through a disk of grade-5 titanium alloy 

(Ti64, 6% aluminum and 4% vanadium by mass, balance titanium) and finally entering the water volume 

contained in the target. The energy of the beam as it traveled through these layers before entering the water 

is shown in the figure and was estimated by using stopping powers obtained from SRIM (Ziegler et al., 

2010). The shell of the target was composed of high-density polyethylene, and the Ti64 disk, shown in 

Figure 3, was 0.7 mm thick with a diameter of 15 mm exposed to the water. The surface of the disk was 

divided into two halves, with one half milled smooth and the other half left as received after additive 



   
 

   
 

manufacturing (Stratasys). The material was fabricated by additive manufacturing to be analogous to the 

material that will be used in the FRIB water-filled beam dump (Avilov et al., 2016). During the experiment, 

the beam was directed to enter the target through the half of the Ti64 disk that was not milled.  

 

 

a)   b)     
Figure 1: Overview and cross-sectional view of target 

Drawing of the placement of the water-filled target at the end of the beam line at the NSCL (a) and a cross-

sectional view of the inside of the target where beam enters through the front Ti64 disk as shown by the 

arrow (b). Water circulated through the target entering from the bottom and leaving through the top.  

 

 
Figure 2: Depiction of materials 40Ca beam traversed 

The 140 MeV/nucleon 40Ca beam was delivered to the end station and passed through a zirconium foil (75 

µm, Goodfellow), a titanium foil (12.5 µm, Goodfellow), and two gaps of air (5 and 2.5 cm) before entering 

the 0.7 mm Ti64 target window and the internal water volume of the target.  

 

 

   
Figure 3: Ti64 target window 

The Ti64 disk is shown inserted in the target body. The area shown was exposed to the irradiated water on 

the inside of the target during the experiment.  

 



   
 

   
 

The flowing water system used in this experiment included sensors, membrane contactors, a vacuum pump, 

a water reservoir, ion exchange resins, and pieces of a platinized titanium mesh arranged according to the 

schematic shown in Figure 4. These components were all connected by 1/4” O.D., 3/16” I.D. high-density 

polyethylene tubes and polypropylene fittings through which water was pumped at a flow rate of 1 L/min 

using an air operated diaphragm pump (Yamada NDP-5FVT). 
 

Approximately 6 L of ultra-pure water was circulated through the system. Prior to irradiation the water flow 

was directed through a set of cation and anion exchange resin beds (AG 50W-X8 and AG 1X8, respectively) 

to reduce the conductivity of the water to about 250 nS/cm. The baseline conductivity increased to 

approximately 800 nS/cm after removal of the columns, presumably due to re-equilibration with 

atmospheric CO2 across the post-target membrane contactor (see Figure 4). The pH of the water was 

consistent with atmospheric CO2 equilibration, ranging from 5.1 to 5.8 throughout the experiment. 

 
The sensors used were a Honeywell Midas Gas Detector for detecting hydrogen gas (MIDAS-E-H2X), a 

Mettler-Toledo Thornton UniCond Conductivity Sensor (1/2” NPTM titanium 0.1 cm-1 sensor, part number 

58 031 406), a Mettler-Toledo Thornton pHure Sensor (2003i-UPW/120), and a Mettler-Toledo Thornton 

High Performance Dissolved Oxygen Sensor (InPro6050 polarographic oxygen sensor). An Omega Micro-

Flo paddle wheel flow meter (part number FTB323D) was used to measure the flow rate of the water. The 

conductivity, pH, and dissolved oxygen sensors as well as the flow meter were connected to a Mettler-

Toledo M800 multi-parameter transmitter, which recorded readings from each probe every 5 seconds. 

 
Two 3M Liqui-Cel membrane contactors (2.5 x 8 EXF, Membrane X40) were used to manipulate the 

dissolved gas content of the water. One of the membrane contactors (MC) was connected to a Marathon 

electric vacuum pump (M100GX, 1/6 HP) on the lumen side of the MC and was placed before the target to 

degas the water just before it entered the target volume. The second MC was connected to the hydrogen gas 

sensor on the lumen side, allowing H2 to escape the water and be measured by the MIDAS gas sensor. Due 

to the operating requirements of the H2 sensor, laboratory air flowing at 500 mL/min was used as the flush 

gas to deliver H2 to the sensor. This led to a re-equilibration of the water with atmospheric oxygen and 

carbon dioxide at the second MC. The system water was also exposed to small pieces of platinized titanium 

mesh that were held in place with glass wool and a set of polypropylene fittings. This component, referred 

to hereafter as the degrader, was included as a catalyst to break down excess H2O2 produced through 

radiolysis. 

 

After irradiation, water flow was redirected sequentially through a cation exchange resin bed (AG 50W-

X8, 20-50 mesh) and an anion exchange resin bed (AG 1X8, 20-50 mesh) to remove ions from the water. 

Columns for the cation and anion exchange resins were made using 3/4" O.D., 5/8” I.D. polyethylene tubing 

and were connected to the rest of the system via polypropylene reducing unions. About 10-15 mL of resin 

was used in each column and was held in place by glass wool. The larger tubing and low mesh size of the 

resin allowed a flow rate of 1 L/min through the columns with minimal back pressure.   

 



   
 

   
 

 
Figure 4: Schematic of the water system 

The water system is shown with different areas of the system designated by color: sensors in black, 

components for gas collection in red, components where radionuclides accumulate in gold, and other system 

components in green. In addition, the green dashed lines show the flow of the water and the red dashed 

lines show the path of the gas through the system. 

 

2.2. Radionuclide quantification and comparison to production estimates: 
Following the ion exchange process, components of the water system were removed and analyzed using a 

Canberra BEGe Gamma-ray Detector (BE2020). An energy and efficiency calibration were performed 

using a 152Eu point source at 50 cm from the face of the detector. Gamma spectra in this work were primarily 

taken at 50 cm from the detector. In cases where counting rates required a different distance, detector 

efficiency was corrected mathematically rather than using a recalibration.  
 

The components analyzed with gamma spectroscopy included the water in the reservoir; the target cell; the 

hydrogen peroxide degrader; the cation and anion exchange columns; and the soda lime and boric acid gas 

traps. The spectra allowed for the identification, quantification, and localization of radionuclides within the 

system. The shorter-lived species were quantified using spectra from a few hours after the irradiation. To 

reduce background from the shorter-lived nuclides, the longer-lived species were quantified from spectra 

obtained 2 days after the irradiation. The characteristic gamma-ray energies and the branching ratios used 

to identify and quantify the radionuclides are given in Table S1 in the Supplemental Materials section 

(Basunia, 2013; Burrows, 2007, 2006; Chen et al., 2011; Dong and Junde, 2015; Firestone, 2007; Nica and 

Singh, 2012; Singh and Chen, 2015; Tilley et al., 2002, 1995).  
 

Contributions to the 511 keV gamma-ray peak from radionuclides such as 34mCl, 43Sc, 44Sc, 48V, 48Cr, and 
52Mn were calculated based on the activities found on each component using the characteristic gamma rays 

listed in Table S1 in the Supplemental Materials. Since the remaining counts decay with a half-life close to 

that of 18F (i.e. a measured half-life of 116.9 min from four data points vs. the accepted half-life for 18F of 

109.77 min), they were used to calculate an activity of 18F produced.  

 

Due to interferences such as a high Compton background, the activity of 43Sc and 44gSc on some system 

components were not able to be measured. Instead, these values were calculated using the assumption that 

the distribution of all scandium isotopes on the system components is the same due to their identical 

chemistry. The longer-lived 44mSc was quantified two days after the irradiation with low-background 

spectra. The distribution of 44mSc on the anion column, the cation column, the hydrogen peroxide degrader, 



   
 

   
 

and in the system water was used to find corresponding activities of 43Sc and 44gSc in these locations. The 

calculated values for these scandium isotopes are labeled in Table 1. 

 

For comparison to the observed activity, cross-sections obtained from PACE4 and LisFus through the 

program LISE++ and stopping powers obtained from SRIM were used to estimate the expected FE reaction 

production rates for 43Sc, 44,44mSc, 48V, 48Cr, and 52Mn. These radionuclides were assumed to be produced 

solely through FE reactions between 40Ca and 16O. For the cross section found with either PACE4 or LisFus, 

Equation 1 was approximated as a sum to find a production rate, P, for each of the radionuclides observed: 

 

𝑃 = ∫
𝜎(𝐸)

𝑆𝑝(𝐸)

𝜌𝑁𝐴

𝑀

𝐸𝑓

𝐸𝑖
 𝑑𝐸          (1) 

 
where 𝜎(𝐸) represents the cross section of a fusion-evaporation product at a given energy 𝐸, 𝑆𝑝(𝐸) is the 

stopping power of the beam in the target material at a given energy, 𝜌 and 𝑀 are the density and molar 

mass of the target material, and 𝑁𝐴 is Avogadro's number. The integral is calculated from 𝐸𝑖 to 𝐸𝑓, the 

initial and final energy of an interacting particle in the target, respectively. The production rate in Equation 

1 is the number of nuclei produced per incoming 40Ca20+ and was converted to particles produced per second 

by multiplying by the incoming beam current. The cross sections obtained through PACE4 and LisFus are 

given with their corresponding energies in Tables S2-11 in the Supplemental Material section. 

FR production rates were simulated with LISE++ using a primary beam of 40Ca20+ at an energy of 137.59 

MeV/nucleon (the resulting energy after passing through the first four layers of materials shown in Figure 

2) and an intensity of either 0.11 pnA or 0.42 pnA. Layers representing the target, the water volume, and a 

detector material were specified in this order in the program to find a production rate in the unit particles 

produced per second during out experiment.  

The production values found for all methods previously described were used with the typical activation 

equation to find the final predicted activities. 

   

 

2.3. Radiolysis: 

As a major product of radiolysis, the hydrogen gas produced during irradiation was measured using the 

Honeywell Midas Gas Detector (MIDAS-E-H2X). The Midas is a pyrolyzer, which requires sampled gas 

to be diluted into an air flow of 500 mL/min to detect molecular hydrogen. To achieve the required dilution, 

hydrogen was swept from the lumen side of the post-target membrane contactor with a 500 mL/min airflow, 

controlled by an internal pump in the Midas Gas Detector. The consequence of using air as the sweep gas 

for detection was that the interaction at the membrane contactor allowed rapid re-equilibration of oxygen 

and carbon dioxide into the water, as noted previously. This means that the measured dissolved oxygen and 

pH of the system water was affected not only by radiolysis effects but also by this equilibration with 

atmospheric air. The detector was calibrated in ambient air using a zero-point calibration prior to being 

used online, according to the manufacturer’s specifications. During the experiment, the measured hydrogen 

concentration was recorded every 2 minutes.  

Predictions of the expected concentration of radiolytically produced molecular hydrogen gas were made 

using the linear energy transfer (LET) values for 40Ca20+, starting with an energy of 4.998 GeV as the beam 

entered the water. Those LET values were averaged over the energy range of the particle as it passed 

through the water and used to predict the G-value for hydrogen production, in units of molecules H2/100 



   
 

   
 

eV. This estimate was based upon a compilation of data by Meesungnoen and Jay-Gerin of results from 

multiple experiments at varying LET values shown in Figure 5 (Bibler, 1975; LaVerne, 2003, 1988; 

Meesungnoen and Jay-Gerin, 2005). These experiments were performed in a controlled manner under 

precisely defined conditions in order to most accurately measure the G-values as opposed to this 

experiment, which was performed in an uncontrolled environment and can only determine an apparent G-

value. 

To calculate the apparent G values observed during the experiment, the average amount of H2 measured 

and the average beam current over the same time frame were used. The 500 mL/min air flow through the 

instrument and the total energy deposited from the beam particles were considered when finding the number 

of molecules measured per 100 eV deposited. Throughout the experiment, a Faraday cup was inserted into 

the beamline to accurately measure the current reaching the target. During these time points, current did 

not reach the target and; therefore, no hydrogen was produced. As a result, there are five separate segments 

of hydrogen production with varying average beam current across the course of the experiment and the 

apparent G-value was found for each of these segments.  

 

Figure 5: Experimental G-values used to estimate H2 production with a 125 MeV/nucleon 40Ca20+ 

Beam in Water 

Experimentally determined G-Values for H2 production were used from several previous reported 

experiments. Using a logarithmic scale for the LET range, a line of best fit was found to estimate a trend 

among the data. This line was used to estimate a G-Value for a 125 MeV/nucleon 40Ca20+ beam, which is 

the energy of the beam as it enters the water (degraded from 140 MeV/nucleon). 

 

2.4. Corrosion Assessments:  

2.4.1. Ion exchange resin processing 

After taking gamma spectra of the columns to quantify and locate the radionuclides that were produced and 

collected on the ion exchange resins, both the cation and anion columns were processed to remove stable 

ions collected from the water. First, the water in the tubing above the resins was drained off and saved. The 

cation column was then treated with an increasing molarity of acids in the following order: about 11 mL of 

0.6 M HNO3, 12 mL of 2 M HNO3, 12 mL 3 M HNO3, 12 mL 4 M HCl, and 12 mL 8 M HCl. After each 

addition, an equivalent volume of solvent was pulled through the column and removed in small fractions. 

Gamma spectra of each group of samples was taken after removing 12 mL between each addition to ensure 
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ions were being removed. In a similar way, the anion column was treated with the following additions: 12 

mL water, 12 mL 2 M HCl, 12 mL 4 M HCl, and 12 mL 8 M HCl. Between each addition, an equivalent 

amount of liquid was removed from the columns in small fractions and analyzed with gamma spectroscopy 

as with the cation resin samples.  This acid elution gradient was performed on the ion exchange resins to 

remove as many ionic species as possible from the columns (Kraus and Nelson, 1956; Nelson et al., 1964).  

 

All fractions from the cation and anion resin were combined, respectively, and then analyzed by inductively 

coupled plasma-optical emission spectroscopy (ICP-OES) with an Agilent TCP700 spectrometer. This 

analysis was performed to quantify any stable elements that accumulated in the system water during the 

irradiation. First, a semi-quantitative method was run on ICP-OES to identify the elements present as well 

as a rough order of magnitude estimate for the concentration. The following elements were found to be 

present at a concentration of approximately 0.1 ppm or higher: B, Na, Mg, Al, Si, P, S, K, Ca, Fe, Ni, Zn. 

Quantification was performed by preparing standards containing these elements in 2% nitric acid (v/v). The 

samples from the cation and anion resin were each diluted to a total acid concentration of about 0.7 M HCl 

and were run with the prepared standards and a blank of 0.7 M HCl on ICP-OES. The wavelengths used 

for quantification of each element are given in TableS12 in the Supplemental Material section.  

 

 

 

2.4.2. Surface assessment 
Optical images of the Ti64 target window were taken using a Perkin Elmer IVIS Lumina LT In Vivo 

Imaging System (part number CLS136331) with and without a scintillating coversheet. The number of 

photons detected from the scintillator were proportional to the amount of radioactivity present in the target 

window from beam activation.  

Scanning-electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS) were used to 

identify physical alterations to the surface and changes in elemental composition that could have resulted 

from the irradiation, respectively. SEM images and EDS compositional maps were taken of both the 

irradiated titanium disk as well as a non-irradiated disk used as a control. The irradiated disk was imaged 

in regions away from the beam spot as well as the region containing the beam spot discoloration. A digital 

microscope was used to take reference images of the window. This analysis was performed using a JEOL 

6610LV Microscope and Keyence VHX-6000 Digital Microscope at the Center for Advanced Microscopy 

at Michigan State University. 

 

2.4.3. Corrosion rate estimation 
 

An analysis of the corrosion rate of the target window was also performed to understand the effects of 

radiolysis and the energy deposition of the beam on the target window. This analysis used 47Sc as a 

radiotracer to find an upper limit for the corrosion rate of the window material. Using the methods described 

previously, the cross section for 47Sc production in the water was found to be very low, indicating no 47Sc 

production was expected in the water. Through gamma spectroscopy, 47Sc was found as a product in the 

target window. Therefore, any 47Sc found in the water or accumulated on other system components would 

indicate target degradation. After the irradiation, no detectable amount of 47Sc was measured in the water 

or on any of the other system components. Based on this measurement, the limit of detection of 47Sc was 

used as the upper limit for the degradation of the target material.   

 

The limit of detection was approximated as the error in the sum of background counts where the 159 keV 

peak from 47Sc would have been detected in each gamma spectrum considered. Spectra in which 44mSc was 

detected were used in this analysis: the anion exchange resin column, the cation exchange resin column, 



   
 

   
 

the hydrogen peroxide degrader, and the water in the reservoir. It was assumed that 47Sc would have 

accumulated on these components as well since all scandium isotopes behave the same chemically. As three 

of these components contained glass wool, it appears that they filtered out neutral but aqueous forms of 

scandium such as HScO2 and the rest remained in the water (Takeno, 2005).  

 

The total amount of 47Sc that could have been in the system water without being detected is the sum of 

counts found for all four parts of the system. This total activity was used to model the target degradation as 

a time dependent process and find a percent degradation per hour and over the whole irradiation. It is 

important to note that this method limits the degradation rate of the beam spot on the target window since 

this is the only part of the window in which 47Sc was produced. Therefore, a limit on the degraded mass at 

the beam spot was calculated using the relative area of the beam spot to the whole disk and the mass of the 

whole disk.  

 

A more detailed explanation of this analysis can be found in the Supplemental Materials section. 

 

3. Results and Discussion:  
3.1. Isotope Harvesting System 
While irradiating the harvesting system, the temperature was measured by the dissolved oxygen sensor, 

the conductivity probe, and the pH meter. Since the temperatures recorded by these three sensors were 

comparable, only the temperature data from the dissolved oxygen sensor will be discussed here. The 

temperature of the bulk water, as measured by the dissolved oxygen sensor over the course of the 

experiment, is shown in Figure 6. A temperature change of 0.93 °C was observed over the course of the 

irradiation, resulting from the deposition of approximately 28 kJ in the water and 3 kJ in the target 

window (Ziegler et al., 2010). Based on the energy and current of the beam as well as the volume of water 

running through the system, a maximum temperature increase of about 1.1-1.2 °C was anticipated. The 

limits of this range indicate none or all of the heat deposited in the target face being removed by the 

flowing water, respectively. Passive cooling of the system most likely occurred to produce the difference 

between the measured and anticipated temperature change.  

 

The temperature of the target window during this irradiation was not a concern since only about 9.5% of 

the total energy of the beam is deposited in the target face, the beam current was low throughout this short 

irradiation, and cooling occurred as the 25 °C water flowed by the target window at 1 L/min. Assuming 

this cooling by the water occurred according to Fourier’s Law, the temperature of the water and the target 

window were estimated by evaluating the energy deposition and the heat transfer between these materials 

for short time steps throughout the irradiation time. This procedure resulted in an estimated temperature 

of 25.5 °C for the water and 25.7 °C in the target window (i.e., +1.2 °C and +1.4 °C temperature change, 

respectively). Based on these estimates, it is likely that the water provided sufficient cooling and that 

passive cooling of the water occurred in this experiment.  

 

The conductivity of the water was measured throughout the experiment to provide a qualitative 

understanding of the level of dissolved ions in the water. These conductivity measurements for before and 

during the irradiation are shown in Figure 6. Initially, a saturation behavior is observed as the water came 

into equilibrium with the carbon dioxide in the air. This provided a baseline of about 800 nS/cm for the 

conductivity of the water before the irradiation. During both irradiation periods, the conductivity 

increased in a linear manner. However, the magnitude of the slope increased with the higher intensity 

beam current, indicating a higher production of ionic species in the water as the intensity increased. 

Additionally, the sudden decreases shown in Figure 6 correspond to times when the Faraday cup was 

inserted to measure the beam current. Less stable ionic species such as radicals with short lifetimes were 

no longer produced through radiolysis at the target, corresponding to these decreased conductivity 



   
 

   
 

measurements. After this initial decrease when the faraday cup was inserted, the presence of relatively 

stable ionic species in the water was shown by a constant conductivity reading. At the end of the 

irradiation, ion exchange columns removed both stable and radioactive ions from the water, lowering the 

conductivity to about 100 nS/cm. This low conductivity value demonstrates the effective, nearly complete 

removal of ions from the irradiated water.  

 

 
Figure 6: Measurements of the temperature and conductivity of the water during the irradiation 
The temperature and conductivity of the bulk water are plotted vs. the time elapsed since the water was 
purified using ion exchange resins. Each irradiation period is plotted in a different color: before 
irradiation (red), 2.1 enA irradiation (gold), 8.4 enA irradiation (blue), and after irradiation (green). 
 
At some point during the approximately 4-hour irradiation, a small leak developed at the flowing-water 
target. This lead to less than 100 mL of water leaking from a gap between the target body and the back 
plate of the target. This volume, at less than 2% of the total water used, falls within the precision with 
which the total water volume was known. Therefore, the effects of this leak on quantifications of the 
stable and radioactive ions in the system was deemed negligible.  



   
 

   
 

 
Based on an inspection of the target following the irradiation, two important observations were made. 
The O-ring which provided a seal between the target body and the back plate of the target was out of 
place and had been noticeably stretched. This indicated that pressure inside the target put stress on the 
seal at the back plate. The second observation was significant rusting of the screws that held the back 
plate on the target body. This rust most likely occurred as the beam entered humid air before reaching 
the target. In these conditions, a high energy particle beam can create a corrosive atmosphere of ozone 
and nitric acid in the air. This environment potentially compromised one or more of the screws securing 
the back plate of the target. It is also possible that the temperature of the bulk water as recorded by the 
sensors in the system did not provide an accurate understanding of the local temperature in the target 
volume. Additionally, an increased pressure in the target could have led to flexibility in the polyethylene 
target shell material, making the seal at the back of the target less secure. Any one of these possibilities 
could have led to the minor leak that was observed at the target. Fortunately, this target set up will not 
be used further, as a target shell made completely of the Ti64 alloy is planned for future experiments.  
 

 

3.2 Radionuclide quantification and comparison to production estimates 
Table 1 provides information on the amount and the location of the radionuclides identified on the cation 

resin, the anion resin, the hydrogen peroxide degrader, and the reservoir water. Additionally, the production 

rate of these radionuclides in atoms produced per incident 40Ca atom was calculated based on the measured 

activities and the beam current during the irradiation and are also shown in Table 1. 

The location of the radionuclides collected in the system matches the expected chemical speciation (Takeno, 

2005). For instance, sodium, magnesium, and manganese were collected on the cation exchange resin and 

chlorine, vanadium, and chromium were found on the anion exchange resin. For the most part, fluorine was 

also collected on the anion exchange resin. The remaining products, beryllium and scandium, were found 

spread on a few system components; this was to be expected as they are known to form neutral aqueous 

species in an aqueous solution that is slightly acidic and oxidizing.  

The efficiency of the system for ion extraction is demonstrated by the very low level of activity found in 

the water after it was circulated over the ion exchange resins. Most radionuclides were present in the water 

below the background in the measurement. Even 18F, the main radionuclide found in the reservoir water, 

was collected with an efficiency of 94(1) %. 

 

Table 1: Quantification of and production rate estimate for radionuclides within the water system at 

EOB as determined by HPGe spectroscopy.  

Radionuclide 

Activity Measured (kBq) Production Rate 

(atoms produced 

per incident 40Ca 

atom) 
Cation 

Resin 

Anion Resin Degrader Water Total  

7Be 13.9(4) 3.3(2) - - 17.2(4) 3.2(3) X 10-3 

18F 39(9) 1.194(5) X 103 - 80(4) 1.31(1) X 103 6.6(7) X 10-4 

24Na 125(7) - - 6(1) 130(7) 3.0(3) X 10-4 



   
 

   
 

28Mg 1.7(1) - - - 1.7(1) 5.6(7) X 10-6 

34mCl - 4.5(9) X 103 - - 4.5(9) X 103 1.7(4) X 10-3 

43Sc 11(1) 23.5(9) 10.0(6)* 11(1)* 56(2) 4.3(5) X 10-5 

44gSc 4(1)* 6(3) 3(1)* 2.4(7) 16(3) 1.2(3) X 10-5 

44mSc 1.15(3) 1.59(4) 0.81(1) 0.83(9) 4.4(1) 3.8(4) X 10-5 

48V - 0.54(3) - - 0.54(3) 3.0(4) X 10-5 

48Cr - 0.79(6) - - 0.79(6) 2.7(4) X 10-6 

52Mn 0.68(4) - - - 0.68(4) 1.3(6) X 10-6 

       *calculated activity 

Production estimates for the FR and FE reaction products were performed using LISE++, LisFus, and 

PACE4. The estimates as well as the measured activities are shown in Table 2 for the FR reactions and 

Table 3 for the FE reactions. These values were found using the average beam current values over the two 

different intensity sections of the irradiation: 0.11 pnA for 17 minutes followed immediately by 0.42 pnA 

for 3.5 hours. For the metastable states of 44Sc and 34Cl, assumptions were made about the production 

distribution. The projected isomeric ratios from both PACE4 and LisFus were found to be closer to the 

observed ratio when the production proportion was 3:1 44mSc:44gSc. Activities corresponding to this 

distribution are given in Table 3. In the absence of other information, the value shown in Table 5 for the 
34mCl production estimate was calculated with a 1:1 34mCl:34gCl proportional production. Even when 100% 

of the production rate is assumed to produce the metastable state, only 3.2 X 103 kBq is predicted compared 

to 4.5(9) X 103 kBq observed.  

Clearly, these methods for estimating production in the water-filled target were not predictive. While the 

estimates for 18F, 24Na, and 34mCl are inaccurate by only a factor of four or less, the predictions for 7Be and 
28Mg differ by about an order of magnitude from observation. For the fusion evaporation estimates, the 

values are mostly within a factor of 4 of the measured values. The exception is 48Cr with values differing 

by a factor of 7 for PACE4 and 24 for LisFus. For the level of activity produced in this short, low-intensity 

test, the differences in predicted and measured values did not present a safety hazard or an experimental 

hurdle. However, as the irradiation length and intensity increase, it will become more important to correctly 

estimate production rates. This will allow adequate radiological controls, and guide harvesting efforts to 

products that will be present in significant enough quantities for use in off-line experiments.  

Table 2: Activity measured and predicted for radionuclides produced through fragmentation 

Reactions. The asterisk (*) denotes that the ratio of produced 34gCl to 34mCl is not known so a ratio of 1:1 was used 

to find this value. 

Radionuclide 

Activity (kBq) 

Measured 
Predicted 

with LISE++ 
7Be 17.2(4)  1.4 
18F 1.32(1) X 103 1.6 X 103 
24Na 130(7) 246 
28Mg 1.7(1) 14.3 



   
 

   
 

34mCl 4.5(9) X 103 1.6 X 103* 

 

Table 3: Activity measured and predicted for radionuclides produced through fusion evaporation. 

The asterisks (*) denote that information about the percent of 44Sc produced in the metastable vs. the ground state is 

unknown. Instead, percentages were found that most closely matched the produced 44mSc to 44gSc ratio. The predicted 

activities shown in the table for both PACE4 and LisFus were found, assuming 25% of the 44Sc produced is 44gSc and 

75% is 44mSc. 

Radionuclide 

Activity (kBq) 

Measured 
Predicted with 

PACE4 

Predicted with 

LISEfus 
43Sc 56(2) 62.5 148 
44gSc 16(3) 22* 14* 
44mSc 4.4(1) 6.03* 3.77* 
48V 0.54(3) 1.30 0.39 
48Cr 0.79(6) 5.18 19.0 
52Mn 0.68(4) 2.00 0.68 

 

 

3.3. Radiolysis 
 To better understand the generation of radiolysis products during irradiation, measurements of produced 

hydrogen gas were recorded throughout the course of the experiment. Using the stopping power of the 
40Ca20+ beam through the target set-up, the average expected LET across the particle track in the water was 

determined to be approximately 700 keV/μm. After comparing this result to data included by Meesungnoen 

and Jay-Gerin, the average value of hydrogen production was predicted to be around 1.57 molecules of 

H2/100 eV based upon the expected LET into the water.(Meesungnoen and Jay-Gerin, 2005) However, 

comparisons to the experimental values yielded a lower production rate of hydrogen. The experimental 

results by beam intensity as the experiment progressed can be seen in Table 4. 

Table 4: Experimental values for H2 production versus beam current.  
The predicted G value was 1.57 molecules of H2 per 100 eV for this irradiation.  

Intensity of Beam (enA) Average # molecules H2/100 eV 
Average Experimental Experimental 

2.1 2.1 0.91(9) 

8.4 

8.6 0.79(8) 
8.5 0.75 (8) 
8.0 0.72(7) 
8.2 0.70(7) 

   

For comparison to our observations, it is important to note that our experiment can only provide apparent 

G-values because the target water had time varying levels of dissolved gasses and radiolytically produced 

hydrogen peroxide. These species have the ability to influence the radical recombination reactions, and 

therefore, impact the observed evolution of molecular hydrogen. In the absence of using a known, pure 

water sample, the apparent G values are meant only to reflect the observation, rather than a fundamental 

value. The early time point measurement of 0.91(9), having the lowest amount of dissolved hydrogen 



   
 

   
 

peroxide, is thought to most closely represent the real G-value for the irradiation and is most useful for 

comparison to the predicted value. It is important to note that although the experimental measurement of 

hydrogen production only had the ability to demonstrate an apparent G-value, this was a relative 

measurement that applies to this water system and can be used for future comparisons. 

3.4. Corrosion Assessments 
  

3.4.1. Ion exchange resin processing 

 

The vast majority of the ions in the system water were collected on the cation and anion exchange resins 

used in the system following the irradiation. This is demonstrated by the very low conductivity and the 

small activity of 18F in the bulk water after it was passed over these resins. Therefore, the concentrated 

sample of ions from the resins provide a quantitative understanding of the ions present in the system water 

at the end of the irradiation. In the ion exchange column eluate, the following elements were identified and 

quantified: B, Na, Mg, Al, Si, P, S, K, Ca, Fe, Ni, Zn. Table 5 provides information about the amount of 

each element that was found on either the cation or the anion exchange resin. 

When removing ions in the water with the resins, the water circulated over first a cation exchange resin and 

then an anion exchange resin. The cation exchange resin had a H+ counter ion while the anion exchange 

resin had an OH- counter ion. This was arranged so that overall the two counter ions would recombine to 

form water instead of adding additional ions to the system (e.g. Na+ and Cl-) and increasing the conductivity 

measurement. However, the chemical state of the anion resin with an OH- counter ion may have had the 

unexpected effect of precipitating a fraction of the Ca2+ and the Mg2+ in the water as it passed over the resin. 

While the presence of Na+ on the anion exchange resin is also unexpected, this may have resulted from 

residual traces of the NaOH rinse to convert the anion resin to the OH- form.  

The potassium level found on the cation resin most likely resulted from the pH probe in the system. This 

probe uses a KCl electrolyte solution and depends on this solution passing through a semipermeable 

membrane into the test solution as the pH is measured. This means that the electrolyte was passing through 

the probe into the system water for several hours as the beam was tuned, during the irradiation, and while 

the ion exchange resins removed the accumulated ions from the water after the irradiation.  

Finally, the level of aluminum found on the anion exchange column was concerning at first, as no aluminum 

containing parts were expected to be in contact with the water except the target window disk. The source 

of the aluminum is now thought to be aluminum containing screws that held the backplate of the target in 

place. These screws were not intended to be exposed to the water but when a small leak resulted from over-

pressurizing the system, the backplate loosened. This allowed the screws to be exposed to water, leading to 

a small amount of aluminum in the system water.  

The hypothesis that the aluminum was not from the target window is supported by the observation that no 

vanadium was found in the eluate from either column. Since 48V, a product from the irradiation, was found 

on the anion exchange resin and nowhere else in the system, it is to be expected that stable vanadium would 

have been mainly collected on the anion exchange column as well. Therefore, vanadium would have been 

detected at least in part in the samples eluted from the anion exchange resin. A limit of detection estimate 

is included in Table 5 demonstrating that the possible level of undetected vanadium in the eluate was very 

low, not exceeding about 0.015 mg total. An estimate of the amount of vanadium expected in the eluate if 

the aluminum resulted from target degradation can be made based on two assumptions: 1) vanadium and 

aluminum had the same removal efficiency from the columns and 2) the amount of vanadium corroded 



   
 

   
 

from the window is related to the amount of aluminum corroded by the mass proportions of each element 

in the window material (6% aluminum and 4% vanadium in Ti64). Based on these reasonable assumptions, 

0.48 mg of vanadium should have been detected in the column eluate. This is a significant amount of 

vanadium, well above the limit of detection using ICP-OES. Therefore, it is very unlikely that this amount 

of aluminum resulted from target degradation.  

Except for the potassium level, the amount of each stable ion removed from the system is fairly low. 

However, this analysis of the stable ion contaminants in the system provides information on the identity 

and relative level of competitive ions for future separations and experiments with harvested radionuclides.  

 

Table 5: Quantification of stable elements eluted from ion exchange resins after irradiation, 

collection, and elution 
The values in this table are measured using ICP-OES. The upper limits provided for vanadium are estimates of the 

limit of detection from this measurement. 

Element 

Mass Eluted (mg) 

Cation Resin Anion Resin 
Total 
Recovered 
from Columns 

B - 0.50(2) 0.50(2) 

Na 1.45(4) 0.22(2) 1.67(5) 

Mg 0.17(2) 0.39(2) 0.57(3) 

Al 0.07(3) 0.66(3) 0.72(4) 

Si 0.10(9) 3.28(7) 3.4(1) 

P 0.13(2) - 0.13(2) 

S 0.034(3) 0.229(3) 0.264(4) 

K 67(2) - 67(2) 

Ca 0.52(5) 0.29(3) 0.81(6) 

V < 0.006 <0.009 <0.014 

Fe 0.022(1) 0.029(1) 0.051(1) 

Ni - 0.035(2) 0.035(2) 

Zn 0.064(6) 0.021(1) 0.085(6) 

 

 

3.4.2. Surface assessment 
After observing the titanium disk, a very faint discoloration was visible by eye. To determine if this visual 

discoloration was, in the same area as the irradiation took place, optical and autoradiograph images were 

compared. The results of these images can be seen in Figure 7, where the radiation is seen to align with the 

discoloration of the window’s surface.  



   
 

   
 

 

Figure 7: Optical images of the irradiated Ti64 target window 

A photograph and an optical image with a scintillating cover material were taken with the target window 

in the same position. The signal produced by radiation at the beam spot aligns with the discolored spot in 

the photograph of the disk.  

 

The images obtained through SEM of the three different areas were used to compare the topographies of 

the disks and to examine for any potential physical alterations to the surfaces of the disk. The three sample 

regions included the non-irradiated disk, a non-irradiation site on the target disk, and the irradiation site of 

the target disk. Figure 8  represents select images of a non-irradiated disk and two regions of the irradiated 

titanium disk, which included the irradiation site and away from that region. Images were taken at two 

different magnifications – 100X and 300X – and using two different modes – SEI for secondary electrons 

and BEC for backscatter electrons. As electrons from the microscope bombard the surface, secondary 

electrons originate from the surface of the sample and are caused by inelastic interactions, providing 

information about the topography of a sample’s surface. Backscattered electrons are caused by elastic 

collisions and originate from a wider and deeper region of the sample’s medium with intensity that is 

correlated to the sample atom’s Z value. This provides image contrast based upon elemental composition, 

potentially useful for an alloy such as Ti64. 



   
 

   
 

 

Figure 8: SEM images of the non-irradiated and irradiated disk 

Resulting topographical and contrast images taken of the non-irradiated (left) and irradiated (middle and 

right) Ti64 disks. Images taken using two electron modes and at 300x (top) and 100x (middle and bottom). 

 

Based upon the SEM results in SEI mode, no topographical differences were observed among the three 

sample areas. Each sample had a similarly rough surface with a variety of spherical particles between 5 µm 

to 75 µm in diameter, as well as areas with a seemingly smooth texture. Backscatter mode did yield the 

appearance of differing contrast in certain areas of the sampled regions’ surfaces. However, this was seen 

to be consistent across all three sample types. Due to the differences in contrast, EDS maps were taken to 

semi-quantitatively determine the elemental compositions of the sampled regions. The resulting elemental 

composition maps can be seen in Figure 9. 
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Figure 9: EDS images of the non-irradiated and irradiated disks 

Elemental composition maps of the non-irradiated (left) and irradiated (middle and right) Ti64 disks.  

 

Through the elemental composition maps taken of the three regions, it can be seen that titanium, aluminum, 

and vanadium are relatively evenly distributed across the sample areas. The regions that appeared to have 

a darker contrast in BEC mode were determined to be debris from handling and were made up of mostly 

carbon and oxygen. This debris was seen across all three samples and was determined to be insignificant 

during comparison. Using the semi-quantitative ability of EDS, percent by mass for each element of the 

alloy was calculated for the irradiated disk and the non-irradiated disk. EDS measurements were taken in 4 

similar areas of each disk – center, top center, top left, and bottom center – and these were used as n=4 for 

the standard deviation measurements in each value. Results in Table 6 demonstrate that there was no 

significant difference in elemental composition between the two disks. 

Table 6: Comparison of the quantification of the elemental composition within the irradiated and 

non-irradiated Ti64 disks 

 Titanium Aluminum Vanadium 

Non-Irradiated 89.5(6) 5.4(4) 5.1(9) 

Non-Irradiated Disk Irradiated Disk

Non-Irradiation Site Irradiation Site

Titanium Map

Aluminum Map

Vanadium Map

500 μm

500 μm

500 μm

100 μm

100 μm

100 μm

100 μm

100 μm

100 μm

100 µm100 µm500 µm



   
 

   
 

Irradiated 89.6(1) 4.9(4) 5.5(4) 

 

3.4.3. Corrosion rate estimation 

 
Using gamma spectroscopy, a 47Sc activity of 16.4(12) kBq was measured in the Ti window. No equivalent 

activity of 47Sc was found on the components. A limit of detection estimate was used to set an upper limit 

on the activity of 47Sc that could have entered the water from the window. With a gamma spectrum of the 

hydrogen peroxide degrader and the relative proportions of 44mSc found on various system components, an 

upper limit of 109(9) Bq of 47Sc could have degraded into the water.  

 

The amount of 47Sc in the window and the water was assumed to build up in the water over time. The 

production in the window was assumed to be constant while the degradation from the window was assumed 

to be a constant percent of the activity in the window. The percent degradation of the beam spot was found 

to be ≤ 0.37(3) % per hour or ≤ 1.3(1) % over the course of the 3.5 h experiment. The percent degradation 

can also be converted to the amount of mass degraded from the beam spot. Using the mass of the beam spot 

only, the amount of mass degraded could have been ≤ 0.31(6) mg, or about 3% of the total target disk. It 

should be emphasized that this value is an upper limit of the degradation of the Ti disk at the beam spot, 

meaning the actual degraded mass may be smaller. 

 

 

4. General Discussion: 

This isotope harvesting experiment demonstrated the ability to use a flowing water-filled target to produce 

and harvest radionuclides from a stable accelerated beam. Several radionuclides were identified and 

quantified as reaction products from either fragmentation or fusion evaporation reactions. The collection 

efficiency of the ion exchange resins in the system was quite high as only scandium isotopes and a small 

amount of 18F was observed through gamma spectroscopy in the reservoir water following the use of ion 

exchange resins. The conductivity of the water also dropped to 100 nS/cm after using the resins, indicating 

the removal of most stable ions as well. This test of a prototype system shows the feasibility of producing 

and using radionuclides generated through isotope harvesting. 

During this experiment, the isotope harvesting system was tested under the effects of an irradiation. A 

minor leak developed, showing that the target system used in this experiment is not suitable for handling 

irradiation effects such as an increased temperature and pressure. This experiment was intended to test the 

durability of the target window material, Ti64, under bombardment by beam particles and the harsh 

radiolysis effects in the interior water. Depending on the results of testing this material, a new target 

system is planned in which the entire target shell will be made of Ti64. This target will be designed to 

handle high pressure, elevated temperatures, and high flow rates. This design makes it unlikely that leaks 

will develop at the target in future experiments. Additionally, this experiment used a low beam intensity 

over a short irradiation period, resulting in only a minor increase in temperature. As future irradiations 

increase in intensity, changes will be made to the system including active cooling with a water chiller, 

larger water volumes, and higher flow rates. Furthermore, for the 400 kW beam power anticipated at 

FRIB, the beam will irradiate a circulating target, which will spread the deposited energy over a large area 

on the target face (Avilov et al., 2016). Each of these adjustments will allow for more efficient cooling of 

the target face than with the methods used in this experiment (e.g., cooling the target window with 6 L of 

water flowing at 1 L/min and passive cooling of the water in the reservoir). 

  

The production and effects of radiolysis products were also explored during this irradiation. The hydrogen 

gas produced through radiolysis was measured at the two different beam intensities and was compared to 



   
 

   
 

theoretical production estimates. The amount of hydrogen gas measured was lower than the predicted level, 

indicating that radiolysis products in our system may recombine to a larger extent than previously thought. 

Additionally, the value continued to decrease as the irradiation progressed, suggesting that the build-up of 

radiolysis products in the water led to a lower amount of H2 being produced or escaping from the target. 

Although this experiment did not provide a G-value measurement for pure water radiolysis, the observed 

hydrogen production is indicative of what can be expected in future isotope harvesting experiments at 

NSCL and FRIB. Relative measurements of radiolytic products in future experiments can provide a 

benchmark that will indicate changes in water chemistry. This will be important as upgrades are made to 

the target and water purification system and higher beam intensities are used.   

The effects of radiolysis on the system components, especially the target window, were explored using an 

analysis of the stable ions in the system water as well as performing SEM, EDS, and a corrosion rate 

analysis on the target window. Since the levels of stable ions detected in the system were relatively low, 

there was no indication of wide-spread system degradation. Although aluminum was detected in the system, 

no corresponding vanadium was observed with ICP-OES. This strongly suggests the aluminum did not 

originate in the target disk but from a different component in the system. Additionally, SEM images of the 

target window showed no observable changes in the topography of the irradiated target material and EDS 

compositional maps of the target window showed no statistical difference in the elemental abundance on 

the irradiated disk compared to an identical non-irradiated target disk. The consistent elemental abundances 

between the two disks further supports the conclusion that the aluminum found in the column eluate did not 

result from target degradation. Finally, 47Sc was not found in the system water or on any components in the 

system even through it was produced in the target disk. Altogether, these observations strongly indicate that 

no target disk degradation was observed in this preliminary experiment.  

5. Conclusion: 

The results of this experiment demonstrate that isotope harvesting with a stable ion beam and a flowing-

water target is a viable way to produce radionuclides for research purposes, give a measurement for the 

production of H2 as a radiolysis product, and provide evidence that Ti64 may be able to withstand the effects 

of an irradiation and the resulting radiolysis products. Future tests will involve longer and higher intensity 

irradiations; the use of different primary beams like 48Ca and 78Kr to produce scientifically interesting 

radionuclides such as 47Sc and 76Br, respectively; and durability tests to understand the lifetime of the Ti64 

target shell in a radiolysis environment. These tests will inform improvements to the harvesting water 

system and will forward progress towards harvesting isotopes from the Facility for Rare Isotope Beams.  
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