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ABSTRACT

Careful manipulation of plutonium oxidation states is essential in the study and utilization of its

rich redox chemistry. To achieve this level of control, a comprehensive mechanistic understanding of

radiation-induced plutonium redox chemistry is critical due to the unavoidable exposure of plutonium to

ionizing radiation fields, both inherent and from in-process applications. To this end, we have developed

an experimentally evaluated multi-scale computer model for the prediction of gamma radiation-induced

Pu(IV) redox chemistry in concentrated nitric acid solutions (1.0, 3.0, and 6.0 M). Under these acidic,

aqueous solution conditions, cobalt-60 gamma irradiation afforded marginal net conversion of Pu(IV) to

Pu(VI), the extent of which was dependent on the concentration of HNO3 and absorbed gamma dose.

Multi-scale calculations, which are in excellent agreement with experimental data, indicate that this

observation is due to a combination of inherent plutonium disproportionation reactions and several

radiation-induced processes, including: redox cycling between Pu(IV) and Pu(III), as achieved by the

reduction of Pu(IV) by nitrous acid and hydrogen peroxide, and the oxidation of Pu(III) by nitrate and

hydroxyl radicals; and the sequential oxidation of Pu(IV) to Pu(V) and Pu(VI) by the remaining available

yield of nitrate radicals.

INTRODUCTION

Plutonium (Pu) plays a key role in global actinide research, and over the last 70 years it has been

integral in the development of several technologies that have changed the world, including atomic

weapons, nuclear fission power reactors, and radioisotope thermoelectric generators for space
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exploration.1-3 Despite the importance of these technologies, our fundamental understanding of plutonium

chemistry is still far from complete, a testament to this element’s unique and complex properties.2, 4 One

such characteristic is plutonium’s ability to coexist as multiple oxidation states in aqueous solution:5

Pu4+ + PuO2
+ Pu3+ + PuO2

2+, (1)

a consequence of the redox potentials of its tri- (Pu(III)/Pu3+), tetra- (Pu(IV)/Pu4+), penta- (Pu(V)/PuO2
+),

and hexa- (Pu(VI)/PuO2
2+) oxidation states being very similar (E° ~ 1 V).1 The overall equilibrium shown

in Eq. 1 is achieved through a series of non-elementary reactions involving these plutonium oxidation

states and various solvent and solute molecules.2, 4

This distinctive chemical behavior is further complicated in radiation environments, such as those

arising from plutonium’s inherent nuclear instability. The absorption of ionizing radiation by an aqueous

solution leads to water radiolysis (Eq. 2) and the formation of several redox active species:6

H2O eaq
–, H•, •OH, H2O2, H2, Haq

+, (2)

specifically, the reducing hydrated electron (eaq
–, E° = –2.9 V) and hydrogen atom (H•, E° = –2.3 V), the

strongly oxidizing hydroxyl radical (•OH, E° = +2.7 V), and hydrogen peroxide (H2O2), which can act as

both an oxidant and a reductant depending on solution conditions.6 These reactive radiolysis products

have the capacity to promote changes in the oxidation state distribution of plutonium ions in aqueous

solution, as demonstrated by time-resolved chemical kinetic measurements for several plutonium

oxidation states.7 These radiation-induced redox reactions can lead to unanticipated chemical reactivity

and ultimately complicate attempts to understand, control, and predict plutonium chemistry in the

condensed phase.

Despite these implications, few steady-state irradiation studies can be found in the literature, and

these are essentially limited to the impact of plutonium oxidation states on the yields of radiolysis

products accompanied by mechanistic speculation.8-21 Although these data have been useful for the

construction of empirical and stochastic models, they are insufficient for the development of a predictive,

mechanistic, multi-scale model. Multi-scale models for radiation effects are important as they capture the

fundamental chemistry of an irradiated system from the point of energy deposition, through the lifetime of

the non-homogeneous radiation track (microseconds in water), and into homogenous bulk solution

(steady-state). The radiation-induced chemistry occurring in each of these time regimes is distinctly

different and can be influenced by the presence of solutes.22 Such predictive models can provide

significant fundamental insight into the underlying mechanisms of an irradiated system.23-25 For example,

multi-scale computer models have been developed and successfully used to interpret and predict

radiation-induced changes in the oxidation state distribution of plutonium’s adjacent neighbors,

neptunium and americium, in aqueous nitric acid (HNO3) solutions26, 27—the prototypical solvent for
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actinide manipulations in nuclear fuel cycle technologies. The reported calculations accurately reproduced

experimental behavior and confirmed the fundamental radiation-induced mechanisms responsible for the

observed changes in the oxidation state distribution of both actinides. These multi-scale models ultimately

provided much needed direction for the development of real-world actinide separations strategies and

technologies.

To date, no such radiation chemistry modeling capability exists for plutonium in aqueous solution.

In comparison to the aforementioned neptunium and americium studies, wherein up to two chemically

active oxidation states were present at a given time, plutonium’s multiple, coexisting, and chemically

active oxidation states, which comprise of bare ions and dioxo cations (Eq. 1), provide additional redox

pathways that can complicate radiation-induced competition kinetics.7 Consequently, comprehensive

fundamental knowledge in this area is essential for the advancement of plutonium science. To this end,

we present the first ever multi-scale computer model for the radiation-induced chemistry of Pu(IV) in

aqueous HNO3 solutions (1.0, 3.0, and 6.0 M) experimentally supported by new data from complimentary

cobalt-60 gamma irradiation experiments.

MATERIALS AND METHODS

Caution! The plutonium-239 (τ1/2 = 24,110 years, Eα = 5.20 MeV) solutions used in this work were

radioactive. Handling was performed in dedicated radiological and nuclear facilities using well-

established radiological safety protocols.

Chemicals. Calcium nitrate (Ca(NO3)2, ≥ 99.0%), hydrochloric acid (HCl, ≥ 99.999% trace metals basis),

L-ascorbic acid (≥ 99.0%), nitric acid (HNO3, ≥ 99.999% trace metals basis), sodium hydroxide (NaOH,

50% in H2O), sodium nitrite (NaNO2, ≥ 99.999% trace metals basis), and potassium oxalate (K2C2O4,

99% ACS reagent) were supplied by MilliporeSigma (Burlington, MA, USA). Sodium bismuthate

(NaBiO3, 93% ACS grade) was procured from Chemsavers (Bluefield, VA, USA).

Plutonium Sample Preparation. On hand plutonium-239 stock solutions at the Idaho National

Laboratory (INL) Radiochemistry Laboratory were concentrated in HNO3 media using Eichrom

Technologies (Lisle, Illinois, USA) TEVA columns. The initial aqueous plutonium solutions were

adjusted to 3.0 M HNO3 and 0.1 M NaNO2 prior to loading onto the TEVA column. Once loaded, the

column was flushed sequentially with 10 mL of 3.0 M HNO3 and 10 mL of 6.0 M HCl to remove the

background electrolyte and any impurities in the plutonium stock solution. The plutonium was then eluted

from the column with 10 mL of 1.0 M HCl. Following this pre-concentration step, the resulting Pu/HCl

stock solution was then passed through an AG1-X8 (100-200 mesh) anion exchange resin column to

exchange the background chloride anion electrolyte for nitrate ions (NO3
–). The AG1-X8 column was

first rinsed with 25 mL 2.0 M HNO3 to convert to the NO3
– form. The column was then conditioned by
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rinsing with 25 mL 3.5 M (Ca(NO3)2 in 2.0 M HNO3.28 The Pu/HCl stock was modified by adjusting the

solution sequentially to 3.5 M Ca(NO3)2, 0.2 M L-ascorbic acid (for reduction to Pu(III), 0.25 M NaNO2

(for subsequent oxidation to Pu(IV)), and 2.0 M HNO3, and then loaded onto the column. The column was

then washed with 50 mL 3.5 M Ca(NO3)2 in 2.0 M HNO3 to remove all impurities, and the 239Pu was then

recovered by eluting with 30 mL of 0.35 M HNO3 (60 °C) into a concentrated aqueous HNO3 reservoir.

The Pu/HNO3 eluent was then concentrated by reducing the volume to ~5.5 mL through gentle heating.

The final Pu concentration was characterized by quantitatively oxidizing a diluted aliquot of

Pu(IV)/HNO3 with NaBiO3 and then measuring the optical absorbance of Pu(VI) at λmax = 830 nm (ε =

118 M–1 cm–1)29 using an Agilent Technologies (Santa Clara, CA, USA) Cary-6000i UV-vis-nIR

spectrophotometer. The concentration of plutonium determined in this way was 10.65 mM. The final

concentration of HNO3 in the concentrated Pu(IV)/HNO3 eluent was also determined. This involved

adding 0.092 µL of the Pu(IV)/HNO3 eluent to 20 mL of 1.0 M K2C2O4 at pH 7 and then titrating with 0.1

M NaOH solution to determine a HNO3 concentration of 6.111 ± 0.068 M. The characterized

Pu(IV)/HNO3 eluent was then used to prepare all subsequent solutions irradiated in this study by serial

dilution.

Table 1. Wavelengths and molar extinction coefficients used in the calculation of plutonium oxidation state concentrations from
optical spectra as a function of absorbed gamma dose. Molar extinction coefficients were sourced from references.29, 30

Oxidation state (λmax)
Molar extinction coefficient (ε, M–1 cm–1)

1.0 M HNO3 3.0 M HNO3 6.0 M HNO3

Pu(IV) (475 nm) 81 80 79

Pu(VI) (830 nm) 117 117 118

Gamma Irradiations. Cobalt-60 (τ1/2 = 5.27 years, Eγ1 = 1.17 MeV and Eγ2 =1.33 MeV) gamma

irradiations were performed using the INL Center for Radiation Chemistry Research Nordion (Ottawa,

Canada) Gammacell 220E Cobalt-60 irradiator. Samples for irradiation comprised of 1.0 mL of

Pu(IV)/HNO3 solution sealed in 1.0 cm optical pathlength, screwcap sealed, Spectrosil quartz, semi-

micro, Starna Scientific Ltd. (Ilford, United Kingdom) cuvettes. Sample cuvettes were loaded three at a

time into a glass beaker positioned at the center of the gamma irradiator chamber, exposed to the

instrument’s gamma radiation field for approximately 20 hours, and then analyzed for changes in the

oxidation state distribution of Pu(IV) using a collocated Agilent Technologies Cary-6000i UV-vis-nIR

spectrophotometer. These spectra are given in Figures S1–S3 in the Supplementary Information (SI).

Gamma irradiation dose rates were determined by Fricke solution dosimetry 31 corrected for the

decay of cobalt-60 and HNO3 solution density vs. water, affording an average dose rate of 35.2 Gy min–1,

and a total dose of up to 4.8 kGy. Following baseline corrections, the concentration of Pu(IV) and Pu(VI)

were calculated using the wavelength and molar extinction coefficients (ε) summarized in Table 1. No
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other plutonium oxidation states were identified in the absorbance spectra.

Complimentary controls were also run, in which non-gamma-irradiated Pu(IV)/HNO3 samples were

analyzed repeatedly over a 24-hour period to determine the extent of any thermal-chemistry-driven

changes on the oxidation state distribution of plutonium. These controls also accounted for the very minor

(2–6 Gy) alpha radiolysis contribution from the natural decay of 239Pu and its daughter nuclides. The

absorption spectra for these experiments are given in Figures S4–S6 in the SI.

Multi-Scale Computer Model Calculations. Monte Carlo radiation track structure32, 33 and independent

reaction times (IRT)34 models were used in conjunction with a deterministic reaction kinetics model22 to

determine the gamma radiation-induced redox chemistry of plutonium in aqueous HNO3 solutions (1.0,

3.0, and 6.0 M). Radiation track structure simulations were performed for aerated ([O2] = 0.25 mM),

aqueous HNO3 solution conditions to calculate representative radiolytic yields for each solution

permutation, as summarized in Table S1. To account for the minor alpha radiolysis contribution from the

decay of 239Pu, alpha radiation track yields were also derived from an array of alpha particle energies (0.1

to 6.0 MeV) and subsequently integrated to 5.20 MeV, given in Table S2. The calculated stochastic

radiation track yields for water radiolysis were used, in conjunction with direct effect yields for HNO3

radiolysis from the literature,35 as input parameters in a deterministic reaction kinetics model. The

contribution of each set of radiolysis yields was varied by the respective electron fractions of water, NO3
–,

and HNO3 for the investigated 1.0, 3.0, and 6.0 M HNO3 systems. The deterministic model was solved

using the FACSIMILE modelling software package (MCPA Software Ltd., Swan Lane Faringdon, UK).36

A complete description of this multi-scale modeling methodology has been previously discussed.22 The

chemical reaction kinetics employed by this modelling formulism used existing reaction schemes for

water and HNO3 radiolysis,6, 22, 37, 38 in addition to supplementary plutonium + radiolysis product reactions

and plutonium equilibria given in Tables 2 and 3, respectively.7
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Table 2. Supplementary plutonium + radiolysis product reaction rate coefficients used in the presented multi-scale model.

Chemical reaction* Rate coefficient (k, M−1 s−1) Reference

Pu3+ + H Pu4+ + H– 1.0 106 39

Pu3+ + OH Pu4+ + OH– 4.2 108 40

Pu3+ + NO3
 Pu4+ + NO3

– 2.5 108 41

Pu3+ + H2O2 Pu4+ + OH + OH– 5.5 10–2 16

Pu3+ + N2O4 Pu4+ + NO2
 + NO2

– 1.0 10–3 42

Pu4+ + H Pu3+ + Haq
+ 2.0 107 39

Pu4+ + NO3
 + 2H2O PuO2

+ + NO3
– + 4Haq

+ 1.0 104 43

Pu4+ + H2O2 Pu3+ + HO2
 + Haq

+ 0.1 13

Pu4+ + HNO2 Pu3+ + NO2
 + Haq

+ 3.3 10–2 20

PuO2
+ + NO3

 PuO2
2+ + NO3

– 1.0 107 43

PuO2
2+ + H PuO2

+ + Haq
+ 2.0 108 39

PuO2
2+ + H2O2 PuO2

+ + HO2
 + Haq

+ 6.2 10–3 9

PuO2
2+ + HNO2 PuO2

+ + NO2
 + Haq

+ 3.0 10–2 20
* Under the acidic conditions employed here, the plutonium + eaq

– reactions were not included. The eaq
– is completely scavenged

by NO3
– and Haq

+ ions 44, 45 as evident from the calculated G-values given in Tables S1 and S2.

Table 3. Plutonium equilibrium constants at 1 M ionic strength used in the presented multi-scale model.

Chemical equilibria Equilibrium constant (I = 1 M)46

2Pu4+ + 2H2O Pu3+ + PuO2
+ + 4Haq

+ 6.97 10–4

Pu4+ + PuO2
+ Pu3+ + PuO2

2+ 13.228

RESULTS AND DISCUSSION

Under the acidic, aqueous HNO3 solution conditions investigated here, cobalt-60 gamma irradiation

afforded only small changes in the initial steady-state redox distribution of plutonium, which initially

consisted primarily of Pu(IV) with between approximately 14–17% Pu(VI), as shown in Fig. 1–3 for 1.0,

3.0, and 6.0 M HNO3, respectively. These data were surprising given our previous findings for neptunium

and americium ions,26, 27, 47, 48 and the existence of experimentally determined chemical kinetics for the

reaction of several plutonium oxidation states with aqueous HNO3 radiolysis products (Table 2). The

gamma irradiation of plutonium in these concentrated HNO3 solutions was expected to promote the

quantitative conversion of Pu(IV) into a steady-state mixture of Pu(III) and Pu(VI) via H2O2/HNO2

reduction and OH/NO3
 radical oxidation processes, respectively. Further interrogation of these data by
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our multi-scale modeling methods provided greater insight into the apparent resilience of these plutonium

systems to steady-state radiation-induced changes in redox distribution.

Fig. 1. (A) Concentration of Pu(IV), Pu(VI), and significant (≥ 1 μM) radiolysis products as a function of absorbed dose from the
gamma irradiation of plutonium in aerated, aqueous 1.0 M HNO3 solution. Open symbols were determined by plutonium mass
balance. Solid curves are predicted values from multi-scale modeling calculations. (B) Cumulative reaction output model
predictions as a function of absorbed gamma dose for the irradiation of plutonium in aerated, aqueous 1.0 M HNO3, showing
radiation-induced reactions with cumulative outputs ≥ 1 μM.

For the gamma irradiation of plutonium in 1.0 M HNO3 solution, calculations predicted the

accumulation of HNO2
†, the growth and consumption of H2O2

†, and a small net conversion of Pu(IV) into

Pu(VI) (~11.2% conversion by 4.2 kGy), as shown in Fig. 1A. Analysis of the underlying radiation-

driven plutonium reactions—expressed as cumulative reaction outputs vs. absorbed gamma dose in Fig.

1B—show that Pu(IV) is transiently reduced to Pu(III) by its reactions with H2O2 and HNO2.

Additionally, Pu(IV) is also predicted to be transiently oxidized, albeit to a lesser extent, to Pu(V). The

oxidation of Pu(IV) is in competition with the scavenging of NO3
 radicals by Pu(III), which scavenges

~95% of the available NO3
• radical yield under the investigated conditions. The remaining ~5% partially

accounts for the net accumulation of Pu(VI) via the oxidation of Pu(V). These radiation-induced

processes are augmented by the equilibria given in Table 2, ultimately allowing for the Pu(III)-mediated

redox cycling mechanism to quantitatively reform Pu(IV), and the net accumulation of Pu(VI). These

findings are consistent with our steady-state observations (Fig. 1A).

When the concentration of HNO3 was increased to 3.0 and then 6.0 M, the overall trend in

plutonium ion redox distribution with absorbed gamma dose was generally the same as for irradiation in

1.0 M HNO3, i.e., redox cycling between Pu(IV) and Pu(III), with a small fraction oxidized to Pu(VI).

However, there are subtle differences in the underlying mechanisms, in particular the predicted ingrowth

of Pu(III) and Pu(V).

† Experimental determination of HNO2 and H2O2 was not possible in this study as their absorption profiles were masked by the
spectra of the plutonium oxidation states present.
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For gamma irradiation in 3.0 M HNO3 (Fig. 2), the radiation-induced chemistry of plutonium is

dominated by: the oxidation of Pu(III), Pu(IV), and Pu(V) by NO3
• radicals; the reduction of Pu(IV) and

Pu(VI) by HNO2; and the reduction of Pu(IV) by H2O2, as shown in Fig. 2B. Again, the equilibria in

Table 3 provide a critical role in the redistribution of plutonium oxidation states during the irradiation.

Loss of the •OH radical-driven Pu(III) oxidation pathway is a consequence of the scavenging of •OH

radicals by undissociated HNO3 (HNO3 NO3
– + Haq

+, pKa ~ 1.37):49-51

•OH + HNO3 H2O + NO3
• k3f = 1.9 × 107 M–1 s–1,

k3b = 300 M–1 s–1, (3)

which affords a concomitant increase in the available yield of NO3
• radicals for reaction with plutonium

ions (Table 2) 15.

Fig. 2. (A) Concentration of Pu(IV), Pu(VI), and significant (≥ 1 μM) radiolysis products as a function of absorbed dose from the
gamma irradiation of Pu(IV) in aerated, aqueous 3.0 M HNO3 solution. Open symbols were determined by mass balance. Solid
curves are predicted values from multi-scale modeling calculations. (B) Cumulative reaction output model predictions as a
function of absorbed gamma dose for the irradiation of Pu(IV) in aerated, aqueous 3.0 M HNO3 solution, showing radiation-
induced reactions with cumulative outputs ≥ 1 μM.

The contribution of HNO2 to the overall reduction of Pu(IV) becomes greater than that afforded by H2O2.

The re-ordering of reduction reaction importance is due to a decrease in the radiolytic yield of H2O2 with

increasing HNO3 concentration (Table S1 and S2). This effect is the consequence of a combination of

radiation track scavenging reactions, such as Eq. 3, and the decreasing electron fraction of H2O (0.82 in

3.0 M HNO3 vs. 0.94 in 1.0 M HNO3), which ultimately reduces the available yield of H2O2 for reaction

with plutonium ions (Table 1) and HNO2:52, 53

H2O2 + HNO2 ONOOH + H2O k4f = 7.17 × 105 M–1 s–1,

k4b = 300 M–1 s–1. (4)

Furthermore, less Pu(VI) is accumulated (~1.1% conversion by 4.2 kGy) because of the change in acidity

in going from 1.0 to 3.0 M HNO3, which shifts the position of the equilibria in Table 3. This effect is
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evident from the relative contribution of each equilibrium reaction to the total formation of Pu(VI)/Pu(III)

shown in Fig. 2B. Interestingly, model predictions indicate the formation of a low, steady-state

concentration of Pu(III) and Pu(V) (1.2 and 11.1 μM by 4.2 kGy, respectively), the summation of which

is shown in Fig. 2A. The accumulation of these two oxidation states could not be quantified from the

corresponding absorption spectra (Fig. S2). However, the plutonium mass balance for this system

provided experimental support for these predictions, as up to 27 mM could not be accounted for by

Pu(IV) and Pu(VI). The predicted accumulation of Pu(III) and Pu(V) is another consequence of the shift

in the equilibria in Table 3 with increasing HNO3 concentration.

In 6.0 M HNO3 (Fig. 3), the contribution of H2O2 to plutonium ion redox chemistry is further

diminished. We find that under these concentrated HNO3 conditions the radiation-induced redox

chemistry of plutonium is dominated by three processes: the reduction of Pu(IV) and Pu(VI) by HNO2,

and the oxidation of Pu(III) by NO3
• radicals to regenerate Pu(IV), as shown in Fig. 3B. These underlying

mechanisms, in combination with the equilibria in Table 3, again, afford the gradual accumulation of

Pu(VI) (~1.4% conversion by 4.6 kGy).

Figure 3. (A) Concentration of Pu(III)/Pu(V), Pu(IV), Pu(VI), and significant (≥ 1 μM) radiolysis products as a function of
absorbed dose from the gamma irradiation of Pu(IV) in aerated, aqueous 6.0 M HNO3 solution. Open symbols were determined
by mass balance. Solid curves are predicted values from multi-scale modeling calculations. (B) Cumulative reaction output model
predictions as a function of absorbed gamma dose for the irradiation of Pu(IV) in aerated, aqueous 6.0 M HNO3 solution,
showing radiation-induced reactions with cumulative outputs ≥ 1 μM.

As with in the 3.0 M HNO3 system, calculations again predict the accumulation of Pu(III) and Pu(V)

(15.1 and 10.5 μM by 4.7 kGy, respectively). The relatively higher yield of predicted Pu(III) is primarily

due to the significant decrease in the radiolytic yield of H2O2 (Table S1), which in turn inhibits Eq. 4.

These conditions afford a greater available yield of HNO2 that promotes more extensive Pu(IV)/Pu(VI)

reduction as compared to the 1.0 and 3.0 M HNO3 systems.

In light of the predicted accumulation of Pu(III) and Pu(V) in these concentrated HNO3 systems,

larger gamma doses will be investigated in the future to determine whether a greater steady-state yield can
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be attained and quantified to further validate our model’s predictions.

CONCLUSIONS

A multi-scale model has been developed and used to elucidate the fundamental gamma radiation-

induced behavior of plutonium ions in concentrated aqueous HNO3 solutions (1.0, 3.0, and 6.0 M).

Excellent agreement was achieved between calculation and experiment for all solution permutations by

using previously determined reaction kinetics rate coefficients. Gamma irradiation of the predominantly

Pu(IV) solutions afforded negligible (<12%) steady-state changes in the redox distribution of the present

plutonium oxidation states. These observations were computationally demonstrated to be a consequence

of redox cycling between Pu(IV) and Pu(III), as mediated •OH/NO3
• radical oxidation of Pu(III), and

H2O2/HNO2 driven reduction of Pu(IV). Additionally, the gradual net accumulation of Pu(VI) was

facilitated by the oxidation of Pu(V) by the NO3
 radical and Pu(IV) mediated. These radiation-induced

process were found to be augmented by plutonium equilibria, which were predicted to facilitate the

additional accumulation of Pu(III) and Pu(V) with increasing HNO3 concentration.

The presented data and multi-scale model calculations predominantly account for the effects of low

linear energy transfer (LET) radiation (beta and gamma) on the oxidation state distribution of plutonium.

As such, these findings are applicable to the self-irradiation of specific plutonium isotopes (e.g., 241Pu τ1/2

= 14.35 years, Eβ = 20.82 keV) and the presence of plutonium ions in radiation environments containing

beta/gamma emitting radioisotopes, such as in nuclear waste reprocessing solvent systems and storage

tanks. However, the extent of radiation effects on oxidation state distribution of plutonium ions are

expected to be strongly dependent on radiation quality (type and energy), which dictates LET and thus,

the separation of energy transfer events in a radiation track.54 As LET is increased the yields of radical

radiolysis products (e.g., NO3
 and OH radicals) decrease with a concomitant increase in molecular

radiolysis product yields (e.g., HNO2 and H2O2), as demonstrated by the G-values in Tables S1 and S2.

Therefore, a much higher steady-state concentration of Pu(III) is expected under alpha irradiation

conditions, such as from the natural decay of 239Pu (τ1/2 = 24110 years, Eα = 5.24 MeV), which would

have significant implications on plutonium redox distribution and chemistry. Consequently, follow on

alpha irradiation studies are underway.
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