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5.1 INTRODUCTION

Water is the most common liquid substance on the earth’s surface. Many fundamental processes,
in particular those related to the development of life, take place in aqueous solutions. Accordingly,
water is the most extensively studied liquid from theoretical as well as experimental points of view;
several chapters of this book have the word “liquid water” in their title. Nevertheless, our knowledge
about liquid water is far from complete; even now there is a debate on such a fundamental issue as
to whether a water molecule is hydrogen-bonded with two other molecules or four in the liquid state
(Smith et al., 2004; Wernet et al., 2004).

The optical properties of liquid water in the vacuum ultraviolet (VUV) region, like extinction
coefficient (x), refractive index (n), and reflectivity (R), are some of those which are not fully explored
in spite of their importance. They all depend on photon energy, 7, and are connected with each
other and also to the complex dielectric response function (€(®) = €,(®) + i&,(w)) by the following
equations: €(®)"? =n + ik and R = [(n — 1)> + K2]/[(n + 1)> + K?]. It is the dielectric response function
that governs interactions between matter and photons or charged particles, which is the theme of this
chapter. If one of those optical or dielectric properties is known for a wide energy range, not only
can other optical properties be calculated, but also various other physical properties can be evaluated
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88 Charged Particle and Photon Interactions with Matter

(Inokuti, 1983; Williams et al., 1991). For example, the mean excitation energy of a material, the most
important quantity required to describe the interaction with ionizing radiations, can be calculated
on absolute scale. Unfortunately, such studies have been hampered by the lack of optical data in the
VUV. To the best of our knowledge, optical data available in this energy region are a series of reflec-
tance measurements at Oak Ridge (Painter et al., 1969; Kerr et al., 1971, 1972; Heller et al., 1974),
but they are not wide enough, only up to 26€V, and it has been estimated that the measurements are
accurate to perhaps 30% (Kutcher and Green, 1976).

The dielectric response function € is in fact a function of momentum transfer ¢ also, and should be
expressed as €(g, ). Not only are the available optical data not wide enough, but also what reflectance
measurements provide are merely €(0, ®), because the momentum of a VUV photon is very small. If
€(g, ) of a medium is known over a wide energy and momentum range, the interaction of a charged
particle with the medium can be fully understood. Such quantities as the mean free path of charged
particles, cross sections for various interactions, and energy deposition, all of which are crucial in radia-
tion chemistry/biology in vivo but are difficult to determine experimentally, can be evaluated. They
ultimately lead to a track-structure analysis, which is one of the main subjects of radiation research as
well as that of the previous version of this book (Nikjoo and Uehara, 2003; Nikjoo et al., 2006). Hence,
many efforts have been made to estimate ® and g-dependence of €(g, ®) of liquid water. In most of such
studies, the Tennessee group’s €(0, ) are extrapolated to a higher energy region and combined with
some assumptions to extend them to finite momentum transfers (Dingfelder et al., 1998). Lacking exper-
imental results to compare with, it has not been possible to evaluate how accurate those calculations are.

Experimentally, g-dependence of dielectric functions €(g, ®) can be determined on gases and solids
with inelastic electron scattering or electron energy loss spectroscopy (EELS) (Bonham and Fink,
1974; Egerton, 1996). For example, Lassettre et al. and Takahashi et al. have made extensive studies
about dielectric functions of gaseous water (Lassettre and Skerbele, 1974; Lassettre and White, 1974;
Takahashi et al., 2000) and Daniels of solid water and ice (Daniels, 1971). However, because of experi-
mental difficulties, EELS measurements have never been carried out on volatile liquids like water.

We have pointed out that inelastic x-ray scattering (IXS) is free from difficulties inherent to
optical as well as EELS measurements, the most serious of which is the need of vacuum, and can
provide €(g, ®) of volatile liquids for a wide energy and momentum-transfer range (Watanabe et al.,
1997, 2000; Hayashi et al., 1998; Hayashi et al., 2000). IXS studies do not require target materials
to be placed in vacuum and hence volatile liquids can be studied. Since momentum of a hard x-ray
photon is large, g-dependence can easily be determined by changing the scattering angle. In the
following, the manner in which photoabsorption is related to the interaction between charged particles
and materials is described first, then the principles of IXS and EELS are reviewed, and finally IXS
studies on liquid water are detailed.

5.2 PHOTOABSORPTION AND OPTICAL OSCILLATOR STRENGTH

It is well known that there is a close connection between the interaction of fast moving charged particles
with a material and photoabsorption (Ritchie, 1982; Inokuti, 1986). In order to understand the relation
heuristically, let us consider the following model depicted in Figure 5.1, where a particle with charge ze
and velocity v is traveling along near an atom or a molecule with an impact parameter b. The particle
exerts an electric field upon the target. Although the electric field has two components, as illustrated in
the figure, only E, is important because E; changes its sign at the distance of closest approach (¢ = 0),
and as a result, the effect of £, almost vanishes if integrated over the whole period. The electric field £,
has a bell-shaped distribution in time and a simple calculation shows that its FWHM is about 2.6 b/v.
Suppose the particle is an electron with a kinetic energy of 10keV and b = 1 nm; the velocity v is calcu-
lated to be 6 x 107 m/s and hence the FWHM of the bell is 4 x 107 s, short enough to approximate the
electric field as a 8-function in time. From the Fourier principle, a 3-function-like electric field in the time
domain is equivalent to white light in the frequency domain. That is, the effect of the fast charged
particle traveling nearby is almost the same as that of white light illuminated on the target.
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FIGURE 5.1 A particle with charge ze and velocity v passes by a target at an impact parameter b, and
exerts the electric field E that depends on time ¢. The two components of E are given by E, = zeb/(v*#* + b?)*?
and E = 2evt/(V21% + b2)32.

The interaction between white light and a target results in an absorption of a part of the white
light, accompanied by excitation of the target. From the time-dependent perturbation theory, the
absorption cross section, G,,, for transition from the ground state 10) with energy E, to an excited
state In) with energy E,, defined as energy absorbed per unit time by the atom, divided by energy
flux of the radiation field, is given by (Sakurai, 1994)

AT’k ( & dor 2
cabs=mzw(ﬁcJ (nle*re-plo)| 8(E, - By - ho, 5.

where
k = (w/c)n is the wave number vector of the monochromatic light propagating toward n with
polarization vector €
p the electron momentum operator
r the coordinate of the electron involved in the transition

By the use of dipole approximation combined with the commutation relation [x,H,] = ihp,/m,
Equation 5.1 is transformed to

Gy = 41010,0 (1110} S0 0,0). 5.2)

Here, the radiation field is assumed to propagate in the z direction with the polarization vector along
the x-axis, oo = e*/fic is the dimensionless fine-structure constant, and h®,, = E, — E,. Atoms and
molecules have many excited states, and hence their response to white light is represented by simply
integrating the above over all the excited states:

jcabsdw = Z 4’0,
n

In atomic and molecular physics it is common to use a dimensionless quantity called optical
oscillator strength, or simply oscillator strength, defined by

2

(5.3)

(n1x10)



90 Charged Particle and Photon Interactions with Matter

= 2m0),,0 (54)

(nixi0)f".
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In terms of the oscillator strength, the Thomas—Reiche—Kuhn sum rule can be expressed in the fol-

Zf,,o -1

Since Equation 5.5 applies for each electron, the right-hand side becomes N if the system
has N electrons. Hence, if oscillator strength distribution (the relative values of f,, for wide energy
range) is measured, it can be brought into absolute scale by the use of the sum rule. The energy
range is, in principle, from zero to infinity. In practice, measurements can be made only for a limited
energy range, and hence we have to know how wide it should be in order to justify the use of the

lowing simple manner:
(5.5)

sum rule, as seen in Equation 5.5.
Figure 5.2 shows an IXS or x-ray Raman scattering spectrum of liquid water that, as is

described later, is theoretically expected to be similar to the optical absorption spectrum. The

signal due to valence electron excitation starts at around energy loss (E) of 7V, has a maximum

at around 22 eV, and monotonically decays to higher energy. At around 540¢€V, a scattering cor-
responding to oxygen K absorption starts, but the peak intensity is about two orders of magnitude
less than that of valence electron excitation. Global profiles of VUV absorption spectra of organic
compounds are somewhat similar, except that K absorption of carbon starts at 284 eV; most of
the oscillator strength by valence electron excitations distributes between 0 and about 200eV

(Williams et al., 1991).
Photoabsorption spectra on liquids, gases, and solids are routinely measured in the infrared,
visible, and UV regions. However, photoabsorption experiments in the VUV (above about 7eV)
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FIGURE 5.2 A hard x-ray inelastic-scattering spectrum of liquid water at small momentum transfer, which
is essentially identical with VUV absorption spectrum (Hayashi et al., 2000). See text following Equation
5.7. The inset, which corresponds to K absorption of oxygen, is based on the NIST photoelectric cross section

database for the water molecule (http:/physics.nist.gov/ffast).
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impose serious difficulties because air strongly absorbs VUV photons and hence measurements
have to be carried out in a vacuum. In addition, absorbance of most substances is so high in the
VUV that almost no window material is available above around 10eV. Consequently, the direct
absorption method is applicable only for low-pressure gases or very thin films, combined with
differential pumping technique. Therefore, instead of direct absorption, reflectance measurements
are conventionally employed for VUV studies on condensed phase substances (Seki et al., 1981;
Kobayashi, 1983; Ikehata et al., 2008). Even with the reflectance method, however, measurements
of the optical spectra of volatile liquids present a further difficulty, namely, how to keep them in
vacuum. In an effort to obtain optical functions in the VUV, Heller et al. measured the reflectance
spectrum from free-water surface kept in an open dish cooled to 1°C in near-vacuum conditions
made with two stages of differential pumping; each stage included a cryopump capable of pump-
ing 80,000L of water vapor per second (Heller et al., 1974). Still, the spectral range measured was
limited to below 25.6eV. Hence, in order to evaluate optical functions, they had to resort to extrapo-
lation, assuming either exponential or power functions. They estimated errors in optical constants
due to the extrapolation to be as large as 20% above 20eV. To the best of our knowledge, no VUV
absorption study on liquid water for wide energy range has been reported since the 1970s, in spite
of recent advancements in VUV technology.

In this respect, however, it may be worth mentioning here that very recently an absorption spec-
trum of liquid water in a very narrow range (530-545¢V, corresponding to the onset of K absorp-
tion in Figure 5.2) was observed by monitoring Ko fluorescence from oxygen at 525eV (Myneni
et al., 2002). Liquid water was kept in a He atmosphere at a pressure of 760 Torr and was separated
from the high vacuum of a beam line by a Si;N, window. This method can be employed neither for
valence electron excitation nor for observation of wide energy range in question here, but it sug-
gests that some day improvements of light sources, detectors, or window materials may make direct
observation of VUV absorption possible.

5.3 INELASTIC X-RAY SCATTERING AND GENERALIZED
OSCILLATOR STRENGTH

Inelastic x-ray as well as electron scatterings can provide a wealth of information, a part of which
is equivalent to the optical oscillator strength distribution. The basic principle of a typical IXS
process is sketched in Figure 5.3. A photon of energy #®,, momentum 7Kk, and polarization vector
€, impinges upon a target and is inelastically scattered by an angle 6 into a photon of energy #@,,
momentum #Kk,, and polarization vector €,. Concomitantly, the target undergoes a transition from
the initial state |0) with energy E, to an excited state In) with energy E,. The energy E = A(®w, — ®,)
and the momentum Aq = A(k, — k) are transferred to the target.

The double differential scattering cross section for IXS of isotropic materials such as gases and
liquids is expressed as follows (Bonham, 2000):

s _ (o). ¢4 )d@E)
dQdE " (mo)(‘c"’ &) (E dE >0
where
N 2
df(¢,E) E .
R ?Z n Zexp(lq'rj) 0 O(E —(E, - Ey)) ()

n J
Q
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FIGURE 5.3 A schematic diagram of inelastic-scattering processes of x-ray photons and electrons.

defines the generalized oscillator strength (GOS), which is an extension of the optical oscillator
strength and is often used in atomic and molecular physics. Here r, is the classical electron radius
(=e?*/mc?), (-~ — —)q means orientation average, and dQ corresponds to the solid angle. The summa-
tion about n is over all the excited states, discrete as well as continuum. N is the number of electrons
in the target system and r; is the instantaneous position of the jth electron.

Equation 5.6 is quite general Depending on the magnitude of gr; = Iq - r;l, however, IXS spectra
show entirely different features. In the case gr; >> 1, that is, the momentum transfer q =Iql is large,
and/or the electron involved in the process is loosely bound and consequently r; = Ir}l is large, the
corresponding IXS is the well-known Compton scattering; binding energies of the electrons can
be neglected and the spectra are approximated by symmetric parabolas. On the contrary, if the
electron is tightly bound and/or g is small and accordingly gr; << 1, the binding energy cannot be
neglected but energy transfer can. Expanding the exponential into the power series and making use
of the orthogonality of the states 0 and n, one can easily see the first non-zero term in the bracket of
Equation 5.7 reduces to the same form as that of Equation 5.4. Hence at the limit gr; — 0, the scat-
tering spectrum becomes identical with the corresponding x-ray absorption spectrum. IXS under
these conditions are sometimes called x-ray Raman scattering and can be a substitute of soft x-ray
and VUV absorption (Tohji and Udagawa, 1989; Bowron et al., 2000). In between, that is, qri~1,
both the binding energy and momentum transfer should be taken into consideration, providing GOS
that depends both on momentum transfer as well as energy.

The GOS at any momentum transfer can be made absolute by using the following Bethe sum rule
(Bethe and Jackiw, 1968; Inokuti, 1971):

Jf(LdE N, (5.8)

where N is the total number of electrons in the target.
In solid state physics, it is more common to use a quantity slightly different from GOS called the
dynamic structure factor S(q, E), defined by the following equation:

2

2
GGE 50 explia )0 ) 8(E~(E, ~Ey). 59

q
S(q,E)="1-
(q,E) E dE

n J
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In isotropic substances, the dielectric function depends only on the magnitude of the momentum
transfer g. Dynamic structure factor can be written in terms of the macroscopic dielectric response
function €(g, E) through the fluctuation-dissipation theorem (Pines, 1964) by

2 —
S(.E) =9 | ! , (5.10)
2 2
4nen, e(q,E) ok

where n, is the average electron density in the material. The function at the right-hand side of
Equation 5.10, namely,

m[ -1 ]: _ e@EB G.11)
&(q.E) | ¢€i(q,E)+€5(q.E)

plays a central role in the theory of the interaction between charged particles and the media, and
is often called energy loss function (ELF). While the numerator in Equation 5.11 corresponds to
single-particle transitions of an isolated atom or molecule, the denominator accounts for the influ-
ence of the condensed phase, that is, shielding or screening effect. The real part of the dielectric
function can be derived from ELF by making use of the well-known Kramers—Kronig transforma-
tion as follows:

&(¢q.E) T 2 _FE?

Re|: ! ]=1+2PTWE'dE'. (5.12)

In short, IXS can provide g- and E-dependent GOS or ELF, ultimately leading to real and imaginary
parts of complex dielectric function. In a special case, gr — 0, the spectrum is essentially identical
to the optical spectrum.

5.4 INELASTIC ELECTRON SCATTERING AND GENERALIZED
OSCILLATOR STRENGTH

As was described already, photoabsorption of a matter is closely related to interactions between
moving charged particles and the matter. Figure 5.1 is, however, an oversimplified picture and in
fact energy as well as momentum is transferred to the target. Such a phenomenon is called colli-
sion, a schematic diagram of which is also included in Figure 5.3. Theoretically it is well described
by the first Born approximation, and the double differential scattering cross section for isotropic
substances is given by the following equation (Bethe and Jackiw, 1968; Bonham and Fink, 1974):

d’c _ k4 df(q.E)
dQdE ke E dE

> (5.13)

where the notation is the same as Equation 5.6. That is, GOS can also be obtained from EELS stud-
ies. It should be noted that Equation 5.13 is inversely proportional to g2, and hence the cross section
becomes smaller with increasing momentum transfer. EELS spectroscopy is now an established
technique (Bonham and Fink, 1974; Egerton, 1996) and has been widely employed for studies on
gaseous atoms, molecules, and solid surfaces, and provides data to complement those obtained by
IXS as is demonstrated later.
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5.5 GOS MEASUREMENTS BY IXS

As already stated, IXS spectroscopy has unique experimental advantages: a vacuum is not required,
various kinds of window materials are available, it is free from charge-up phenomenon, contami-
nation of higher order reflection is insignificant, and bulk properties can be obtained. In the past,
however, very low scattering intensities hindered one from obtaining accurate IXS spectra.

Recent advancements of synchrotron radiation (SR) facilities have made it possible to carry out a
number of experiments that were impossible with conventional x-ray sources, and IXS measurement
is one of them. At beam lines of SR facilities, intense, brilliant, polarized, and monochromatic hard
x-rays are available. Still, inelastically scattered x-rays are so weak that they must be collected and
monochromatized as efficiently as possible. Since the GOS is a normalized quantity, no absolute
measurements of the scattering intensities, or solid angle, or sample concentration are required to
obtain absolute values. Instead, what is required is the accuracy of relative intensities within a scat-
tering spectrum and is the observation over a wide-enough energy range.

To obtain quality IXS spectra, two approaches have been employed: the use of a spherically or
cylindrically bent dispersing crystal to collect as large a solid angle as possible, and the use of a multi-
dimensional detector to improve sensitivity. The two can be combined too. Two examples, a schematic
of the beamline X21 of National Synchrotron Light Source in the United States and of BL16X at
Photon Factory at KEK in Japan are shown in Figure 5.4.

) Asymmetric ~ Asymmetric
Si(220) $i(220)
_______ Monochromator
Spherically bent ~ Detector
(@) Si(444) analyzer
Cylindrically bent

Ge(440)

Incident
X-rays

(b)

FIGURE 5.4 (a) Schematic diagram of the IXS system at National Synchrotron Light Source beam line X21
of NSLS, Brookhaven National Laboratory, United States (Hayashi et al., 2000). White x-rays from storage
ring are monochromatized with a monochromator consisting of four Si(220) crystals and are focused on the
sample. A spherically bent Si(444) analyzer is employed as an analyzer. The pass energy of the analyzer is
fixed and incident x-ray energy is scanned. (b) Schematic diagram of the analyzer employed at BL16A of
Photon Factory, KEK, Japan (Watanabe et al., 1997). Incident x-ray energy is fixed and scattered x-rays are
vertically focused and horizontally dispersed with respect to the scattering plane with a cylindrically bent
Ge(440) crystal. They are detected with a position-sensitive proportional counter (PSPC) combined with a
multichannel analyzer, thus eliminating any effects due to variation in intensity of the incident x-rays.
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FIGURE 5.5 Normalized S(g, E) spectra from g = 0.19 to 0.69 a.u. (a) and those from g = 0.69 to 2.79 a.u. (b).

Figure 5.5a and b shows normalized S(g, E) spectra from g = 0.19 to 0.69 atomic unit (1 a.u. =
h/a,, a,: Bohr radius = 0.529 x 10~ m) collected at X21 of NSLS and those from g = 0.69 to 2.79
a.u. at BL16A of Photon Factory. For those shown in Figure 5.5a, normalization was made by using

the theoretically calculated static structure factor S(g) = JS(q, E)dE (Wang et al., 1994; Hayashi

et al., 1998). In order to normalize the spectra shown in Figure 5.5b where the tails extend to higher
energy loss, the data were least-squares fitted to the function A/E® over the energy region 100—
250¢V for g less than 2.9 a.u. and 300—420eV for g larger than 2.9 a.u. (not shown in the figure), and
extrapolated to infinity. The total area was then normalized to a value of 8.34, which corresponds
to the total number of valence electrons (8) plus a small correction (0.34) for the Pauli-excluded
transitions from the oxygen K shell electrons to the already occupied valence shell orbitals (Chan
et al., 1993). The spectral shapes of S(g, E) at ¢ = 0.69 a.u. in Figure 5.5a and b agree quite well with
each other, indicating that the measurements as well as normalizations were properly made at both
SR facilities.

In atomic and molecular physics, it is more common to use GOS or ELF than dynamic structure
factor. The three-dimensional representation of ELF or GOS vs. E and ¢, like the one shown in
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FIGURE 5.6 Experimental Bethe surface of liquid water viewed from two different directions. Squares, data
obtained at X21 of NSLS; solid lines, data obtained at BL16A of PF.

Figure 5.6, gives a surface, named Bethe surface by Inokuti, which contains all the information
about the inelastic scattering of fast charged particles by the atom or molecule within the first Born
approximation (Inokuti, 1971). For small values of momentum transfer, the form of the surface resem-
bles a photoabsorption spectrum, having a peak at around 22 eV. With increasing momentum transfer,
the Bethe ridge, that is, the range of the peaks at around E = f1g*/2m, shifts to the high energy and the
shape gets broader and closer to symmetric, that is, it becomes Compton scattering like.

5.6 OPTICAL LIMIT

Now we have experimentally obtained energy and momentum dependence of dynamic structure fac-
tor S(g,E), GOS, or ELF of liquid water in absolute scale for a wide range of energy and momen-
tum transfers. They can easily be converted to dielectric function through Equations 5.10 and 5.12.
Unfortunately, however, no other experimental data exist that can be utilized to make comparisons in
order to examine the accuracy of the results presented in Figure 5.6. However, comparisons can be
made in a special case for ¢ = 0, because Equation 5.7 predicts that GOS, ELF, and dielectric function
all converge as g approaches zero and become identical with those deduced from optical measure-
ments. In the following, whether or not the optical limit is achieved under the experimental conditions
employed is first examined, and subsequently optical constants and functions derived from IXS data
under the optical limit are compared with corresponding ones at visible and near-UV regions.

The ELFs of liquid water are plotted for several ¢’s in Figure 5.7, which clearly demonstrates that
they converge with decrease in ¢, approaching the optical limit. Those for ¢ = 0.28 a.u. and
for ¢ = 0.19 a.u. overlap within the experimental error; thus, they both can be regarded as the ELF
at g = 0, that is, Im [-1/¢(0, E)]. Figure 5.8 shows the ELF at ¢ = 0.28 a.u. for a much wider range
together with the one derived from a reflectance measurement (Heller et al., 1974). The shape of the
two resemble each other, but the maximum values differ considerably, 0.65 vs. 1.1. The difference
has a significant effect on the absolute values of dielectric response functions.
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FIGURE 5.7 The ELF, Im[-1/e(g, E)], of liquid water plotted for 0.19 a.u. <¢<0.69 a.u.
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FIGURE 5.8 The ELF, Im[-1/¢(0, E)], derived from IXS. That from the reflectance measurement (Heller
et al., 1974) is also shown.

Real (g)) as well as imaginary (g,) parts of the dielectric response function €(0,E) of liquid
water derived by the use of Kramers—Kronig relation are shown in Figure 5.9. Several values of g,
calculated from the well-documented refractive index of water in the visible and near-UV region
are indicated in the figure by the solid squares. All the squares fall almost exactly on the observed
curve, which endorses the accuracy of the present results.

Also shown in Figure 5.9 are the real and imaginary parts of the dielectric response functions
derived from reflectance (Heller et al., 1974). As far as the global shapes are concerned, they show
a qualitative agreement with those of ours, but again quantitatively there are substantial differ-
ences. The most significant difference lies in the behavior of €, where ELF shows a maximum.
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FIGURE 5.9 Real (g) and imaginary (g,) parts of the dielectric function of liquid water determined with
IXS (Watanabe et al., 1997) and those from reflection (Heller et al., 1974). Closed squares are €, calculated
from index of refraction.

While in Heller’s results €, displays a distinct valley with a minimum value of 0.42, ours has
barely observable minimum with a value of 0.75. It has been a matter of debate whether or not the
peak of ELF at 21-22¢V is plasmon-like collective excitation (Heller et al., 1974; Kaplan, 1995).
The observation here supports the hypothesis that the peak, though of some collective character,
is not due to a plasmon excitation (La Verne and Mozumder, 1993), because €, does not make a
deep valley and cannot be regarded to be much smaller than 1 at the peak energy of ELF. As the
energy increases, €, gradually approaches 1 from below and €, monotonically decreases toward
zero until K absorption starts.

The optical oscillator strength distribution of liquid water from IXS is shown in Figure 5.10 together
with estimated uncertainties. The ordinate scale is absolute. Except for a small shoulder at around 8eV
and another less distinct one at around 11 eV, the oscillator strength distribution of liquid water increases
sharply with increasing energy, reaches a peak at around 22 eV, and then decreases monotonically.

Figure 5.10 also shows the optical oscillator strength distribution of gaseous water obtained by
EELS (Chan et al., 1993). The gas phase spectrum is characterized by sharp absorption bands fol-
lowed by continuum above ionization threshold (12.6eV), but the data shown here were obtained at
1 eV resolution and hence the structures are a convolution of many sharp lines. In the liquid state,
sharp absorption features are lost and the entire oscillator strength distribution shifts toward the
higher energy side. This reflects the fact that in condensed phases, excited electrons are somewhat
limited in space (Inokuti, 1991). As the energy increases, the oscillator strength distributions of
gaseous water and liquid water get closer as expected. This is because the shielding factor €] + €3
reaches almost 1 at high energies, reflecting the fact that €, and €, monotonically approach 1 and
0 at higher energies until K absorption starts at 540eV.

The absolute oscillator strength distributions of two forms of ice can be calculated from the
reflection spectra on hexagonal ice at 80K (Seki et al., 1981; Kobayashi, 1983) and that from the
EELS spectrum on amorphous ice at 78 K (Daniels, 1971), both up to about 28 eV. They are shown
in the inset of Figure 5.8 together with those of liquid as well as gaseous water. For hexagonal ice,
a distinct peak is observed at 8.7 ¢V, followed by several other structures at higher energy. In con-
trast, these structures are broadened and less well-defined in amorphous ice. In fact, the oscillator
strength distribution of amorphous ice almost overlaps with that of liquid water; both the peak
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FIGURE 5.10 Oscillator strength distribution of liquid water, gas phase water (Chan et al., 1993), hexagonal
ice, and amorphous ice.

energy of the oscillator strength distribution and its magnitude are almost identical for the two
systems. This similarity has been confirmed elsewhere (Emfietzoglou et al., 2006a). Amorphous
ice bears a similar molecular layout to that of liquid water, and thus the optical spectra of these two
media are expected to be rather similar. In other words, taking into consideration that one is from
EELS on ice and the other is on liquid water from IXS, the agreement cannot be fortuitous and it
presents one of the evidences to prove an accuracy of the present IXS measurements.

5.7 COMPARISON OF GOS FROM EELS AND IXS

GOS can be obtained from EELS experiments on gaseous molecules. GOS studies on gas phase
water have been first reported by Lassettre et al. and later by Takahashi et al. (Lassettre and Skerbele,
1974; Lassettre and White, 1974; Takahashi et al., 2000). In the former study, the incident kinetic
energy was about 500eV, and hence the momentum transfer and energy loss ranges were limited to
below 1.5 a.u. and 75eV, respectively. The elastic scattering intensities were employed for normal-
ization. In the latter, the incident electron energy was 3keV, and hence measurements were carried
out for much wider momentum and energy transfer range, that is, up to 3.5 a.u. and 400eV. The data
were normalized by the use of the sum rule. Figure 5.11a and b compares GOS of the two studies at
energy losses of 25 and 45 eV. In spite of the difference in incident energy and normalization method,
the results agree quite well wherever the comparison can be made.

Figure 5.11a—e also compares GOSs of the gas phase water by EELS and liquid water by IXS for
a wider momentum and energy transfer range. It is clear from the figure that they almost coincide in
absolute scale at every energy loss examined. Considering that EELS and IXS are completely differ-
ent experimental techniques and made on water in different phases, the agreement is rather striking
and endorses that both measurements were properly carried out. Furthermore, it can be concluded that
single-particle excitation prevails over collective excitation in the momentum transfer range studied
here (0.69 a.u. < ¢ <3.59 a.u.). It is rational, because 0.69 a.u. in momentum space corresponds to about
0.08 nm in position space, which is much smaller than the van der Waals radius of water molecule. The
results here suggest that “gas phase approximation,” where a simple extrapolation of gas phase data to
unit density is employed (Paretzke, 1987), is fairly good except for very small g.
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FIGURE 5.11 Comparison of the GOSs by EELS and IXS at several energy loss values.

5.8 BETHE SURFACE OF LIQUID WATER

Dielectric response function €(, g) is, as has been stressed already, the central quantity governing
various properties of a material and is best presented as a Bethe surface. Bethe surfaces of molecules
can in principle be obtained by ab initio calculations, but in practice, the calculation from the first-
principles is a formidable task for realistic materials. Hence, apart from the atomic hydrogen and the
free electron gas, theoretical construction of Bethe surface of liquid water has so far been made semi-
empirically (Dingfelder and Inokuti, 1999; Emfietzoglou et al., 2005, 2006b, 2008a,b). Most studies
start with an analytic representation of the experimental optical data Im[-1/e(0, E)], which fulfill the
sum rule. Subsequently, momentum dependence is introduced by assuming various dispersion models.
Though physically plausible models are contrived and elaborated, calculations based on the processes
described above had generally been viewed as tentative because there had been no way to test the
accuracy of the g-dependence until the data presented in Figure 5.6 were reported.

Now experimental Bethe surface of liquid water is known between 0.19 a.u. < g < 2.79 a.u
and 0 < E < 150eV. Figure 5.12a shows the experimental Bethe surface with much finer meshes
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FIGURE 5.12 Observed Bethe surface of liquid water by IXS (a), and calculated ones by Mermin model
(b), Ritchie and Howie model (c), and fully extended Drude model (d). (Reprinted from Emfietzoglou, D. et al.,
Nucl. Instrum. Methods B, 266, 1154, 2008b. With permission).

calculated by extrapolation of the IXS data. Figure 5.12b—d presents three examples of calculated
Bethe surface of liquid water (Emfietzoglou et al., 2008b). In all the calculations, the ELF shown in
Figure 5.8 is fitted by a superposition of five Drude functions (corresponding to excited states) and
five derivative Drude functions (ionized states), and subsequently different g-dependence models
were assumed. Although all the models reproduced the global characteristics of the experimentally
observed Bethe surface, there are obvious differences in the way the Bethe ridge develops.

Figure 5.12c employs the very popular Ritchie and Howie model that assumes a simple quadratic
dispersion (Ritchie and Howie, 1977). It is evident that the Bethe ridge is emphasized too much
compared with that from IXS observation, Figure 5.12a. That the Bethe ridge is not so steep is sup-
ported also from EELS data in Figure 5.11, and hence other models must be looked for. Two model
calculations that almost reproduce the experimental Bethe surface are presented and are shown in
Figure 5.12b and d. Dependences of some physical quantities on varied optical data and on momentum
dispersion models have been studied (Emfietzoglou and Nikijoo, 2005).

5.9 CONCLUDING REMARKS

The dielectric response function &(g, ®) fully describes the interaction of matter and photons or
charged particles. For volatile liquids, only IXS experiment can provide €(g, ®) data for finite
values of momentum transfer, but because of weak intensity of IXS, not many studies have been
reported so far. In condensed phases, intermolecular interactions tend to broaden and smear char-
acteristic low-energy peaks often observed for gas phase molecules. Hence, what is required to
extend IXS studies to various other condensed systems is not high resolution but high sensitivity
over a wide energy region. In this decade, impressive progress has been made in various aspects
of x-ray techniques, and every year, new, more improved monochromators have been commis-
sioned (Bergmann et al., 2002; Hayashi et al., 2004, 2008; Welter et al., 2005; Fister et al., 2006;
Huotari et al., 2006; Hudson et al., 2007). It will now be possible to apply IXS to probe dielectric
properties of various liquids of interest such as supercritical fluids, ionic fluids, electrolytes, as
well as high-pressure gases.
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