RAPID COMMUNICATIONS

PHYSICAL REVIEW E 90, 010302(R) (2014)

Effective attenuation length of an electron in liquid water between 10 and 600 eV
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The absolute values of the effective attenuation length of an electron in liquid water are determined using soft
x-ray Ols photoemission spectroscopy of a liquid beam of water without employing any theoretical estimation
or computationally obtained value. The effective attenuation length is greater than 1 nm in the entire electron
kinetic energy region and exhibits very flat energy dependence in the 10-100 eV region.
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When a high-energy particle or photon strikes a living cell,
photoelectrons are ejected from cell water and they induce
various chemical reactions and energy transfer processes.
These scattering dynamics of electrons in liquid water are
not only fundamental in condensed matter physics but also
crucial for understanding radiation chemistry and biology.
Electron scattering in water at high electron kinetic energies
(>200eV)is primarily electronic inelastic scattering, inducing
ionization and electronic excitation (and dissociation) of water
molecules [1-3]. The integral cross sections of electronic
inelastic scattering and inelastic mean free path (IMFP) are
estimated using the Bethe surface constructed from inelastic
x-ray scattering data of liquid water [4]. The IMFP thus
calculated commonly exhibit a so-called “universal curve”
with the minimum in the electron kinetic energy (eKE) region
between 50 and 100 eV and a rapid increase in the low-
and high-energy sides. However, the absolute values estimated
using different theoretical methods are significantly scattered
as seen in Fig. 1(a). Experimental IMFP is not available for
liquid water and only reported for amorphous ice [5], shown as
circles (IMFP4) in Fig. 1(a). Theoretical estimates (IMFP1-3,
shown in lines) for liquid water differ from these data points
for amorphous ice [6,7].

Electron scattering at low kinetic energies (<100 eV) is
particularly important for radiation chemistry, in which the
IMFP is insufficient for describing electron transport and
scattering. This is because elastic and vibrational inelastic scat-
tering become increasingly important at low energies. When an
electron undergoes multiple (pseudo)elastic scattering events
prior to electronic inelastic scattering, the distance between
the two electronic inelastic scattering events becomes shorter
than the IMFP [Fig. 1(b)]. The distance at which the flux
of electrons maintaining the initial kinetic energy diminishes
by a factor of 1/e is termed the effective attenuation length
(EAL), which is practically more important than the IMFP
and also considerably easier to evaluate experimentally. The
EAL is never larger than the IMFP at low energies and the
two eventually coincide at high energies, because elastic and
vibrational inelastic scattering become unimportant at higher
energies. Thus, the EAL provides the lower bound for the
IMFP. Previously, Ottosson et al. estimated the relative values
of the EAL using Ols photoemission intensity of liquid water
[8]. However, they incorrectly assumed energy-independent
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photoemission anisotropy, so that Thiirmer et al. refined
the analysis [9]. The relative EAL thus estimated exhibits
a monotonous increase with the eKE in the region of 25—
1000 eV. However, the absolute value of the EAL was not
determined and the overall scale was adjusted to explain the
photoemission intensities of electrolytes in solution using the
computed depth profiles of the solute density.

In this study, we experimentally estimate the absolute values
of the EAL in liquid water for the eKE range of 10-600 eV.
To this end, we only employ experimental values such as the
Ols photoemission spectra of liquid water and the integral
and differential photoionization cross sections of liquid and
gaseous water [9—11]. We illuminate a beam of liquid water in
vacuum with soft x-ray radiation and measure photoemission
both from the liquid water and evaporated gas [Fig. 1(c)]. The
signal from the liquid is proportional to the number density of
water molecules within the depth equal to the EAL (or more
rigorously the mean escape depth), while the photoemission
signal from the gas is proportional to the number density
decreasing inversely proportional to the distance from the
liquid surface. The gas density just above the liquid can be
assumed to be a saturated vapor pressure of water at a given
temperature. From these considerations, the absolute value of
the EAL can be determined without employing any theoretical
estimate or computationally obtained value.

The fundamental design of our photoelectron spectrometer
has been described elsewhere [12]. The electron energy ana-
lyzer is a hemispherical electrostatic analyzer (Gammadata-
Scienta SES100) with an ultimate resolution of 6 meV. We
obtained most of the experimental results in the a-branch of
BL17SU at the synchrotron radiation facility SPring-8, while
we repeated measurements for the electron kinetic energies
less than 40 eV at the b-branch of BL17SU. Between these
two experiments, the focusing and polarization of the soft x-ray
beams were different, and the photoelectron spectrometer was
also modified. Despite such differences, the two sets of EAL
data were in agreement for the overlapping energy region.

The liquid discharging nozzle is a straight fused silica
capillary of 25 pum inner diameter and 7 mm length. A
high-performance liquid chromatography pump is employed
to transport sample solutions. Two metal-sintered filters with
pore diameters of 2 and 0.5 m are installed between the high-
performance liquid chromatography pump and the nozzle. The
nozzle assembly is mounted on an XY Z manipulator for fine
positioning of the nozzle relative to the excitation light and
the analyzer. At the photoionization point 1 mm downstream
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FIG. 1. (Color online) (a) Inelastic mean free path (IMFP) of
electron in water. IMFPs are calculated using Mermin’s model
(IMFP1) and the Ashley model (IMFP2) [6] and a simplified KO
model with the e-e dielectric function (IMFP3) [6,7]. IMFP4 shown
as circles is obtained from the electronic inelastic scattering cross
section in amorphous ice [5]. (b) Ilustration of IMFP and EAL
of an energetic electron. (c) Schematic view of the liquid beam
x-ray photoelectron spectroscopy. See Fig. 3 for more details of the
experimental geometry.

from the nozzle, the liquid temperature of the water beam is
estimated to be around 280 K [13]. The Reynolds number R,
of our liquid beam, defined as R, = 2vrp/n, is 560 at a typical
flow rate of 0.6 ml/min, where v is the velocity of the fluid
(20 m/s), r is the radius of the capillary, p is the fluid density,
and 7 is the fluid viscosity. It is generally accepted that if the
Reynolds number is below 2000, the flow is laminar. The liquid
beam breaks up into droplets at around 3 mm downstream from
the nozzle. The propagation directions of the liquid beam and
photon beam, and the electron detection axis are orthogonal to
each other.

The soft x-ray radiation illuminates the liquid beam and
evaporated gases around the liquid beam simultaneously,
so that the Ols spectrum exhibits the liquid and vapor
contributions. Figure 2 shows the Ols photoelectron spectra
of the aqueous 0.14 M NaCl solution at 1140 and 911 eV
excitation energies. Two bands at binding energies (BEs) of
539.79 and 537.96 eV in the spectra are assigned to the vapor
and liquid contributions, respectively. The vapor contribution
(BE = 539.79 eV) is utilized for energy calibration of the
spectra [14]. Liquid contributions centered at 537.96 eV are
much broader than the gas contributions; the FWHM of the
vapor and liquid contributions are, respectively, 0.59 and
1.54 eV in the spectrum obtained at a photon energy of
1140 eV. Similar widths were observed at 911 eV. The gas to
liquid energy shift is 1.8 eV, which is in reasonable agreement
with the more accurate value of 1.6 eV recently redetermined
[15]. Owing to the large spot size of soft x-ray radiation
in our experiment using the direct beam in the a-branch,
photoemission of evaporated molecules is emphasized in the
spectra. The measured spot size is presented in Figs. S1 and S2
in the Supplemental Material [16]. The horizontal length of the
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FIG. 2. (Color online) Ols photoelectron spectra of 0.14 M
aqueous NaCl solution observed with 911 eV photon (open circle) and
1140 eV photon (filled square). The inset shows the photoabsorption
cross sections for liquid [11] and gaseous [10] water. The cross section
of liquid water is normalized for that of the gas in the region over
580 eV. These spectra were measured in the a-branch of BL17SU soft
x-ray beamline of SPring-8.

photon beam is almost constant, while the vertical length varies
with the photon energy. The photoabsorption cross section in
the photon energy (¢) range of 540-1140 eV is 0.085-0.8 Mb
[10]. Even if we assume the cross section to be the largest
possible value of 1 Mb, the penetration depth of soft x-ray
radiation into water is 330 nm, which is considerably larger
than the EAL. Therefore, attenuation of the x-ray beam along
the path from the liquid surface, on the illumination side, can
be safely neglected in the following discussion.

Water vapor is isotropically distributed around the liquid
beam. At high electron kinetic energy, where EAL is equal to
the IMFP, only the electrons with an initial velocity oriented
toward the detector are observed. Thus, the photoemission
signal originates from the blue-colored area (= ryXxEAL) in
Fig. 3(a). On the other hand, at low electron kinetic energy,
elastic scattering occurs with an isotropic angular distribution.
Then, the observed signal originates from the orange-colored
area in Fig. 3(b). Using a geometrical factor 7 /2 [17], the EAL
is obtained from the following relation to the area a(E):

a(E) = %ro x EAL, (1

where E(= € — BE) is the eKE and ry is the radius of a liquid
beam. Since our main interest is the EAL at low energies
(<100 eV), we employ Eq. (1) in the following discussion.
This, however, leads to underestimation of the EAL at higher
energies. Its correction is discussed later.

The photoelectron intensity from gas molecules at a given
photon energy is expressed by the following equation:

I, (E) = cg(E)ng(€)ag(€) f(€), @

where ¢ (E) is a sensitivity factor, ny(e) is the number
of ionized molecules in the detectable region, og(€) is the
photoionization cross section, and f(¢) is the flux of photons.
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FIG. 3. (Color online) The cut view of the liquid beam in the
plane defined by the x-ray propagation direction and the electron
detection axis. Illustration of the effective ionization area of vapor
and liquid beams for (a) few and (b) many elastic scattering events. ry
and R are the radius of the liquid beam and x ray, respectively, while
[ represents the visible area for the detector. The gray area indicates
the opposite side of the detector.

The photoelectron intensity from the liquid is similarly
expressed as follows:

L(E) = c(E)pa(E)oi(e) f (), 3)

where ¢;(E) is a sensitivity factor, p; is the density of
molecules, and o;(¢€) is the photoionization cross section.

The soft x-ray absorption spectra of gaseous [10] and liquid
[11,18] water are quite similar in the region higher than 580 eV
owing to their atomic nature: o,4(€) = o;(¢€). On the other hand,
o;(€) is larger than o,(€) in the region less than 546 eV and
around 560 eV [10,11], shown as the inset in Fig. 2. These
differences were explicitly considered in our analysis.

The density of gas molecules diminishes with the distance r
from the liquid beam in the long range. The 1/r dependence of
gas density in the long distance was experimentally confirmed
as presented in the Supplemental Material (Fig. S4) [16]. Then,
the total number of molecules in the gas phase up to the radius
R is approximated as

I PR 7o o

= p (T —_— 4
o =nm [ [ . @
where [ is the length of the photoionization region along the
photon beam observed by the electron spectrometer (Fig. S3).
The primes of dx’dy’ indicate that the region of integration
excludes the backside of the x-ray radiation and the detector.
R(E) is one-half of the spot size of x-ray radiation (vertical
length, Fig. S1) [16]. po(T) is the saturated vapor density of
H,0 at temperature 7 [19]. The uncertainty in temperature is
expected to be +5 K, resulting in —28% (—5 K) and +38%
(+5 K) in p (7).

The sensitivity factors ¢;(E) and c,(E) are influenced by
photoelectron angular anisotropy, since the photoelectrons are
observed with a finite detection solid angle. The photoelectron
angular distribution can be expressed as [20]

do(E) o(E) B(E)
19 = in {l—i- 1 [3Pcos(29)+l]}, (®)]

where o(FE) is the integral photoionization cross section,
B(E) is the photoemission anisotropy parameter, and 6 is the
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angle between the photoelectron velocity vector and the linear
polarization of the photon beam. The polarization degree P is
defined as follows:

L—1,
L+ 1)

where I, is the intensity along the electron detection axis and
I, is the intensity perpendicular to that axis. The degree of
polarization also varies with the photon energy. We employed
the B values reported for gaseous and liquid water [9] and
calculated the sensitivity factor for a given photoelectron
kinetic energy. The influence of different 8 values between
liquid and gas is 10%-50% in the energy range of 10-500 eV
(Table S1 [16]).

Considering these factors, the intensity ratio between the
gas and liquid photoelectron signals is given by

L(E) _ a(E) oi(e) pa(E)
L(E)  co(E)ay(e) ngle)

= A(E)EAL, (3)

(6)

)

where A(E) is the energy dependent instrumental correction
factor. From this equation, one obtains

1 (B
~ A(E) I,(E)

The Ols band appears on a continuous background of
secondary electrons originating from valence photoemission,
so that we evaluated the Ols intensity by subtracting the
background. This procedure, however, becomes less accurate
for the lowest eKE region less than 10 eV owing to instability
of the background.

The EAL values extracted using Eq. (1) are shown in Fig. 4
as the filled blue triangles. The liquid temperature was assumed
to be 280 K and the photoemission anisotropy [9] was taken
into account. The light blue triangles are the values scaled
as the factor 7 /2, presenting the upper bound of EAL. The
actual EAL values should be closer to the blue triangles at low
energies and closer to the light-blue triangles at high energies.
Although we do not know how the EAL varies between these
two boundaries, we present a guide for the eyes as a green line
as a plausible EAL curve, as shown in Fig. 4. The solid line
(IMFP1) is the IMFP estimated using the Bethe surface. This
particular IMFP was calculated using Mermin’s modeling of
the Bethe surface; however, since the theoretical surface is
compatible with the experimental one [6], this estimate of
IMFP is essentially based on experimental measurements. It
is only noted that the absolute value of the experimental Bethe
surface is normalized using the Thomas-Reiche-Kuhn sum
rule. Our EAL values are larger than IMFP1 in the energy
region higher than 20 eV. Since the EAL provides a lower
bound for the IMFP, these results are in disagreement by a
factor of 2 to 3 in the eKE region higher than 100 eV.

It is worth examining possible sources of errors that make
our EAL apparently larger than the real values. If evaporated
gas stagnates in expanding from the liquid surface into
vacuum, the actual density of water vapor becomes higher
than our estimate. In this case, our EAL becomes even greater
than shown in Fig. 4, so that this is not regarded as a
problem. Another possibility is scattering in vapor. Since the

EAL

9)
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FIG. 4. (Color online) Effective attenuation length (EAL) as a
function of electron kinetic energy (eKE) (also in Table S1 [16]),
and thermalization length (TL) and inelastic mean free path (IMFP).
The error bars result from data sets on different days. The filled
triangles (blue) and filled-inverted triangles (light blue) indicate the
EAL, assuming 280 K, with and without the 7 /2 geometrical factor.
The thick green line is a guide for the eyes as a possible EAL curve
affected by the /2 factor at high energies. The EAL values reported
by Thiirmer et al. are indicated by the plus signs. Experimental TL
is obtained from the photocurrent in solutions (TL1) [21]. TL2 is the
continuous slowing down approximation range [22], and TL3 is the
penetration length of an electron [23] in water. The IMFP1 (line) and
IMFP4 (circles) are the same as in Fig. 1.

photoelectrons emitted from the liquid surface travel a longer
distance through a dense water vapor than those emitted from
the vapor, the liquid signal is relatively underestimated. The
underestimation, however, is only by 13% at a 24 um distance
(typical x-ray spot size) from liquid surface, assuming the 1/r
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distribution of vapor and the Lambert-Beer law with the largest
value of the inelastic cross section (~400 Mb at the eKE of
100 eV [24]). Hence, the effect on EAL is at most 13%. The
third one is the liquid temperature, which we estimated based
on a previous study using Raman thermometry [13]. If our
estimate of the temperature is too low, the real EAL will be
greater than shown in Fig. 4. Thus, the only possibility that
our EAL becomes closer to IMFP1 at higher energies is the
case that the actual liquid temperature is lower than 280 K.
However, even if we assume the liquid temperature to be 275 K,
the EAL decreases only by 28% and the plausible EAL curve
is still larger than IMFP1 in the energy region higher than
100 eV.

The thermalization length (TL) of an electron, the distance
between the creation point of an electron and the final point
where the electron is thermalized, is particularly relevant to
radiation chemistry. The TL is always larger than the EAL.
As seen in Fig. 4, Watt’s TL, or the continuous slowing down
approximation range [22], appears to be close to our EAL at
around 50 eV, which suggests that Watt’s TL is too short at that
energy. Our EAL is more consistent with a longer TL (TL3 in
Fig. 4) by Uehara and Nikjoo [23]. It is noted, however, that
the comparison is qualitative, because the theoretical estimates
of TL also contain a number of assumptions. For example,
vibrational inelastic scattering is simply neglected or its cross
section is substituted by the value in amorphous ice.

Our result clearly indicates that the observed EAL is very
flat over the region of 10-100 eV. This is an important result
in elucidation of electron scattering dynamics in liquid water
in relation to radiation chemistry and biology. The results also
imply that the probing depth of photoelectron spectroscopy is
not strongly dependent on electron kinetic energy in this range,
which is valuable information for photoemission spectroscopy
of liquids using UV light sources such as synchrotron radiation,
laser high harmonics generation, and free electron lasers.
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The synchrotron radiation experiments were performed at
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