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Abstract 

The effects of ion beam irradiation on aqueous suspensions of metal oxides has received relatively 

little attention compared to γ-ray irradiation despite being a highly prevalent process in spent nuclear 

fuel storage and reprocessing. This is partly due to the difficulties associated with homogeneously 

irradiating condensed-phase matter using α-particles. Here, we report experimental yields of H2 from 

the 5.5 MeV He2+ ion irradiation of aqueous suspensions of ZnO nanoparticles. The obtained results 

are compared to our previously measured results for the γ-radiolysis of the same system. The amount 

of H2 increases linearly with adsorbed dose for all studied concentrations. The measured yields are of 

the same order of magnitude as those observed for pure water, but decrease with increasing water 

content. Overall, the yields follow a similar trend to those observed for γ-ray radiolysis.   
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1. Introduction 

The γ-ray radiolysis of water adsorbed on metal oxide surfaces has been the subject of intense study in 

recent years.1,2,3,4,5,6,7 However, α-particle irradiation of these systems has received far less attention 

despite it being a prevalent process in storage of spent and reprocessed nuclear fuel.  

The yields of the stable products formed from the γ-radiolysis of water (mainly H2 and H2O2) have 

been investigated for many years.8,9 However, product yields differ depending on the Linear Energy 

Transfer (LET = -dE/dx) of the interacting radiation.10 As the LET of the radiation traversing an 

aqueous solution or suspension increases, the molecular yields of the radiolysis products increase. 

Thus as the LET of radiation increases, the number of ionisation and excitation events per unit 

distance increases. In turn, this increases the likelihood of recombination of radical species in the 

spurs, leading to an increased yield of molecular products.11,12 Due to the different LET, heavy ion 

irradiation will result in significantly different H2 yields than γ-rays. In high LET irradiation such as 

α-particle irradiation, there is a much higher local concentration of reactive species in the irradiated 

sample. This in turn increases the probability of second order reactions in the ion tracks, hence further 

processes occur before the primary species diffuse away into the bulk.13 It is also well documented 

that primary ion yields are much higher compared to excited state or radical yields from high LET 

irradiation.14,15 

The presence of a solid surface, however, in contact with water during radiolysis can have a profound 

effect upon the radiolytic yields of stable species.16,17 Enhanced yields of H2 are postulated to be due 

to efficient energy transfer from the oxide to the water.18 This is thought to be caused by the 

formation and migration of excitons (electrostatically bound electron-hole pairs) from the oxide 

particles into the surrounding water molecules, followed by their subsequent recombination.2 

However, this is not a universally accepted mechanism. It is also documented that secondary 

electrons, even at energies below 20 eV, can cause dissociation of water molecules by processes such 

as dissociative electron attachment.19,20 Increased yields of H2 could lead to the formation of 

flammable atmospheres in high level waste storage or alteration of reactor water chemistry in 



3 
 

operational power stations. Hence, the interaction of radiation with aqueous suspensions or slurries of 

metal oxides requires thorough understanding and quantification. 

Zinc oxide is a semi-conductor with band gap of ~3.3 eV. Zn cations (sometimes from depleted 

ZnO)21 are injected into the primary circuit of Light Water Reactors.22 The aim is to inhibit the 

incorporation of γ-ray emitting 60-Co into the pipe work by instead incorporating Zn into the pipes 

out of the reactor core. Thus, the addition of Zn cations would reduce 60-Co incorporation and lead to 

reduced radiation fields away from the reactor, decreasing the dose workers are exposed to.23,24,25 

γ-ray radiolysis of water adsorbed on ZnO powder shows an enhancement in the yields of H2 by an 

order of magnitude compared to that of pure water radiolysis, and as the water loading on the ZnO 

increases, the radiolytic yield of H2 decreases. Interestingly, the production of O2 in comparable 

volumes to H2 during γ-radiolysis of water adsorbed to the surface of ZnO was also observed.26 This 

is of significance as in similar experiments with other oxides, O2 was either not observed nor 

detected.4 Indeed, it is worth investigating the effect the presence of ZnO has upon the α-irradiation of 

water and the identity and quantity of gaseous products. 

Two key radicals formed from water splitting are H and OH, and the formation of H2 occurs when two 

H atoms combine. The proximity of their formation depends on the LET of the incident radiation, 

hence the energy deposition rate is a key parameter in determining radiolytic yields. The rate 

constants for reactions involving H atoms and OH radicals are significantly greater than the diffusion 

rate as they are highly reactive species, hence it is likely that they will react with each other before 

they are able to diffuse away and react with the bulk. 

If spurs are formed with significant spatial separation, the most likely reaction would between the H 

atom and the OH radical which would reform water. This is more commonly the case with low LET 

radiation such as γ-rays, hence the G(H2) value of 0.22 molecules/100 eV for pure, deaerated water 

with no radical scavenger. As spurs are formed closer in proximity to one another, such as the case for 

He2+ particles, the likelihood of two H atoms meeting increases, hence the probability of the H2 

forming reaction increases. 
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The addition of a radical scavenger to water irradiated by high LET radiation does not have as 

profound an effect as for low LET radiation. The rate of radical reactions is so high that the H atoms 

are likely to react in the spur before they are able to diffuse out into the bulk and interact with a 

scavenger species. G(H2) is approximately ~1.20 molecules/100 eV and does not change significantly 

with the addition of a radical scavenger. 

We describe here the 5.5 MeV He2+ ion irradiation of aqueous suspensions of water and ZnO. The 

gases produced were quantified by Gas Chromatography (GC) and the dependence of the radiation 

dose upon the H2 yield was investigated, as was the variation of H2 as a function of the weight percent 

(wt%) of water present. The experimental data is discussed in light of our recent results on the γ-

radiolysis of the analogous aqueous ZnO system. 

2. Experimental 

ZnO (99.9%, ~270 nm average particle diameter) was procured from Sigma Aldrich and used without 

further purification. The specific surface area (5.41 ± 0.10 m2/g) was measured by the BET method 

using a Tristar II Surface Area Analyser. The crystal structure was determined by X-ray Diffraction 

using a Bruker D8 diffractometer and was found to be (0001) hexagonal wurtzite. Prior to irradiation, 

samples were baked at 400°C for a period of 24 h to remove adsorbed water and residual organic 

contaminants; the cleanliness of the samples was confirmed using Diffuse Reflectance Fourier 

Transform Spectroscopy (DRIFT). The temperature programmed desorption of water from the surface 

of the powder samples was used to determine at what point the oxide could be considered free of 

physisorbed water by tracking the reduction in the strength of the OH stretch between 3100-3700 cm-1 

as the temperature increases. This was found to be above 400°C, however, the presence of 

chemisorbed species cannot be ruled out. Neither heat treatment or irradiation up to the maximum 

dose was observed to alter the particle size or crystal structure. 

In order to prepare ~5.0 mL samples, the appropriate weight percent (wt%) of ZnO powder was 

mixed with the corresponding wt% of deionised H2O (18.2 MΩ/cm) to make 60-90 wt% water 

slurries. The slurries were then introduced to a specially adapted glass sample cell which is coupled 

directly to the Gas Chromatograph (GC) and purged of air with Ar. Argon is the carrier gas of choice 
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for H2 detection using a Thermal Conductivity Detector (TCD) due to the large difference in their 

thermal conductivities. A constant stream of N2 is flown through the small volume between the end of 

the beam line and the sample cell to prevent the formation of O3 from air radiolysis. A schematic 

diagram of the experimental setup is shown in Figure 1. 

 

Figure 1 Schematic diagram of U-shaped sample cell with mica window of known density, thickness and composition used 

for ion beam irradiation. Gas Chromatography (GC) is coupled directly via haf-turn valves. 5.0 mL of the slurry sample is 

introduced to the sample cell and stirred at a high rate by a magnetic stirrer affixed to a commercial drill. 

Irradiations were performed using 5.5 MeV He2+ ions produced using an NEC Van de Graff Tandem 

Pelletron 15SDH-4 accelerator employing a Toroidal Volume Ion Source (TORVIS) located at the 

Dalton Cumbrian Facility, The University of Manchester. The initial accelerator potential was set in 

order to ensure the ion beam had an energy of 5.5 MeV on the sample. The titanium exit window is 8 

µm thick and has a density of 4.506 g cm-3. There is a gap at the end of the beam line of 6.6 mm 

between the titanium exit window and mica window of the sample cell which is purged with N2 gas, 

the density of which is 1.25×10-3 g cm-3. The mica (K 9.81%, Al 20.3%, Si 21.13%, O 47.35%, H 

0.45%, F 0.95%) window has a density of 2.82 g cm-3 with a thickness of between 2.12×10-3 cm and 

2.85×10-3 cm depending on the sample cell in use. Energy will be lost due to the stopping power of 

each of these components, hence the initial beam energy was calculated using the TRIM (Transport of 

Ions in Matter) software package,27 and was set to either 10.28 MeV or 10.86 MeV depending on the 

thickness of the mica window in use. The beam current incident on the sample was thus around 5.0 ± 
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0.1 nA with a beam diameter of approximately 3.0 mm. The dose was calculated by attaching a 

Keithley 6485 picoammeter directly to the sample cell and and measuring the accumulated charge as 

a function of time. 

The oxide containing suspension is constantly stirred at a high rate using a magnetic stirrer mounted 

to a commercial drill as shown in Figure 1, with the aim to distribute reactive species in the sample 

homogeneously, giving reproducible results, and it further prevents the nanoparticles from settling. 

The gases produced were analysed using a specially adapted SRI 8610C GC coupled to a TCD. 

Detection of gases by the TCD relies on the principle that the analyte gas has a significantly different 

thermal conductivity to the carrier gas, therefore, for H2 sensitivity, the carrier gas of choice is Ar.28,29 

The sample cell is connected directly to the GC sample loop. Calibration of the GC was performed by 

injecting known amounts of pre-mixed 5% H2 in Ar (from Scientific Gases Ltd.). The error associated 

with the measurements in the amount of gas measured is calculated to be 5.0% and considered to 

propagate throughout. 

3. Results and Discussion 

Radiation chemical yields are conventionally described by the G value, the number of molecules of a 

species produced, or consumed, per 100 eV of energy absorbed by the irradiated system. The G value 

for H2 production from deaerated water by 5.5 MeV He2+ ions is ~1.20 molecules/100 eV.30 In order 

to investigate the effect of the presence of the oxide on the yield of H2 from water radiolysis, the 5.5 

MeV He2+ irradiation of pure water was measured and this measurement was subsequently used as a 

benchmark, so deviation from this value can be attributed to the presence of the oxide. 

At this point, it is worth pointing out that in the subsequent discussion, the absorbed energy is 

calculated with respect to mass the whole irradiated system such that any deviation in the G(H2) value 

from the value obtained for deaerated water radiolysis can be attributed to the presence of the oxide.31 

Using the same conditions throughout, the G(H2) value for pure water was determined to 

be 1.65 ± 0.13 molecules/100 eV, greater than the value reported by LaVerne et al. 

of 1.20 ± 0.12 molecules/100 eV.30 This 25% discrepancy in G(H2) value for deaerated water 

radiolysis could have arisen from various sources. The most likely explanation is related to the energy 
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of the α-particles; uncertainties in the thickness of the titanium exit window of the beam line and 

thickness and composition the specific mica window used on each sample cell leads to differences 

between the calculated ion beam energy and the actual energy the sample receives, resulting in 

different radiolytic yields. 

Due to the nature of the suspended solids within the samples, they must be stirred at a high rate to 

ensure the ZnO nanaoparticles do not settle and remain evenly dispersed throughout the solvent. In 

addition, the slurry is stirred at a high rate because, unlike γ-rays, the energy from ion irradiation is 

not necessarily distributed evenly throughout the sample. Due to the LET of the He2+ ion beam, a high 

concentration of ionised and excited species form in the radiation tracks at the point of beam entry 

into the sample, hence stirring is necessary to refresh the irradiation volume in order to ensure that the 

volume just behind the mica window is not over-exposed and receives a disproportionately high dose, 

but instead species become dispersed in the solution after irradiation, especially as the wt% of water 

decreases in the sample. 

Figure 2 shows the production of H2 for 20 wt% ZnO (5.41 m2/g) in water (18.2 MΩ cm-1). The 

radiolytic yield is expressed as the number of molecules and the absorbed energy is expressed in units 

of 100 eV, such that G(H2) values can be extracted directly from the slope of the linear best fit passing 

through the origin. 

 

Figure 2 Number of molecules of H2 produced as a function of energy absorbed for the 5.5 MeV He2+ irradiation of 20 wt% 

ZnO (5.41 m2/g) in water (18.2 MΩ cm-1). H2 production appears linear up to the maximum dose delivered in this 

experiment. Each data point is an average of three measurements taken at the same absorbed dose.  
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Un-irradiated aqueous suspensions of ZnO did not yield any H2 or O2, indicating that gas production 

was indeed a radiation-induced process. The radiolytic production of H2 is linear with respect to the 

absorbed energy, up to the maximum dose delivered in this series of experiments. Each point is an 

average of three measurements taken at the same dose and dose rate.  

It is worth pointing out at this stage that in our previous work on the γ-ray radiolysis of water 

adsorbed on ZnO nanoparticles (i.e. in the solid phase, not slurries), we observed O2 gas in 

comparable amounts to H2.26 However, O2 was not observed in this series of experiments, most likely 

due to the experiments being performed in aqueous solutions, which significantly reduces the 

sensitivity towards O2 gas as compared to detection of gas-phase O2 in the vacuum above a solid 

phase as in our γ-radiation experiments. 

The method displayed to extract G(H2) values, exemplified in Figure 2, is used for various 

concentrations of ZnO to evaluate the variation in G(H2) with the wt% of water. In order to account 

for the discrepancy in G(H2) observed between the experimental data obtained and the accepted 

literature data for deaerated water radiolysis, Figure 3 shows the G value as a fraction of the value 

obtained from deaerated water radiolysis, G(H2) = (Gexp(H2) / 1.65) × 1.20 where Gexp(H2) are the 

experimentally obtained values. 

 

Figure 3 G(H2) values obtained from irradiation of ZnO (5.41 m2/g) slurries from 60-90 wt% water by 5.5 MeV He2+ ions 

(open circles ○) and γ-rays (closed squares ■).26 Due to the discrepancy between the literature and experimental G(H2) 

values for 5.5 MeV ion irradiation of deaerated water, yields are expressed here as a fraction of the experimental values 

obtained for deaerated water, i.e. G(H2) = (Gexp(H2)/1.65)×1.20. The values expected for water with mMol concentrations of 

radical scavenger are shown for 5.5 MeV He2+ ions (solid lines) and γ–rays (dashed lines), respectively. 
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At 80 and 90 wt% water the solution is free flowing in nature, however, at 60 and 70 wt% the sample 

becomes much more like a paste and is difficult to stir. The large error associated with the data points 

at 60 and 70 wt% water in Figure 3 arises from this changing composition. Therefore, the 

investigation was limited to 60-90 wt% water as the sample becomes significantly harder to stir as the 

amount of ZnO increases. Because at lower wt% in water, the sample is less homogeneous in nature, 

even when stirred vigorously, and energy deposition into the sample cannot be assumed to be even. 

The diffusion of reactive species away from the radiation track may also be affected as the reactive 

species are more likely to interact with oxide particles as the wt% of water decreases due to the 

increased probability of radiolysis products encountering metal oxide particles. 

The penetration depth of the ion beam into an aqueous sample of this nature is of the order of 

micrometres calculated using the SRIM (Stopping Range of Ions in Matter) software package.27,32,33 

For the aqueous sample containing ZnO, the penetration depth was determined to be ∼44 µm. If the 

sample was left un-agitated, the spot in contact with the mica window would become ‘baked’ (i.e. the 

oxide could be dried onto the sample cell window) as it would receive the entire dose of the 

irradiation. Therefore, to achieve roughly uniform irradiation and to avoid a small volume receiving a 

disproportionately high dose, there must be continuous, rapid mixing of the solution. This can be 

tested by varying the speed of the magnetic stirrer and observing the yield response. Once there is no 

further variation in yield with increased stirrer speed, the solution is considered to be mixed 

adequately to assume an even dose distribution. 

The proximity of the G values to those observed for deaerated water indicate that there is little energy 

transfer occurring from the oxide to the solvating water. However, this does not explain the reduction 

in G(H2) observed at 90 wt% water. 

Figure 3 also shows the G(H2) values for the γ-ray radiolysis of 20-98 wt% water. The error 

associated with the γ-ray experiments is smaller compared to He2+ irradiation, presumably due to the 

more even dispersion of radiation throughout the sample. The dashed line in Figure 3 displays the 

G(H2) value obtained from the γ-ray radiolysis of water containing mMol amounts of a radical 

scavenger such as a Br- ions. Radical scavengers, in effect, protect H2 being consumed by 
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preferentially reacting with the OH. radical (the primary H2 consuming species). For γ-radiolysis, this 

results in an increase in G(H2) from 0.20 (without scavenger) to a more realistic value of 0.45 

molecules/100 eV with the radical scavenger. However, during heavy ion irradiation, this effect is not 

observed. Due to the significantly higher LET of heavy ions, far fewer OH radicals or hydrated 

electrons are formed from α-radiation compared to γ-rays, hence the Br- ions have fewer species to 

react with, resulting in similar radiolytic yields in the absence or presence of bromides during α-

irradiation (while yields for γ-irradiation differ far more depending on the presence or absence of 

scavengers). 

Greater LET radiation results in greater radiolytic yields of H2 as fewer radical species are produced 

per volume element, hence there are fewer H2 consuming species present (i.e. fewer OH radicals). 

Therefore, it is expected that G(H2) value is greater for He2+ irradiation than γ-radiolysis. However, 

the G(H2) values were lower than one would expect if energy transfer from the ZnO particles into the 

adsorbed water was occurring as the maximum observed G value (1.36 molecules/100 eV) is close to 

the value observed for deaerated water radiolysis. 

The reduction in G value at 90 wt% water may be due to the size of the nanoparticles used, in this 

case ~270 nm particle diameter. If the energy transfer is occurring from the oxide, excitons or excess 

electrons formed in large particles may not reach the interface before quenching. Alternatively, 

excited species formed away from oxide particles, at a diffusion controlled rate, may react with other 

radiolytic species before reaching an oxide particle for reaction, an effect observed in the radiolysis of 

water with silica (SiO2) nanoparticles.34 However, this does not explain the reduced G(H2) at 90 wt% 

water, nor can an explanation be offered for the increase in G(H2) from 70 to 80 wt% water. There is 

limited literature data on similar experiments with other oxides, but to overcome the aforementioned 

uncertainties in experimental data, and despite the experimental difficulties associated with α-

irradiation, we would encourage more research into the α-radiation catalytic effects on water in the 

presence of metal oxides.35,36,37  

4. Conclusions 
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We here describe the variation in radiolytic yields of H2 from the irradiation of a range of aqueous 

suspensions of ZnO varying from 60 wt% to 90 wt% water. Radiolysis was induced using 5.5 MeV 

He2+ ions, and the gaseous products generated were analysed using an in-line gas chromatography 

setup. 

The maximum G(H2) value observed was 1.36 molecules/100 eV however at 80 wt% water, while the 

G value was roughly the same as the value for deaerated water at 70 and 60 wt% water. G(H2) 

appeared to be lower than the G value for deaerated water at 90 wt% H2O at 0.86 molecules/100 eV. 

H2 yields were greater than those observed in the γ-ray radiolysis of 60-90 wt% water systems, which 

is expected due to the LET effect, but not as high as expected when compared with the value for α-

particle radiolysis of pure water. 

H2 yields were roughly similar to pure water radiolysis at 60 and 70 wt% water indicating the same 

magnitude of G value enhancement does not occur with α-particles compared to γ-rays, however, this 

could be an LET effect. The production of O2 was not observed in these experiments which is 

consistent with the γ-ray radiolysis of aqueous ZnO systems. That is not to say O2 is not produced, but 

any molecular oxygen that may form could become solvated in the surrounding water. 
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