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Pulse Radiolysis Studies of Water and Alcohols at
High Temperatures and Supercritical Conditions

Sch. Nucl. Sci. Tech., Univ. Sci. & Tech. China / Institute of Nuclear Energy Safety Technology, CAS O

Mingzhang Lin*

In the present article, some studies on the pulse radioly-
sis of high temperature and supercritical water are summa-
rized. The temperature and density effects on the absorp-
tion spectrum of hydrated electron, the yield of water de-
composition products, and reaction rate constants are ad-
dressed and discussed. Meanwhile, the temperature effects
on the absorption spectra of solvated electron at elevated
temperatures have been also stated. These investigations
are expected to be useful for the modeling of water radiol-
ysis in supercritical water cooled reactors (SCWR) and for
a better understanding of fundamental knowledge in radi-

ation chemistry as well.

Keywords: pulse radiolysis, supercritical water, tempera-
ture effect, density effect, absorption spectrum

1 Introduction

Despite of its chemical simplicity, water is one of the
most important substances on earth. It covers 71 % of our
planet’s surface and it is vital for all known forms of life.
Radiolysis of water was studied soon after the discovery of
natural radioactivity. Early researchers starting with Bec-
querel observed that radium emanations decompose water
into hydrogen and oxygen. Thanks to the development of
pulse radiolysis techniques, especially the identification of
hydrated electron by Hart and Boag in 19621, the reaction

Pulse Radiolysis Studies of Water and Alcohols at High Tem-
peratures and Supercritical Conditions
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mechanism of water radiolysis was then established.

The investigation on water radiolysis is of great interest
in biological processes, nuclear power plants, spent fuel
reprocessing, nuclear waste repository, etc. Recently,
with the development of various technologies, one has
been able to investigate water radiolysis under some
extreme conditions such as concentrated solutions, high
temperature, high pressure, high linear energy transfer
(LET), being much closer to some practical applications,
especially for the development of advanced nuclear energy
systems, where the chemical conditions are usually much
Motivated by the R&D

needs of supercritical water cooled reactor (SCWR), one

more harsh than ever before.

of the next generation (GenlIV) reactors, we have been in-
volving in the basic studies of water radiolysis at elevated
temperatures, especially under supercritical conditions.
One of the main purposes is to collect basic data for the
computer simulations of water radiolysis in SCWR, so
as to have a reasonable water chemistry control at the
reactors. As is known, the physico-chemical properties
of supercritical water and the water structure (hydrogen
bond network) are significantly different from the water
at ambient conditions, it is of our great interest to unveil
how these changes reflect on the radiolysis of water, such
as the yield of water decomposition products, the rate
constants, and the properties of chemical species, etc., by
using steady irradiation, nanosecond and picosecond pulse
radiolysis techniques.

On the other hand, much investigation has been devoted
to the pulse radiolysis studies of alcohols, especially the
behaviors of solvated electron in those alcohols at elevated
temperatures. There are at least two reasons why we are
interested in the studies of solvated electrons in high tem-
perature and supercritical alcohols. First, the molecular
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structure of simple alcohols such as methanol is similar to
that of water while their supercritical conditions are much
milder than water, for example, the critical temperature (z.)
and pressure (P.) of methanol are 239.5 °C and 8.1 MPa,
but for H,O, they are 374 °C and 22.1 MPa, respectively.
The investigation is expected to be helpful for a better un-
derstanding of the radiolysis of water at elevated temper-
atures and supercritical water. The second reason is due
to the variety and intrinsic properties of alcohols. Struc-
turally, alcohols can have different chain lengths (carbon
number) and OH group number. Their polarity (dielectric
constant) and viscosity are quite different from those of
water and also strongly correlated with the chemical struc-
ture. These will eventually affect the solvation processes

of electron.

2 Experimental

Most experiments were carried out at the University of
Tokyo using an electron linear accelerator coupled with
a high temperature high pressure irradiation cell (Taiatsu
Techno®). Details of the apparatus for nanosecond pulse

23 The solution was

radiolysis are described elsewhere
loaded into the cell by an HPLC pump. The temperature
of the sample solution was monitored by a thermocouple
placed inside the cell and the pressure was adjusted with
a back-pressure regulator. The picosecond pulse radioly-
sis experiments were performed using a photocathode type
Linac associated with a femtosecond laser as probe (ana-

lyzing) light™.

3 Results and Discussion

3.1 Absorption spectrum of hydrated electron at
elevated temperatures and supercritical water

Typical temperature dependent absorption spectra of e,
in D,O at 25 MPa from room temperature to 380 °C is
given in Fig. 1¥. These absorption spectra are almost the
same as those obtained by nanosecond pulse radiolysis.
The absorbance decreases with temperature because the
water density decreases and the decay of e, is accelerated
with increasing temperature. The fact that e}, does exist
in SCW (t. = 374 °C, P. = 22.1 MPa) and even persists at
densities as low as ~8 x 1073 g/cm? indicates that the elec-
tron experiences a strong interaction with the neighboring

water molecules, implying a dominant role of the short-

range molecular structure in the microscopic description of
the electron localization and hydration mechanisms. The
plots of absorption maximum (Eax) VS. temperature show
a monotonic decrease up to subcritical temperature at a

fixed pressure.

A (nm)

1 I200 8(I)0 6(20 5(I)0

Absorbance

Figure 1. Absorption spectra of hydrated elec-

tron obtained by pulse radiolysis of D,O from
room temperature to supercritical state, record-
ing at 60 ps after the electron beam pulse.

Interestingly, the temperature dependence of Ep,x in
sub- and supercritical D,O further reveals that, at a fixed
pressure (25 MPa), Ey.x decreases monotonically with
increasing temperature in passing through the liquid-SCW
phase transition at 7., but exhibits a minimum at a fixed
density (0.2 g/cm® and 0.65 g/cm?) as the water passes
above t. into SCW. These behaviors can be understood
by means of simple microscopic arguments based on
the changes that occur in the water properties and water
structure (clustering) in the sub- and supercritical water
regimes. By comparison with the (H,O), cluster data
obtained at ambient temperature or under cryogenic
conditions, the average cluster size in SCW at 400 °C is
estimated to be ~32 water molecules for p = 0.65 g/cm?
and ~26 for p = 0.2 g/cm?®, respectively”. Similar
phenomena were observed for the solvated electron in
sub- and supercritical methanol®.

The radical of 4,4’-bipyridyl was also used to probe the
local structure of water under sub- and supercritical con-

ditions. The absorption spectra of 4,4’-bpyH*® in various

oooaoao
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organic solvents with different dielectric constants were
measured at ambient conditions. The absorption maxi-
mum E .« varied with the solvents used, due to solvent-
solute interactions. The plots of E,x as a function of the
dipolar effect value ((e—1)/(e+2) — 2 =1)/(n*+2)) (eis
dielectric constant and 7 is refractive index of the solvent)
in McRae-Bayliss model” show a fairly good linear re-
lationship. However, similar plots for Ey,.x of 4,4’-bpyH*®
under sub- and supercritical conditions remarkably deviate
from the line. Further analysis exhibits that there is a local
density augmentation for supercritical water, as shown in
Fig. 2.

Figure 2. Density enhancement factor as a
function of bulk density.

3.2 Radiolytic yield of water decomposition products

G(e,q) was measured using two scavenging systems: a)
methyl viologen (MV?2*) in the presence of fert-butanol®,
and b) 4,4’-bipyridyl (4,4’-bpy) together with tert-butanol
in alkaline solution (pH > 11)?, from 25 °C to 500 °C. For
the temperature dependent behaviors at fixed pressure of
25 MPa, G(e,,) increases with temperature up to 300 °C,
and then decreases to a minimum near 7. before jump-
ing to a high value at 400 °C, and then it decreases again

with increasing temperature up to 500 °C. An independent

measurement of G(e_) in methanol shows a similar ten-
dency'?). The sharp change of G(e,,) at constant pressure

is attributed to density effects. In fact, under supercriti-

0 990 (2015)

cal conditions, at a fixed density G(ea‘q) decreases with in-
creasing temperature while at a fixed temperature G(ey,)
decreases with increasing water density. Around 7., the
density effect is the most significant, but it becomes less
and less as temperature increases. Picosecond pulse radiol-
ysis has been done to confirm the density effect on G(e;),
Fig. 3%1D,

0.05
g_ 0
0.04} ~al 2 o .
8 % g- 1 1 A| LA
c 0.03- 0.1 02 0.3 0.4 05 06
2
8 0.02 40MPa
Qo 30
<C 0.01 27.5
25
0
[ 1 [ 1 1 1 [ 1 1

0 02 04 06 08 1 1.2
Time (ns)

Figure 3. Time profiles for the decay of hy-
drated electron at 400 °C at different pressures.
Inset: yields of hydrated electron at 60 ps and
1 ns as a function of water density.

Two scavenging systems have been used to evaluate
{G(eaa) + G(H®) + G("OH)} (denoted as Ggyy). One is
0.5 mM MV?* with 0.2 M ethanol, another is 0.5 mM
4,4’-bpy in the presence of 10 mM HCOONa. The
solutions are deaerated by Ar gas. Ethanol and HCOO™
are used to convert OH radical and H atom to ethanol
radical and COO®~ which will subsequently reduce MV?>*
and 4,4’-bpy to form MV** and 4,4’-bpyH, the same as
those produced by S that is, the total yields of MV**
or 4,4’-bpyH should be equal to the total yield Ggyy. The
tendency is very similar to that of G(e,). An estimation
of the yield of COO®~ up to 400 °C by pulse radiolysis
of 10 mM sodium formate in N, O saturated solution well
supported these results'?.

The estimation of G(*OH) has been carried out using an
aerated solution of 100 mM NaHCOs5 or a deaerated solu-
tion of 100 mM NaHCOj in the presence of 1 mM NaNOs;.
In these systems, hydrated electrons are scavenged by O,
or NO;~ while the reaction between H atoms and HCO;™ is
rather slow. Consequently the yield of CO;*~ would corre-

spond to G(*OH). From room temperature to 380 °C, the
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pressure is 25 MPa while at 400 °C it is 35 MPa because
the solubility of NaHCOj3 at 400 °C/25 MPa is too low to
do the measurements.

It is noted that the measurement of G-value of water
decomposition products is largely related to the concen-
tration of scavenger, or the scavenging time. Since the
reaction rate constant is temperature dependent, with a
fixed concentration of scavenger, the scavenging time
is in fact different for each temperature. Moreover, the
spur lifetime (the time required for the changeover from
non-homogeneous spur kinetics to homogeneous kinetics
in the bulk solution) is an important aspect for the discus-
sion of temperature dependent behaviors of G-value of
water decomposition products. Based on irradiated Fricke
dosimeter Monte-Carlo simulations, the spur lifetime
was found to decrease monotonically from ~2.1 x 1077 s
at 25 °C to ~3.5 x 1078 s at 350 °C (with an estimated
uncertainty of about 10 %)'?.

3.3 Reaction rate constants

The measurement of reaction rate constants is rather
challenging, not only because there are several tens reac-
tions (they should be well “separated” to determine) but
also due to the rapid decay with increasing temperature.
Nevertheless, some studies were devoted to reactivity at
temperatures higher than 300 °C or even in SCW in the
last decade. The results have demonstrated the unusual
behaviors of rate constants at elevated temperatures. Some
reactions follow well the linear relationship of Arrhe-
nius equation, while many others exhibit non-Arrhenius
behavior. As an example, Fig. 4 shows the Arrhenius

aq- At 25 MPa,

from room temperature to 350 °C, there is a fairly good

plots for the reaction of 4,4’-bpy with e

linear relationship from which an activation energy of
19.6 kJ/mol is calculated. The inset figure shows the
rate constant as a function of water density at 380 °C.
Apparently there is a significant density effect on the rate
constants.

3.4 Behaviors of solvated electron in alcohols at
elevated temperatures

Figure 5 shows the transition energy at the absorption
maximum plotted as a function of temperature for the
solvated electron in some primary alcohols (methanol,
ethanol, 1-propanol, 2-propanol, 1-butanol, 1-pentanol,
I-hexanol, and 1-octanol) and four poly-alcohols, ethane-

log(k)

14.0
13.5
13.0
12.5
12.0
11.5
11.0
10.5
10.0

300

t(°C)

200

100

k(x10"" Ms™)

380 °C

0.45

05 055 0.6

p (g/cm?)

0.65

1.5

2

25

1000/T (K™)

3 3.5

Figure 4. Arrhenius plots for the reaction of

4,4'-bpy with hydrated electron. Inset: Rate
constant as a function of density at 380 °C.
24
22 |-
*  Glycerol
® Eg
20 |- 4 12PD
@ 13PD
<« Methanol
1.8 |- B Pentanol
; ® Hexanol
() A Octanol
~ 16 kL » Butanol
£ w Ethanol
w O 1-propanol
14 L m 2-propanol
12 |-
Q
&)
10 PR EEEPEE TP P EEEPE SRR B BRI |

300 350 400 450 500 550 600 650 700

Temperature (K)

Figure 5. Transition energy at the absorption
maximum as a function of temperature for the
solvated electron in various alcohols.

1,2-diol (Eg ), propane-1,2-diol (12PD), propane-1,3-diol
(13PD), and propene-1,2,3-triol (Glycerol) that we inves-
tigated in recent years'3?). In general, by increasing the
temperature, the decays become faster and most of the
solvated electrons disappear within the electron pulse due

oooaoao
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to the geminate recombination. However, it can be clearly
observed that the maximum of the solvated electron
absorption band shifts to the longer wavelength with the
temperature rise. For the primary alcohols (n-alcohols),
the temperature coefficient increases with increasing
chain length. For the alcohols with same chain length
and OH numbers, temperature coefficient is larger for the
symmetric alcohols than the asymmetric ones.

Very interestingly, for the solvated electron in poly-ols,
the red-shift of the spectrum with increasing temperature
corresponds very well with the spectral shift of electron
solvation obtained by femtosecond laser photolysis, that
is, higher temperature corresponds to shorter time. For ex-
ample, in the case of glycerol, the spectra at 125, 100, and
75 °C agree fairly well with those at 100 fs, 3 ps, and 20 ps,
respectively. The blue shift of the absorption spectrum of
the electron during solvation in poly-ols is continuous and
can be described by the temperature dependent absorption
spectrum of the ground state solvated electron, suggesting
that the blue shift is caused mostly by the thermal relax-
ation of the solvated electron.

4 Summary

Under sub- or supercritical conditions, the radiolytic
yields of water decomposition products, the reaction rate
constants and the spectral properties of transient species
show significant difference from those of water at ambient
condition or even at elevated temperatures below 300 °C.
These properties are not only dependent on temperature
but also greatly affected by water density in SCW, or in
other words, they exhibit non-linear behaviors or even
non-monotonic function with temperature at a fixed
pressure. This would strongly suggest a re-consideration
of current model of water radiolysis in nuclear reactors,
especially for the future SCW reactors, where the temper-
ature varies from 285 °C at the inlet to more than 550 °C at
the outlet. On the other hand, these unusual behaviors are
certainly related to the peculiar water properties and water
structure of SCW such as dielectric constant, hydrogen
bonding network, clustering, and density inhomogeneity,
etc. This requires more fundamental studies on tem-
perature effects of the electron solvation processes, the
spur reaction processes and other more general chemical

interests in these intriguing reaction media.
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This article was written in commemoration of the Award
from Japanese Society of Radiation Chemistry[] towards
“New Development of Pulse Radiolysis of Functional
Molecules” which was awarded in September 2014. At
firstl) my background as a radiation chemistry researcher
and overview of radiation chemistry research in our group
are introduced and followed by explaining the recent
results obtained after 2009 summarized to 1) properties of
radical ions studied by pulse radiolysis 2) reactivities of
radical ions studied by pulse radiolysis(] and 3) biological
chemistry studied by pulse radiolysis. Pulse radiolysis
studies including our results are deeply related to elucidate
the properties and reactivities of intermediates during
the redox reactions of advanced materials such as charge
transport materials[] luminescence materials[] solar cells(]
and environmental catalysts[] and to clarify the electronic
and structural changes of biomolecules[]in order to
develop the high-performance materials and to understand

the biological functions[d respectively.

Keywords: radiation chemistry[] pulse radiolysis[] func-
tionalized molecules[] biomolecules[ radical ions
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(a) Formation of M**in alkyl (b) Formation of M* in

chloride (RCI) dimethylformamide (DMF)
RCI —J\?V‘—- hole + €y DMF—\/\eN‘—- hole + €y
RCl + €4 —— R+CI DMF + hole —— DMF**
M + hole —— M* M + €g— M-

(c¢) Formation of M** and
M* in benzene
.
CeHe ~WW'— Hole + ey
M + hole — M+
M + €gyq— M~
Scheme 1. Formation of radical ions of solute
(M) during pulse radiolysis of M in (a) alkyl
chloride (RCHU (b) N,N-dimenthylformamide
(DMF), and (c) benzene (CgHg).
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Figure 1. Structures of cyclophanes: anti-

BTD, and syn-BTD,U Reprinted with permis-
sion of The Chemical Society of Japan (Ref. 6).
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Figure 2. Absorption spectra of BTD3~ ob-
served during y-radiolysis of BTD, in MTHF
matrix at 77 K: syn-BTD3™ (black line) and anti-
BTD5™ (red line). Reprinted with permission of
The Chemical Society of Japan (Ref. 6).
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Figure 3. Structures of multi-layered cyclo-
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number of benzene rings. Reprinted with per-
mission from Ref. 7. Copyright (2011) Ameri-
can Chemical Society.
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Figure 4. Transient absorption spectral
changes observed during pulse radiolysis of (a)
3LPCP and (b) 3LMCP in 1,2-dichloroethane
(DCE) at room temperature. Reprinted with
permission from Ref. 7.  Copyright (2011)

American Chemical Society.
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Figure 6. Absorption spectra of [n]CPPs** ob-
served during y-radiolysis of [n]CPPs (n = 6 (a),
8 (b), 10 (c), 12 (d)) in n-butyl chloride (BuCl)
at 77 K. Blue and red lines are calculated values.
Reprinted with permission from Ref. 8. Copy-
right (2014) American Chemical Society.
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Figure 7. Structures of 2D oligofluorenes:
TFn and ITFn. Reprinted from Ref. 9, Copy-
right (2013), with permission from Elsevier.
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Figure 8. Absorption spectra of ITFn** ob-
served during y-radiolysis of ITFn (n = 1-4) in
BuCl at 77 K. Reprinted from Ref. 9, Copyright
(2013), with permission from Elsevier.
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Figure 10. Absorption spectra of CITFn** ob-
served during y-radiolysis of CITFn (n = 1 —
3) in BuCl at 77 K. Reprinted with permis-
sion from Ref. 10. Copyright (2014) American
Chemical Society.
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Figure 11. Absorption spectra of Ph,R®*~ ob-

served during vy-radiolysis of polyphonylalkane
(Ph,R) in MTHF at 77 K: 1= 1,1-Ph,M*", 2=
1,1-Ph,E*", and 3= 2,2-Ph,P*". Reprinted with
permission from Ref. 11. Copyright (2012)
American Chemical Society.
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Ph4E in MTHF at 77 K. Reprinted with permis-
sion from Ref. 11. Copyright (2012) American
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Figure 13. Time-resolved resonance Raman
spectra of Bp—X (upper) and Bp—-X*~ (lower)
observed at 50 ns after an electron pulse dur-
ing pulse radiolysis of Bp—H (a), Bp—OH (b),
and Bp—CN (c) in DMF. Reprinted with permis-
sion from Ref. 12. Copyright (2015) American
Chemical Society.
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Hammett o, constants for Bp—Xs. Reprinted
with permission from Ref. 12. Copyright (2015)
American Chemical Society.
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Figure 15. Transient absorption spectra of
1,1,2,2-Ph4E*~ observed at 50 ns, 500 ns, and
5 us after an electron pulse during pulse radioly-
sis of 1,1,2,2-Ph4E in DMF. Reprinted with per-
mission from Ref. 13. Copyright (2013) Ameri-
can Chemical Society.
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Figure 16. (a) Absorption spectral change

upon annealing from 77 to 100 K after y-
radiolysis of “NpSeSe“Np in MTHF at 77 K. (b)
Transient absorption spectra observed at 50 ns,
500 ns, and 5 us after an electron pulse dur-
ing pulse radiolysis of “NpSeSe*Np in MTHF
at 175 K. Inset shows time traces of the tran-
sient absorption at 540 and 690 nm. (c) Tran-
sient absorption spectra observed at 5, 50, 250,
and 500 ns after an electron pulse during the
pulse radiolysis of *NpSeSe*Np in MTHF at
295 K. A reference absorption spectrum of
“NpSe*® in benzene (dotted line). Reprinted
from Ref. 15, Copyright (2015), with permis-
sion from WILEY-VCH Verlag GmbH & Co.
KGaA.
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with permission from Ref. 16.

formed from dimerization of
Reprinted

Copyright
(2010) American Chemical Society.

oooaoao



goboooobooooooooboobocoooo

(@)

excitation

% = 530 nm fluorescence

2= 350 nm

Intensity

(b)

fluorescence
22x= 500 nm
excitation

2em=520 nm

Intensity

300 400 500 600 700
Wavelength/ nm
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530 nm) and emission (dex = 350 nm) spectra of
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rescence excitation (de, = 500 nm) and emis-
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with permission from Ref. 16. Copyright (2010)
American Chemical Society.
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This article reviews machine status of a S-band compact
electron linac at AIST, and radiation sources such as
laser Compton scattered (LCS) hard X-rays and terahertz
radiations. The LCS hard X-rays can be generated by a
collision between energetic electron and high-power Ti:Sa
laser beams. The LCS X-rays are tunable in energy, quasi-
monochromatic, and highly polarized. Phase-contrast
imaging using the LCS X-rays is expected as an useful
method for observing the soft tissues. The terahertz radi-
ation can be generated via coherent synchrotron radiation
and coherent transition radiation. Scanning transmission
imaging using a W-band RF detector demonstrated that
the terahertz radiation is the powerful tool for measuring
the freshness of a vegetable. Polarization states of a
radially polarized coherent transition radiation were mea-
sured by using a terahertz camera and a wire-grid linear
polarizer. Bow-tie intensity distributions, aligned along
the polarization direction, were clearly observed. Radially
polarized terahertz radaition becomes a promising tool for

high spatial resolution terahertz imaging.

Keywords: linear accelerator, laser Compton scattering,
hard X-ray, terahertz radiation, coherent radiation
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Figure 1. Schematic illustration of the S-band

compact electron linac.

Table 1. Parameters of electron beam and Ti:Sa laser?.
Energy <42 MeV
Energy spread 0.2 %
Electron beam Charge 1 nC/bunch
Bunch length (rms) <3ps
Beam size (rms) 43 um x 30 pm
Repetition rate <50Hz
Wavelength 800 nm
Ti:Sa laser Pulse energy 140 mJ
Pulse width (FWHM) 230 fs
Repetition rate 10 Hz
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Table 2. Parameters of LCS hard X-rays.

Collision angle 15 degree

O Head-on collision is 0 degree[]

Maximum energy 10 keV-40 keV
Energy spread <10 %
Intensity 107 photons/s
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Figure 2. Left: Transmission image of rat lumbar vertebrae. The energy of LCS X-rays was 30 keV.

The distance between the rat lumbar vertebrae and an imaging plate was (a): 40 mm, (b): 200 mm, and

(c): 750 mm, respectively. Right (a)—(c): Enlarged images taken from the areas marked by rectangles

in Figs. 2(a)—(c). (e)—(g): Integrated line profiles over a selected area marked by a rectangle including

ten lines in (a)—(c). (d) and (h): Transmission image measured with a conventional microfocus tube and

Integrated line profile. Quotation from Ref. 2.
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Figure 3. Frequency spectra of enhancement
factor depending on the bunch length (rms).
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from Ref. 7.
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Figure 6. Intensity distribution images of radially polarized CTR measured with the terahertz camera,
without the polarizer (a), with the polarizer rotated 0 degree (b), 45 degree (c), and 90 degree (d). The
arrows in (b), (c), and (d) express the polarization direction. (e) and (f): The line intensity distributions

given in (b) and (d), respectively. The red points are measured data and the blue solid curves are
calculated values derived from Eq. (3). Quotation from Ref. 8.
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In situ measurement of cosmic dust particles in space is
important to investigate the origins of dust particles, the so-
lar system and life. We have been developing three types of
instruments onboard spacecrafts to measure cosmic dust.
1) a piezoelectric cermic and polymer film detector, 2) a
lightweight and large-area impact ionization detector, and
3) a time-of-flight mass spectrometric dust analyzer with
an impact ionization ion source.

To calibrate these developing instruments and to sim-
ulate hypervelocity impact phenomena, a microparticle
(dust) ion source has been installed to the high voltage
terminal of the 3.75 MV single ended Van de Graaff
electrostatic accelerator and a beam line for microparticle
experiments has been build at High Fluence Irradiation
Facility (HIT) of Research Center for Nuclear Science
and Technology (Department of Nuclear Professional
School, Graduate School of Enginering at present), the
University of Tokyo in 1998. Microparticle acceleration
has been successful in obtaining expected velocities of
1 km/s—20 km/s or more for micron or submicron sized

particles.

Keywords: cosmic dust, hypervelocity dust acceleration,
piezoelectric detector, impact ionization detector, TOF-
MS

1 0000

goboobooboobooboobooboo
000000O0OdOoo1000000000ooooo

In Situ Measurement of Cosmic Dust and Hypervelocity Dust
Acceleration

Hiromi SuiBata™ (The Institute of Scientific and Industrial Re-
search, Osaka University),
d567-0047 00 0000DO0DOOOS8S-10000O0 O0OOO
oo oooobobobooooooood
TEL:06-6879-4285, FAX:06-6879-4287,

E-mail: shibadanuki @mac.com

0 990 (2015)

oobDoo0lwm-100pm OO OO OODOOODOODOO
gboobooobobooooobooboboooboobo
gboooooobob 4000000000000
goooooobescobbboooboboboOO
gbooooooboboo 10kmOboooogooon
gbooboooboobooooboboobooobon
oo 999 iinnobooooooboooooonoo
gooboooboboooboobooooboooooo
o000 1lwmOb0OooooDO km/sOOO
100km/sO000000O0O0O0O0O0DOOOODOOOOO
gbooboooboooooboooboobooboobon
gboobooooboobobooooboooooboobon
gooboooboboooooobobooobobog
oobooobooboooboooboobooooo
gbooboooboooooboooboobooboobon
gboobobooboboobobooobooboooooo
ooboo100Gev-0 TeVOOOooooooooOQo
gooboooboboobooooboobooobooobon
gboobooobobooooooocoooobooooon
obob0 1lwmOd00000 10km/sOO00O00O0O0O
oboooooobobooobooboog oobon
gbooooboobo1obobooooooooog
goobooobobooobooooobobgooooo
gboobooobooboooobooboobooobon
000Y00000000000000000000
goobooooboooobobooooboobon
goobooobobooooooobobooobobog
gboobooobobOoooooooooooooboon
gboobooooooon
oboboooboobooboobooobobobonog
gooboooboboooobooooboooboobon
goooooliocopm0oooooooooooOog
MvioooooooOooooooooobooooo
gbooboooboooooboooboooboooboobon
gooboooboboooooobobOooobgoo
oobooboooooboooboboboooboog

33



gb oo

obooooobooboooooboboooooon
gbooOooooboooooooooooooboan
ooooooooo g HDOOOooooooooboo
gobobooobooboboobooooboooooooo
oobobooooobooobooooobobooooo
oooobooobooboO0O 10km/s—20km/s 000
gbobooboboooobooboboooooooooo
gooooooboooboooooboboooooooo

Figure 1. Impact craters created on a surface

of the first Japanese retrievable satellite “SFU:
Space Flyer Unit”. Photo by H.Yano.
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Figure 2. Cosmic dusts collected around the

Earth; (a) from the deep sea sediment, (b) from
the Antarctic ice, (c) from the stratosphere, and
(d) by the LEO (Low Earth Orbit) retrievable
satellite. Sizes are from 10 um to 500 wm in
diameter. Photo by H.Yano.
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Table 1.

Microparticle acceleration facilities of various countries.

Accelerating voltage

Facility Accelerator type Projectile Period Main use
Univ. Tokyo— Kyoto Univ.— 100 kV ;
Osaka Univ. 14 Cockcloft-Walton Microparticle only 1999- Space science
Wakasa Wan Energy Research 200 kV 9 ) )
Center (Fukui)'® Cockcloft-Walton Microparticle only 2001 —closed Material science
Kyoto Univ. Cockcloft-Walton lon, Microparticle 1985%-1990 Material science
L 12) 1.0 MV ®)_ *) i i
Kyoto Univ. 2.0 MV Van de Graaff Electron, Microparticle 1985%-1990 Material science
Univ. Tokyo s HIT (Tokai-mura, Ibaraki)® .75 MV Van de Graaff | ,\ﬁi'czr(';’é\;rticl . 1998 \Space science
Institute of Nuclear Physics,
Moscow State University Cockcloft-Walton 400 kV¥ 2000"— Material science
(Russia)
. 13) 1.8 MV .
Univ. Kent (Canterbury, UK) 2.0 MV Van de Graaff Microparticle only 1974-2001 Space science
; ; 2.0 MV Van de Graaff 2.0 MV .
Open Univ. (Milton Keynes, UK) 2 sets Microparticle only 2002—- Space science
Max-Planck-Institut fir
Kernphysik (Heidelberg, 2.0 MV Van de Graaff Micro%gr{\if:\lle only 1962- Space science
Germany) %
Concordia College (Moorhead, U.S.A.) 16 2.0 MV Van de Graaff Micro%gr{\ilcl:\lle only 1975— Space science
Institute of Nuclear Physics,
Moscow State University 3.0 MV Van de Graaff 2.0 MV® 2000%- Material science
(Russia)
Cororado Univ. (Boulder, U.S.A.) 3.0 MV Pelletron Microparticle only 2011 Space science
Los Alamos National Laboratory 5.0 MV® .
(Los Alamos, U.S.A)™" 6.0 MV Van de Graaff lon, Microparticle 1985—closed Space science
Stuttgart Univ. (Stuttgart, Germany) In preparation Microparticle only *) Space science

*) Details are unkown.

oooooooooooooooooooooooo
0000000000o0ooooo0oooooooD
ocoooooOoooooooo 3goooogoooo
gooooopoooooooooooooooooo
oooooooooooooooooooooooo
(Charge Sensitive Amplifier: CSA)DODOOOODOOO
cooo3f0odooooooooooogoooon
ooooOooooOooooooooo1fcooodg
gooooooooooooooooooooooo
(hODooooooUoooooooooooboooo
00000000000 00ooooooooooD
000000o0oooo0oooooooooooog
gooooooooooooooogoooooooo
oooooooooooooooooooooooo
0000000000o0ooooo0oooooooD
00000000000ooo0o0o0oooooooo
oo0l1googo ogoooooopoooooogod

0 990 (2015)

obooooooooDbo
33 ODOO0O0OOO0ODO

Figne6 D0 O0O0OO0O0OO0OOOOOODDOO
Figure 6() D00 O00D0DOOOOOOOOOODODO
goboooboobobooobbooobobooon

goobOooooooboboooooboooog "HIT

gbooboooboooobooooobobooooon
oo moooobobooooog2Mv-3Myv O
ooboooboon0DOd 1km/s—100km/sO OO0 OO0
000000000 0OFgure6(a) DO0O0DOOOOOO
gbooboooboboooboooooboobooooon
gboboobooboboooboobooboooonbo
gooboobooboooooboboooooboobon
gooboooboboooooooobgobooooo
gboobooobooooobooooobobooooon
gbooboooobooboboooboobooboobon

37



oo d

O

Van de Graaff Accelerator

Target High Voltage
Chamber iy Beam Line Terminal
Detector Detector
Target 3 Deflector 2 Steelﬁ
S e I -
T I
7J77 Detector /
1
High Voltage Dust
Switching Circuit \ Charge Source
Sensitive
CSA

PC/

CSA

Amplifier

| Processing Unit

Figure 4. Schematic view of the accelerator system of HIT, the university of Tokyo. Detector 1, 2, and

3 are the cylindrical condenser type charge detectors. CSA is the charge sensitive amplifier.
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Figure 6. (a) The particle velocity as a function of the particle mass. The experimental results of

3.75 MV Van de Graaff accelerator of HIT and 2 MV Van de Graaff accelerators of Max-Planck-Institut
and Kent University. (b) Relation between the specific charge and the mass of accelerated microparti-

cles.
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Figure 7. Mercury Dust Monitor (MDM) on-
board BepiColombo MMO, which is composed

of PZT piezo ceramic detector (40 mm x 40 mm
X t2 mm X 4 pieces) coated with white paint re-
flecting the solar light, and electronics.
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Figure 9. Schematic diagram of an impact ion-
ization type cosmic dust detector®.

Figure 10.

Impact ionization type cos-

mic dust detector with a large impact area
(30 cm x 30 cm).

0000000000000 D0000O000000O0
000000000000 000000000000
000000000000 000000000000
0000000000000000000O00™oo0
00000 19860 0000000000000 0O0
0000000000000 0O0000000000
0000000000000 0000000000O0
0000000000 oooooooooooooon
0000000000 00o0ooooooooon
0000000000000 00000000000
000000000000 000000000000
00000000000 o0o0oo0oooooon
0000000000 oo0o0oo0oooooon

0 990 (2015)

gboobooobooooobooooobooboobon
gbooooo

Figure 1100000000 DODODDODODO TOF-MS
obooooooobobooooOobDOTOE-MSOOO
ObOoRO @UODOODOOOODO

M T

= — = — 2
AM  2AT @)

gogbMmMoOOoooooodrooobooobooood
gboboobooboAarooogooobooogoooo
gbooboooboboAaMOOOOOOOOoOOoOon
obobooooobOoboboooooood TOF-MS
gooobgobobooobboobooobooon
gobgoobobbobboRrRO0ObDOODOODOO
gboobooobooooooboooooboooooo
ooboobooboooobooboooooooboo
obobooooooobOo Tor-MSOnogno

Figure 11.

Schematic diagram of a reflection
type Time-Of-Flight (TOF) mass spectrometer
and a photograph of a prototype instrument.
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Figure 12. The results of the simulations of particle tracks inside TOF-MS with parallel (left hand
side) and curved (right hand side) electric fields.
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1 Introduction

The investigation of trapping and transport of excess
electrons generated by light or ionizing radiation in ionic
liquids (IL) is important for better understanding of the
structure, dynamics and electronic properties of these un-
usual media and, in particular, of their radiation chemistry
and photochemistry. The fate of excess electrons in ILs
was extensively studied by pulse radiolysis and flash pho-
tolysis using optical absorption spectroscopy '™>; however,
it is still under discussion. Meanwhile, early EPR stud-
ies on the irradiated glassy ILs at low temperatures did not
provide an unequivocal sign of the electron trapping in this

6-9) .

media Recently we presented first EPR evidence of

physically trapped electron in a pyrrolidinium-type ionic

liquid at low temperature!'?,

Here we report a study on
stabilization of excess electrons in a number of ionic liq-

uids of different composition irradiated at low temperature.
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2 Experimental

N-methyl-N-butylpyrrolidinium  bis(trifluoromethane-
sulfonyl) imide (P],NTf}), N-methyl-N-propylpyrrolidinium
bis(trifluoromethanesulfonyl) imide (P{;NTf;) and N-
methyl-N-propylpiperidinium bis(trifluoromethanesulfonyl)
imide (PPENT;) (Kanto Chemical Co., Inc) were used
without additional purification.

ILs were placed into SK-4B glass ampoules (optically
transparent at 4 > 370 nm), which gave no background
EPR signal after irradiation. Then the samples were de-
gassed at the temperature of 363 K and irradiated with X-
rays (maximum energy 33 keV) at 77 K. EPR spectra were
measured at 77 K using an X-band (9.4 GHz) spectrometer
with 100 kHz high-frequency modulation manufactured by
SPIN (St. Petersburg, Russia).

Optical absorption spectra were measured using a
Perkin Elmer UV/VIS Spectrometer Lambda 9 (wave-
length range of 190 nm—900 nm) equipped with a Dewar
vacuum flask made of optical quartz.

A high pressure arc mercury lamp (250 W) equipped
with a series of filters was used for photobleaching exper-
iments.

3 Results and Discussion

EPR spectra of the irradiated samples of P,NTf;,
PLNTf] and PP];NTf; reveal superposition of a broad
multiplet signal and a narrow singlet signal (AB ~ 0.5 mT)
(Fig. 1).
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The narrow singlet signal shows a strong saturation
upon increasing the microwave power level and becomes
almost invisible at the value of 0.5 mW. Such a saturation
behavior is a typical characteristic of the signals of
trapped electrons in low-temperature organic glasses'!.
Increasing the irradiation time leads to decreasing of
relative intensity of the singlet signal in the EPR spectra.
This effect known as “dose saturation” is also a typical
feature for stabilized electrons in organic glasses. The
intensity of the singlet signal gradually decreases at 77 K

during several hours.

335 340 345 350 355
B, mT

Figure 1. EPR spectra of ionic liquids irra-
diated with X-rays at 77 K: a) P[;NTf;; b)
PT,NTf3; ¢) PP;NTE,. Microwave power level
was 0.005 mW.

The optical spectra of irradiated ILs in the visible region
reveal an absorption band with A ~ 500 nm (Fig. 2).

Photolysis of P[,NTf; with the light at A > 700 nm dur-
ing 10 min results in decay of the narrow singlet signal
in the EPR spectrum (Fig. 3). At the same time, intensity
ratio of the components in the EPR spectrum is changing
slightly and the absorption in the visible region gradually
decreases (Fig. 2). Subsequent photolysis at 4 > 700 nm
during 30 min results in decay of singlet signal in the EPR
spectrum and further decrease in the intensity of the ab-
sorption band.

Difference EPR spectrum (Fig. 4) shows that the
bleached species is characterized by a narrow singlet
signal. Similar results were obtained for P{,NTf; and
PP NTT;.

saturation behavior of the narrow singlet signal, “dose

Taking into account our findings on the
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Figure 2. Optical absorption spectra of
P, NTI; at 77 K: a) initial; b) after irradiation
with X-rays for 5 min; c) after photolysis with
A > 700 nm for 10 min; d) after photolysis with
A > 700 nm for 40 min.

340 345 350 355 360
B, mT

330 335

Figure 3. EPR spectra of P{,NTf; at 77 K: a)
after irradiation with X-rays for 5 min; b) after
photolysis with 4 > 700 nm for 10 min; c) after
photolysis with 4 > 700 nm for 40 min. Mi-
crowave power level was 0.005 mW.

saturation” and decay of the singlet signal at 77 K, it is
quite logical to attribute the singlet signal to a physically
trapped (or solvated) electron.

It is worth noting that solvated electrons in room tem-
perature ionic liquids exhibit absorption bands in the near
IR region (1000 nm—1400 nm) "3, Taking into account
this observation, the absorption band at Apn,x =~ 500 nm

observed in our study could be hardly attributed to a stabi-

oooaoao



Excess Electrons in Irradiated Glassy lonic Liquids

335 340 345 350

Figure 4. Difference EPR spectrum of photolized species.

lized electron, even assuming a reasonable blue shift of the
absorption band with decreasing the temperature. Thus,
the absorption band with the A,.x = 500 nm may be pre-
sumably attributed to a “hole” species.

A decay of singlet signal attributed to the trapped elec-
tron and decrease of the absorption band under photolysis
may be explained by the recombination of trapped elec-
tron and the “hole’ species. Weak lines in the difference
EPR spectrum may be attributed to the “hole” species dis-
appearing together with the trapped electron. It should
be noted that it is still unclear, where the excess electron
comes from - either from cation or from anion. Thus, the
nature of the primary “hole” species is still under discus-
sion. Generally, it could be a N-centered neutral radical
from anion or radical dication from the cation. Meanwhile,
at this stage, our EPR data do not provide definite identi-
fication because of poor intensity and broadening of the
corresponding signal.

The slow kinetics of trapped electron decay at 77 K
is in agreement with the assumption of recombination of
electron with “hole” species through the tunneling mecha-
nism ',

Regarding the detailed structure of “physically trapped”
electron in ILs, we may notice that it is still not fully un-
derstood and it may be substantially different from those of
electrons observed in molecular liquids and glasses, taking
into account the theoretical findings on this issue 319, Ttis
worth noting that the signals of trapped electrons in molec-
ular low temperature glasses usually exhibit g-values very
close to that of free electron (g. = 2.0023) or slightly be-
low it. Meanwhile, the g-value of the singlet signal in EPR

0 990 (2015)

spectrum attributed to the trapped electron (g= 2.004)"
is somewhat higher than g.. This may be an indication
of specific character of the electron wave function in the
species observed in ILs.

4 Conclusions

Our investigations demonstrate the EPR evidence
of physically trapped electron in pyrrolidinium- and
piperidinium-type glassy ionic liquids at low temperature.
These species decay slowly even at 77 K and can be easily
photobleached with visible and near IR light (presumably,
due to recombination with “hole” species).

This work was supported by the Russian Foundation for
Basic Research (project no. 14-03-31978).
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