
applied  
sciences

Article

Photon-In/Photon-Out X-ray Free-Electron Laser Studies
of Radiolysis

Linda Young 1,2,* , Emily T. Nienhuis 3 , Dimitris Koulentianos 1 , Gilles Doumy 1 , Anne Marie March 1 ,
Stephen H. Southworth 1 , Sue B. Clark 3,4 , Thomas M. Orlando 5 , Jay A. LaVerne 6 and
Carolyn I. Pearce 3,7,*

����������
�������

Citation: Young, L.; Nienhuis, E.T.;

Koulentianos, D.; Doumy, G.;

March, A.M.; Southworth, S.H.;

Clark, S.B.; Orlando, T.M.;

LaVerne, J.A.; Pearce, C.I.

Photon-In/Photon-Out X-ray

Free-Electron Laser Studies of

Radiolysis. Appl. Sci. 2021, 11, 701.

http://doi.org/10.3390/app11020701

Received: 23 December 2020

Accepted: 11 January 2021

Published: 13 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Chemical Sciences and Engineering Division, Argonne National Laboratory, Lemont, IL 60439, USA;
koulentianos@anl.gov (D.K.); gdoumy@anl.gov (G.D.); amarch@anl.gov (A.M.M.);
southworth@anl.gov (S.H.S.)

2 Department of Physics and James Franck Institute, The University of Chicago, Chicago, IL 60637, USA
3 Pacific Northwest National Laboratory, Richland, WA 99354, USA; emily.nienhuis@pnnl.gov (E.T.N.);

sue.clark@pnnl.gov (S.B.C.)
4 Department of Chemistry, Washington State University, Pullman, WA 99164, USA
5 Georgia Institute of Technology, School of Chemistry and Biochemistry, Atlanta, GA 30332, USA;

thomas.orlando@chemistry.gatech.edu
6 Radiation Laboratory and Department of Physics, University of Notre Dame, Notre Dame, IN 46556, USA;

jay.a.laverne.1@nd.edu
7 Department of Crop and Soil Sciences, Washington State University, Pullman, WA 99164, USA
* Correspondence: young@anl.gov (L.Y.); carolyn.pearce@pnnl.gov (C.I.P.)

Abstract: Understanding the origin of reactive species following ionization in aqueous systems is an
important aspect of radiation–matter interactions as the initial reactive species lead to production of
radicals and subsequent long-term radiation damage. Tunable ultrafast X-ray free-electron pulses
provide a new window to probe events occurring on the sub-picosecond timescale, supplementing
other methodologies, such as pulse radiolysis, scavenger studies, and stop flow that capture longer
timescale chemical phenomena. We review initial work capturing the fastest chemical processes
in liquid water radiolysis using optical pump/X-ray probe spectroscopy in the water window and
discuss how ultrafast X-ray pump/X-ray probe spectroscopies can examine ionization-induced
processes more generally and with better time resolution. Ultimately, these methods will be applied
to understanding radiation effects in complex aqueous solutions present in high-level nuclear waste.

Keywords: X-ray pump/X-ray probe; X-ray free-electron laser; water radiolysis; high-level nu-
clear waste

1. Introduction

Understanding the elementary steps following ionization in aqueous systems will
provide a framework for radiation–matter interactions in chemistry and biology. It is of
central importance for radiobiological physics and chemistry and impacts cancer therapies,
space travel, nuclear reactors, and environmental management [1,2]. Impact of an ionizing
particle (X-ray, gamma, ion) leads to ejection of energetic primary electrons, followed by
inelastic and non-adiabatic processes that produce highly damaging slower secondary
electrons during the so-called physical and physico-chemical stages, that is, within a time
scale of 10−12 s [1]. During these stages, reactive radical species are produced, e.g., the
hydrated electron [3,4] and the chemically aggressive hydroxyl radical [5,6]. These radical
species as well as H atoms and the molecular products H2 and H2O2 will undergo reactions
amongst themselves and with any added solutes, interfaces, etc. in the subsequent chemical
stage to induce radiation damage that may not be manifest until even decades following
the initial passage of the ionizing radiation. Although these latter reactions are nominally
the observed outcome of radiolysis, it is the very fast processes on the sub-picosecond time
scale that initiate this radiation damage.
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Most studies in the ultrafast physico-chemical time regime of liquid water radiolysis
have focused on the hydrated electron as summarized in a recent comprehensive review [4].
The primary ionization produces H2O+ and a quasifree electron. Only recently has the
elementary proton transfer reaction H2O++H2O→ H3O+ + OH, which occurs in ∼50-fs
to produce the hydroxyl radical, been observed [5]. Generally speaking, experimental
data probing the mechanisms of more complex chemical reactions on ultrafast timescales
are extremely limited, despite being critical input for modeling of radiation chemistries,
particularly in condensed phases.

Inner-shell vacancy decay represents a first step in radiation chemistries and in the
condensed phase differs significantly from that of isolated atoms in the gas phase, where
non-radiative Auger decay and fluorescence are well characterized. Following theoretical
predictions [7] for inner-valence excitation, studies of gas-phase clusters have revealed a
novel, non-local decay mechanism, Intermolecular Coulombic Decay (ICD) first in neon
and water dimers [8,9]. In ICD, when the energy of the initially created hole is greater than
the double ionization potential of the system, energy transfer following Auger-decay can
eject an “ICD” electron from the neighbor of the originally excited molecule, leading to a
Coulomb explosion and slow electrons that can be captured in coincidence with recoiling
ions. Studies with larger clusters suggest that the propensity toward non-local decay
increases with size [10].

Extensions to condensed phases have been pioneered using electron spectroscopy in
liquid microjets by Winter and co-workers [11,12] and have been initiated by core level
ionization. These studies have revealed other non-local decay mechanisms, e.g., electron
transfer mediated decay (ETMD). Static electron spectroscopy measurements identified
ETMD and ICD by lineshape analysis-observing subtle changes in Auger spectra and
inferring time resolution using the internal Auger clock, ∼4 fs for the oxygen 1 s hole.
For example, comparison of the Auger spectra of normal and heavy water revealed that the
inner-shell triggered autoionization processes are affected by proton transfer (OH stretching
frequency is ∼9 fs) [13]. It was noted that the experimental spectra alone provided limited
insight into the type of the relaxation processes contributing to the spectrum, and no
information on their relative efficiencies could be inferred because the kinetic energy
released in the different relaxation channels is similar—ab initio theoretical calculations
are essential for interpretation. It was shown that ICD occurs at condensed interfaces
containing water by examining the protonated water cluster ion, kinetic energy release,
and threshold production energy. The latter was correlated with s-shell ionization of rare
gas partners. Though these experiments could clearly reveal the occurrence of ICD in
complex condensed phase targets, they could not determine the time scales of the proton
transfer step vs. the initiating ICD event [14]. In general, the temporal evolution of the
transient species can not be extracted from static experimental spectra [15].

Going beyond static photoelectron spectroscopy, one may consider time-resolved pho-
toelectron spectroscopy (TRPES) to probe atom-specific mechanistic details of ionization-
induced reactions in solution. Such studies have focused on the hydrated electron, where
the modest vertical binding energy (VBE) of ∼3.5 eV allows detection in both the ground
and excited states of e−(aq) with readily available UV probes. As done previously for non-
time-resolved studies of ICD [8,9], water cluster species introduced into vacuum in concert
with ion/electron detection are often used to approximate bulk behavior [16–20]. TRPES
studies in solution phase are challenging due to difficulties associated with introducing liq-
uid jets [21] into the vacuum environment required by photoelectron spectrometers—space
charge, electron escape depth issues render experimental realization and interpretation,
respectively, a challenge [22]. The liquid jet studies have also focused on the dynamics of
the hydrated electron; the e−(aq) is created via a photoinduced charge transfer to solvent
(CTTS) from a solute anion (I−,Br−) [23,24] and its dynamics subsequently studied with IR
pump/UV probe spectroscopy with photoelectron detection.

Photon-in photon-out spectroscopies powered by soft X-ray free electron lasers
(XFELs) provide a powerful window into aqueous phase chemical reactions in the physico-
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chemical time domain. Not only is the few femtosecond time regime and the photon energy
to probe inner-shell hole configurations of oxygen, the K-shell absorption edges of carbon
(284 eV), nitrogen (410 eV), oxygen (543 eV) and aluminum (1560 eV) readily accessible,
but the challenging vacuum requirement for photoelectron spectroscopy is markedly re-
duced. A further enabling breakthrough has been the development of stable liquid sheet
jets of micron and sub-micron thickness [25,26]. This combination of soft X-ray XFELs
and the liquid sheet jets has enabled laser-pump/X-ray probe time-resolved absorption
spectroscopy in the soft X-ray water window (280–530 eV) with milliOD sensitivity [5] and
time-resolved resonant inelastic X-ray scattering (RIXS) [6] to study the fastest chemical
processes in water radiolysis.

Here we recap the optical pump/X-ray probe studies of radiolysis in pure liquid water
in Section 2.1. In Section 2.2, we describe the prospects for extending these fundamental
studies to the less “ideal” situation encountered in true radiolysis environments via X-ray
pump/X-ray probe studies. In Section 2.3, we briefly describe methods used at longer
timescales to probe radiolysis products, i.e., pulse radiolysis, scavenger, and stop-flow
methods. In Section 3, we discuss the application to a practical problem of considerable
importance: remediation of high-level nuclear waste (HLW). Finally in Section 4, we
describe the outlook for ultrafast studies of radiolysis with XFELs.

2. Methods

As a prototype of radiation-induced chemical reactions in more complex systems, we
first consider pure water radiolysis as shown in Figure 1. The physico-chemical time regime
is covered primarily by XFEL pump/probe (and optical pump/probe studies, as described
in the introduction). The tabletop optical pump/probe studies have been limited to the
study of the hydrated electron with those in the bulk liquid studies often employing solute
anions to generate e−(aq), though extensions to the soft X-ray transient absorption studies
are becoming feasible as high harmonic sources approach the oxygen K-edge [27–29].
Chemical phenomena occurring on longer timescales are addressed by pulse radiolysis,
scavenger, and stopped flow techniques. The combination of these many methods promise
a comprehensive view of ionization-induced phenomena in complex systems.

Figure 1. Top: Various stages that occur in the radiolysis of water by fast ions or electrons or
energetic photons. Energy loss by the incident radiation to produce ionized or excited states of the
medium is considered to occur in the physical stage that is best described in terms of cross sections.
The relaxation of the medium from a few femtoseconds to about a picosecond is considered the
physico-chemical stage and represents the true beginning of the formation of chemically reactive
species and that can be examined by XFELs. From top to bottom, these processes following ionization
of the water molecule are the proton transfer to produce the OH radical, hydration of the electron,
and dissociative electron attachment. Neutralization of the electron with the water cation or direct
excitation will lead to the excited water molecule followed by two most probable reactions shown.
Reaction scheme and time scales taken from Ref. [30]. Bottom: Techniques used to probe chemical
phenomena at various timescales.
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The physico-chemical stage of the decomposition of pure water is independent of
the radiation type. However, water in confined spaces or with high solute concentrations
can have very different outcomes because of reactions within this time frame. Obviously,
the transient species must be near its reaction site because mass diffusion does not occur
on this timescale. Chemistry occurring on this timescale can be inferred by analysis of
products at longer times, or, preferentially by examination of the variation in the temporal
decay of the transient species using pump/probes technique with XFELs.

2.1. Optical-Pump/X-ray Probe

Understanding the birth and fate of an excess electron in liquid water created by ion-
ization is a longstanding scientific problem addressed by ultrafast pump-probe techniques.
Historically, all-optical techniques in liquid jets were employed using multiphoton [31–33]
or two-photon ionization [34] to inject electrons and/or study the pre-equilibrated hydrated
electron [35,36]. Surprisingly the partner in the initial ionization step, the H2O+ cation has
remained undetected, despite a rigorous UV-pump/broadband UV–Vis probe study, due
to its femtosecond lifetime and unclear spectroscopic signature in the UV/VIS region [37].
To this day, there are many unresolved questions associated with the hydrated electron in
liquid water.

The advent of X-ray free electron lasers with intense, tunable soft X-ray pulses in the
soft X-ray water window presented a new opportunity to probe the dynamics associated
with valence holes created during ionization of water, enabling our recent experiment [5].
The strategy follows our earlier studies using X-rays to probe the residual ion following
following strong-field ionization [38,39]. Our calculations demonstrate a clear signature
for H2O+ and other relevant radiolysis species in the water window Figure 2. The absorp-
tion resonances in the gas phase for the four species associated with elementary proton
transfer: H2O+ + H2O→ OH + H3O+ were calculated with 6-311(2+,+)G(2df,p) basis with
uncontracted core (oxygen) using fc-cvs-EOM-CCSD [40]. We used strong-field ionization
in water (800 nm, 2× 1013 W/cm2) [41] to impulsively eject an electron along the field po-
larization axis to a radius of 35 Å. The ejected electron ultimately equilibrates in a spherical
solvent cavity of 3 Å in an s-like ground state within 1 ps. Prior to the equilibration of the
hydrated electron, dynamics of the valence hole was probed with a delayed monochromatic
X-ray pulse (τX = 20 fs, ∆EX = 0.20 eV) scanned over the water window. Three detection
channels were simultaneously observed: transmission, total fluorescence, and dispersed
emission. The ability to vary the polarization of the optical strong-field pump relative to
the linearly polarized X-ray probe between 0◦ and 90◦ allowed us to extract an isotropic
transient absorption signal with milliOD sensitivity for an ionization fraction of roughly 1%.
The isotropic transient absorption signal tuned directly to the OH(aq) resonance exhibited
a delayed onset relative to X-ray probe energies to the red or blue, providing a signature
for the ultrafast proton transfer reaction. The time resolution of these measurements was
limited by the measurement of the time-delay between the optical pump and X-ray probe
pulses to ∼100 fs. Importantly, our theoretical quantum mechanics/molecular mechan-
ics (QM/MM) results showed the sensitivity of the valence hole X-ray absorption to the
structural dynamics around the ionization site, particularly the O-O distance to the nearest
neighbor H2O, with 0.2 eV shifts corresponding to ∼0.2 Å changes.

The dispersed emission channel mapped inelastic X-ray scattering as a function of
incoming photon energy [6]. When the incoming photon energy is tuned to the OH(aq)
resonance, resonant inelastic X-ray scattering (RIXS) of the transient radical is observed.
Simultaneous detection of RIXS and transient absorption was achieved by setting the
2.0µm sheet jet at a 45◦ angle to the incoming X-ray beam. Although collection/detection
efficiency was poor in this channel (∼10−8), statistics accumulated by averaging for pump-
probe delay times >200 fs allowed the extraction of an RIXS signal. This RIXS signal showed
the ability of the dispersed X-ray emission to report on local electronic transitions of the
hydroxyl radical solute, unlike UV absorption spectroscopies where charge transfer transi-
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tions dominate, and thereby provide another characterization tool for ultrafast chemical
reactions in solution.

Figure 2. Schematic of optical pump/X-ray probe transient absorption study of water radiolysis. Left:
Strong-field laser pump (red photon) ejects an electron from the outermost 1b1 orbital. X-ray probe
(blue photon) induces the transition from the core 1 s level to the vacancy in the 1b1 (1a1 → 1b1).
Right: Absorption spectrum of liquid water for a thickness of 800 nm [42] in gray. Calculated gas
phase absorption for H2O+ and OH. Liquid phase binding energies for electrons in the various
orbitals [43]. Inset shows the experimental X-ray transient absorption spectrum of the OH(aq) radical.
Reproduced from Reference [5].

2.2. X-ray Pump/X-ray Probe

We now step beyond the ideal case created by impulsive strong-field ionization, i.e., a
single ejected electron and a valence hole—basically an electron–hole pair in water—to the
situation created by passage of an ionizing X-ray pulse. The X-ray pump/X-ray probe
method allows us to extend our earlier study in two important dimensions. First, whereas
our previous studies [5,6] focused on the elementary electron–hole dynamics associated
with strong-field ionization from the HOMO in pure liquid water, here we can access
ionization from any orbital-more directly mimicking early events in actual radiolysis.
Second, the time resolution associated with the earlier study was limited to ∼100 fs, much
too slow to capture correlated hole–proton motions in water, whereas this new X-ray
pump/X-ray probe scheme offers sub-femtosecond time-resolution between pump and
probe. We note that water is also an excellent testbed for studies of coupled electron–
nuclear motion as spatial correlations between nuclear displacement of a light proton and
hole can be large [44].

The powerful two-color X-ray pump/X-ray probe schemes at the Linac Coherent
Light Source (LCLS) of Stanford Linear Accelerator Center (SLAC) National Accelerator
Laboratory [45–47] provide the means to systematically understand the electronic and
nuclear dynamics following valence, inner-valence and core ionization in aqueous systems
(Figure 3). An X-ray pump pulse with a photon energy below the 1 s ionization threshold
(538.1 eV) can non-resonantly create a hole in any of the valence or inner valence bands,
as indicated by the green photons. An X-ray probe pulse can be tuned to selectively
probe the dynamics of individual hole states (1b2, 3a1, 1b1) as shown on the left side of
Figure 3. The predicted separation of absorption bands is given by the differences in their
binding energies in the liquid phase [43]. Based upon estimated oscillator strengths for
the 1s transitions to valence hole states, the estimated absorption spectrum is constructed,
as shown in the right panel of Figure 3. The relatively small oscillator strength for the 1s1 →
2a1 transition is due to dipole selection rules and the symmetries of the respective orbitals.
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Figure 3. Schematic of a potential X-ray pump/X-ray probe transient absorption study of water
radiolysis. Left: X-ray pump photons (green) eject an electron from any of the valence or inner-
valence orbitals 1b1, 3a1, 1b2, 2a1. X-ray probe photons (blue) selectively induces transitions from
the 1s core level to the vacancies, (e.g., 1a1 → 1b2). Right: Absorption spectrum of liquid water
for a thickness of 800 nm [42] in solid gray. Calculated positions for absorption based upon the
liquid phase binding energies [43]. The several eV separation of the bands allows to distinguish hole
dynamics in different orbitals.

A schematic of a straightforward X-ray pump/X-ray probe transient absorption con-
figuration is shown in Figure 4. Two independently controlled X-ray pulses with arbitrary
central wavelength (250–1600 eV) and pulse delay (0–100 fs) can now be generated at LCLS
with the new variable gap soft X-ray undulators and a magnetic chicane located after the
eighth undulator. The pulse duration can be adjusted to a few femtoseconds using either
low electron bunch charge or an emittance spoiler [48]. While the X-ray bandwidth in self-
amplified spontaneous emission (SASE) mode is typically 1% of the central photon energy,
and ∆EX can be both broader and smoother using the X-ray laser enhanced attosecond
pulse (XLEAP) configuration [47], the actual resolution of the transient absorption spec-
trum will be set by the design of the grating spectrograph—which, for this first application,
requires only a moderate resolution of 1/3000 [49]. Normalization of the incident pulse
energy is expected on a shot-by-shot basis at the 1% level using extensions of fluorescence
intensity monitoring [50].

Figure 4. Simplified schematic of an X-ray pump/X-ray probe transient absorption experimental
setup to study water radiolysis. Two broad bandwidth X-ray pulses, pump (green) and probe (blue)
are produced collinearly from the accelerator and overlapped in a thin liquid sheet jet. Pump/probe
delays between 0–100 fs are set with attosecond precision by the magnetic chicane. The transmitted
beam is energy dispersed with a grating and detected on a 2D pixel array.
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It is desirable to study radiolysis in the isolated event regime. The concentration
of ionization events can be readily controlled by the fluence of the X-ray pump pulses,
i.e., the pulse energy/focal spot area. An additional consideration is to remain in the linear
regime of X-ray interactions. As an example, for a pump pulse energy of 5µJ on target
at 260 eV, water jet thickness of 0.4µm, spot area of 100µm2, one obtains an ionization
fraction of 2% and a transmission of 77%. The relatively large area of the converging sheet
jet (1× 3 mm, H×V) can accommodate a substantial defocusing from the above size to
achieve isolated event conditions. Our earlier X-ray transient absorption studies operated
with an ionization fraction of <1% and observed a change in absorption of ∼10% for the
analogous 1a1 → 1b1 transition-validating the feasibility of the X-ray pump/X-ray probe
approach for studies of the physico-chemical timescale of water radiolysis.

2.3. Chemical Stage Methods

Many studies have been published on examination of the long-term radiation effects
and date from original experiments in the Curie laboratories [51]. These experiments
examine the production of final products with no direct determination of the mechanism.
Reactions leading to the observed products can be inferred by using competition kinetics.
For instance, solutions are commonly saturated with N2O to convert the hydrated electron
to the OH radical. A decrease in product yield would infer there was a hydrated electron
intermediate while a doubling of the yield indicates the OH radical is important. Solutes
that trap free radicals can be used to probe their role in the radiolysis process. Many clever
uses of competition kinetics have been invoked over the decades to infer the reactions of
intermediates occurring in the chemical stage.

The sophistication for probing the chemical stage has advanced as technology has
developed. The most significant advance for direct observation of the transient species was
the development of pulse radiolysis in the 1960s. These early instruments were electron
accelerator based with resolution on the microsecond time scale [52–54]. They used thermal-
based electron cathodes to make pulses of sufficient intensity that the transients could
be examined using optical detection techniques. Many of these early studies focused on
reactions of the hydrated electron because of its relatively large extinction coefficient [2–4].
Inherent jitter in the timing of the cathode pulse with detectors limited these instruments to
the nanosecond time scale. Pulse radiolysis on the picosecond time domain came with the
adoption of laser driven cathodes in which optical detectors could be inherently correlated
to pulse formation [55,56]. These latter techniques greatly increased knowledge on the
reactions of transients in the chemical stage. Examination of processes occurring in the
chemical stage is now limited by appropriate detectors. However, present pulse radiolysis
techniques are still insufficient to examine initial water decomposition. Probing the physico-
chemical stage using pulse radiolysis is again limited to indirect techniques. For instance,
the concentration of solutes with high reactivity to the precursor to the hydrated electron
can be varied while observing the picosecond yield of the hydrated electron to give an
indication of the underlying kinetics.

3. Discussion and Applications

Foundational studies of radiolysis in pure water on the physico-chemical timescale
provide the necessary background to pursue such processes in more complex systems—
including those relevant for management of legacy wastes from nuclear technologies. This
includes spent nuclear fuels from reactors, and wastes generated from processing of nuclear
materials. Many of these materials are oxides and oxyhydroxides of elements, such as
aluminum, that were present in the nuclear systems. For the case of certain specialized
spent nuclear fuels (SNF), aluminum was used as cladding. The US government manages
more than 10 metric tons of these specialized SNF assemblies, and long-term storage
has led to cladding corrosion and the formation of aluminum hydroxide/oxyhydroxide
hydrate layers. Radiolysis of the water associated with these materials drives the formation
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of molecular hydrogen and other byproducts that must be quantified and considered in
decisions regarding their long-term storage.

In the situation of wastes from nuclear materials processing, the production of pluto-
nium from irradiated targets has resulted in the generation of more than 300 million liters
of high-level radioactive wastes stored in underground tanks that must be managed by
the Department of Energy’s Office of Environmental Management (EM) [57]. The Hanford
site in Washington State, USA houses 54 million gallons of hazardous radioactive waste,
categorized as high-level waste (HLW) or low activity waste (LAW), resulting from decades
of plutonium production, and currently stored in 177 underground steel tanks. The tank
waste chemistry is complex (Figure 5a) and it consists of an aqueous supernatant, salt cake
solids, and a sludge layer [58]. The supernatant liquid is a caustic mixture of 3–5 molar
sodium hydroxide (NaOH) and large fractions of oxyanions, such as nitrate (NO−3 ) and
nitrite (NO−2 ), with the dominant metallic element being aluminum (Al). The salt cake
consists of water-soluble oxyanion and halide salts. The sludge consists primarily of
insoluble Al oxides and oxyhydroxides, such as gibbsite (Al(OH)3), or amorphous agglom-
erates of varying sizes and morphologies, all of which serve to complicate retrieval and
processing [58,59].

The tank waste will be retrieved and processed into a chemically durable vitrified
waste form for final disposal [60]. This remediation effort hinges on understanding com-
ponents present in both the solid and aqueous phase, and controlling dissolution, pre-
cipitation, and particle aggregation reactions [61]. Foundational to this is a complete
understanding of radiation-driven reactions and their implications for the speciation,
structure, and dynamics of solutions representative of the waste.

Within the tanks, γ-ray and β emitters are the primary radiation load (137Cs, 90Sr,99Tc,
129I) [60,62,63]. Many of these radionuclides are present in the supernatant but can also
be present in the tank sludge [63], potentially impacting solution speciation and structure,
as well as aggregation behavior and solubility of the solid phases. Though γ-radiation is
the primary radiation load for the chemically complex tank wastes, to better understand
the impacts, different radiation sources are being used to evaluate the various timescales
and processes in simplified solutions representative of the major components of the waste,
such as is shown in the Na2O-Al2O3-H2O ternary phase diagram in Figure 5b. Future
work will place greater emphasis on increasingly complex electrolyte solutions to be more
representative of simulant tank wastes, and the cascade of processes across broad time and
length scales that are set in motion by ionizing radiation.

Gamma rays, the primary radiation load in HLW, interact with water in a Compton
process in which the incident photon behaves as a particle to produce an electron of a few
hundred keV. Radiolysis of water by gamma rays is indistinguishable from that by fast
electrons. The initial energy loss by fast charged particles to a medium water molecule
can vary widely according to kinematic limits, but the average energy loss is about 60 eV.
This average is nearly constant and independent of the initial energy of electrons and
heavy ions [64]. A 60 eV electron will scatter significantly along its path as it produces a
series of lower energy ionization events. The result is a localized cluster or spur of ionized
and excited water molecules that will decay as described above in the physico-chemical
stage. Each initial event is a stochastic process so the number of ionized and excited water
molecules in a spur varies from about one to six [65]. The true chemical stage starts at about
100 picoseconds when diffusion begins and lasts until about a microsecond. During this
period the reactions of the sibling products within a spur will react and diffuse as the
non-homogeneous spur decays. Heavy ions have a much higher rate of energy loss than
electron so the spurs overlap to form a track. Track effects generally describe the chemical
stage for fast electrons and heavy ions and the competition between reaction and diffusion
is responsible for the observed difference in product yields. A variety of time resolved
techniques are available for directly probing the temporal variation of radicals in the
radiolysis of water during the chemical stage. Pulse radiolysis with electrons in the MeV
energy range can use a variety of optical detection techniques to directly probe radical
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reactions. The single pulse dose from the sources is considerably greater than typically
found with gamma rays but the results are expected to be the same.

Figure 5. (a) Composition estimate for Hanford tank waste, which shows relatively high proportions
of Na and Al. Data adapted from Ref. [66]. The composition of the waste can promote crystallization
and aggregation of Al hydroxides. (b) Na2O-Al2O3-H2O ternary phase diagram showing solubility
region as well as regions saturated with respect to gibbsite, gibbsite/monosodium aluminate hydrate,
and monosodium aluminate hydrate/nonasodium bis(hexahydroxyaluminate) trihydroxide hex-
ahydrate/sodium hydroxide. Data adapted from Refs. [67–69]. The composition of the tank waste
promotes formation of some of these species. While previous radiolysis studies have focused on pure
water, future studies will increase in complexity and explore compositions within the phase diagram.

Long-term effects are considered to be due to reactions of radicals with solutes or
at interfaces near to the water medium. Variations in radical yields and thereby long-
term effects are dependent on the number of radicals produced in the physico-chemical
stage as well as the subsequent track chemistry in the chemical stage. Examination of
radiation effects on long time scales can utilize any number of standard spectroscopic or
chromatographic techniques.

Gamma rays are impractical for examination of real-time radical chemistry because
they are continuous in nature. However, scavenging techniques are ideally suitable for
use with continuous radiation sources. In addition, scavenging techniques can be used
over an incredibly wide range of times. This technique makes use of a solute, scavenger,
to react with a specific radical to give a measurable stable product. The scavenging capacity
is defined as the product of the scavenger concentration and the rate coefficient for the
scavenging reaction and represents the inverse of the lifetime of the radical. Observation of
final product yields with variation of the scavenger concentration is a simple technique
for estimating the radical kinetics. An even more sophisticated approach utilizes the
relationship that the inverse Laplace transform of the scavenging capacity dependence
directly gives the time dependence of the scavenged radical [70]. Scavenging techniques
are commonly used where pulse radiolysis cannot be used as in gamma or heavy ion
radiolysis. Several studies have shown that scavenger techniques are reliable to give real
time information on radical chemistry [70].

As discussed above for pure water solutions, complex solutions containing solvated
ions and ionic solids such as metal-oxides also undergo intra- and inter-atomic Auger
decay and possibly ICD and ETMD involving the interfacial water molecules. A recent
low-energy electron scattering study that simulates the secondary electron interactions
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from X-rays and high energy gamma rays, demonstrated very efficient ICD and ETMD
in micro-solvated boehmite (AlOOH) nanoplatelets [71]. This occurs when the density
of states of the ionized chemisorbed species significantly overlaps the core hole states of
the solid and is likely a primary process for producing ionized and radical species at the
interfaces of particles in complex waste forms. This experimental and theoretical work
demonstrated that ICD is a preferred decay mechanism upon single and double shallow
core hole excitation of adsorbed interfacial water and the underlying nanoplatelet. ETMD
from the water also occurs following ionization of the boehmite Al(2s) level. ICD and
ETMD both lead to the formation and ejection of H2O+ with broad bimodal kinetic energy
release (KER) distributions. The latter indicates the involvement of a manifold of complex
multi-hole states with lifetimes that compete with proton transfer and hole delocalization.
None of these interactions have been probed with time-resolved techniques,

In solutions where solute species are present, there will be radiation-induced changes
to the subsequent reaction pathways and reaction timelines [72]. As a example, see Figure 6.
Production of these additional species takes place through relaxation processes, such as
ETMD and ICD. For example, ICD can create final states of M(q+1)+ • H2O+ and ETMD
can create Mq • H2O+

2 within the first solvent shell around the reactive site [72]. In the case
of water, H2O+ leads to a proton transfer reaction that generates an OH• radical. ICD and
ETMD are competitive processes, with their relative importance in aqueous ionic solutions
depending on the ion charge state, polarizability, and geometric structure of the solvent
shell. Although the interactions are localized, the lifetimes depend on the number of water
molecules involved and the distance from the central metal atom, and we hypothesize that
there will be significant differences between alkaline systems and that observed in water;
the central Na+—O distance aqueous solution is 2.377 Å vs. 2.604 Å for the O—O distance
in water.

Figure 6. Ultrafast X-ray spectroscopies represent a new tool to understand the initial mechanisms
that produce reactive species. Tunability throughout the soft-X-ray range allows access to important
elemental species such as oxygen, nitrogen, and aluminum, of which, are of utmost importance for
understanding these processes in high-level waste. For example, in complex solutions, alternative
decay channels, such as ICD and ETMD, become operative. Shown here is the case for Al3+ sur-
rounded by H2O. In the case of concentrated solutions where ion-pairing may become prevalent,
nearest neighbors may not be H2O, which could further serve to alter the production of reactive
species through ionization.

We plan to apply methodology similar to that used to study ultrafast radiolysis in
water to a series of NaOH-H2O solutions, and later, expand the technique to more complex
aluminate-containing solutions. To explore the earliest time events in radiation effects, we
propose initially to use X-ray pump-probe experiments in water and NaOH-H2O solutions
to look at the formation of reactive species and transients in the water window near the O
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K-edge using the techniques developed for water ionization studies [5]. Though the NaOH
components will not be observed directly in this manner, the way in which they perturb
the water network will be. Analogously, the oxidation state of the Na can be independently
probed on the ultrafast timescale giving a direct view into non-local decay processes at the
metal-ion site. The specific questions we seek to answer include the impact of incomplete
solvent shells as the nearest neighbors for ICD and ETMD processes are not necessarily a
water molecule, the impact of ion networks on these processes when comparing dilute and
concentrated solutions of similar composition, and the overall timescale of the processes
resulting from alteration of the solution structure.

Interpretation of ultrafast X-ray spectroscopic measurements is invariably linked with
theory, which, for understanding structural dynamics of core-excited matter, is an ongoing
challenge as described in some recent reviews [73,74]. There are already challenges at a
very basic level, e.g., to predict the X-ray absorption spectrum of ground-state species with
sub-eV accuracy [75] and to locate the positions of double-hole states [76]. Here, advances
in equation-of-motion coupled-cluster (EOM-CC) approaches [77,78] have allowed a sys-
tematic convergence after application of the core-valence separation scheme [79] within
the EOM-CC framework [80]. This general approach has allowed EOM-CC-CVS to achieve
improved accuracy for single photon transitions [40,81] and expand to two-photon RIXS
calculations [82]. Beyond high-level calculations of electronic structure, capturing core-
excited state dynamics poses a further challenge that has been largely pursued with simpler
electronic structure methods [72,83,84]. Describing non-local multiple-hole dynamics in
complex systems is likely to remain a frontier and foster synergistic research between
experiment and theory.

4. Conclusions and Outlook

XFEL-based photon-in/photon-out spectroscopies represent an emerging and unique
opportunity to study radiolysis in the sub-picosecond physico-chemical time range. For stud-
ies in the liquid phase, the photon-in/photon-out methods provide substantially relaxed
vacuum requirements relative to those for the photoelectron-based spectroscopies. The ver-
satile two-color, sub-femtosecond pulse generation capabilities over a wide energy range
(250–1600 eV) at LCLS allow selection of initial ionization conditions and selective probing
of ionization-generated chemical species by transient absorption. Similar capabilities are
currently being considered at other facilities [85,86]. Advanced beamsplitter techniques
that simultaneously provide sample and reference probe beams onto a single 2D-detector
promise to further enhance the sensitivity for transient absorption studies [87,88]. The in-
corporation of RIXS further discriminates transient species with overlapping absorption
resonances, and while statistically limited at present 120 Hz repetition rates, will become
more routine at the MHz repetition rates soon expected. Such experimental studies can
provide missing input into the challenging theoretical problem associated with the descrip-
tion of coupled electron-nuclear motion on highly excited electronic states associated with
radiolysis in both simple and complex systems.
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