JAEA-Review
2008-013

Electrons in Condensed Media

Asokendu MOZUMDER*, Akinari YOKOYA, Yosuke KATSUMURA
and Yoshihiko HATANO

Advanced Science Research Center

June 2008

Japan Atomic Energy Agency | BHAERRF AR EE




AR LA — MIMSATBOE N B A7 158 B A 23R E NS RAT 3 2 iR T
ARUAR— FOAFIHNCEMEHEFIRICET 2 BMOWEDEIR. Tied TUTBREWEDLE T I,
728, RKUR— O HARF T ISR EN AR — 25— (http//www.jaea.go.jp)
XoREENLTVET,

MSTATEOE N B AR TSI SeBR NS IFSUEETIE T R SR Ehr s R
T3819-1195 PRURIRANEIEL A MRS 25 AR 2 i 4
il 029-282-6387, Fax 029-282-5920, E-mail'ird-support@jaea.go.jp

This report is issued irregularly by Japan Atomic Energy Agency

Inquiries about availability and/or copyright of this report should be addressed to
Intellectual Resources Section, Intellectual Resources Department,

Japan Atomic Energy Agency

2-4 Shirakata Shirane, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195 Japan

Tel +81-29-282-6387, Fax +81-29-282-5920, E-mail:ird-support@jaea.go.jp

© Japan Atomic Energy Agency, 2008




JAEA-Review 2008-013

Electrons in Condensed Media

Asokendu MOZUMDER*, Akinari YOKOYA, Yosuke KATSUMURA
and Yoshihiko HATANO

Advanced Science Research Center, Japan Atomic Energy Agency

Tokai-mura, Naka-gun, Ibaraki-ken

(Received January 29, 2008)

This document is a summary of the lectures or seminar talks by A.Mozumder and his
discussion/information exchanges with Y.Hatano, A.Yokoya, and Y.Katsumura.
A.Mozumder is an invited fellow of the JSPS Invitation Fellowship Program for Research
in Japan (Short-Term) with the host Y.Hatano, and stays in Japan mainly at Advanced
Science Research Center (ASRC) of JAEA for 52 days starting from September 27 through
November 17, 2007. The research in this program is entitled “Charged Particle and Photon
Interactions with Matter”, from which the authors give the title of this document one of the
most important reactive species commonly produced in matter from these interactions.
This document contains the annotated materials presented at ten seminars given by
A.Mozumder during his stay in Japan in this program at JAEA (Tokai and Takasaki) and
also at various universities and research institutes, including invited lectures at the
International Symposium of ASR2007 held in Tokai and the Annual Discussion Meeting of
Radiation Chemistry held in Kyoto. Some information exchanged frequently at informal
discussion with the group of Y. Katsumura and A. Yokoya at ASRC are also incorporated.
The following write-up is divided into five sections, according to the subject matters
discussed. These are respectively as follows. (1) Early Stages in the Radiolysis of Liquid
Water: Consequences of Excitation, Ionization and Dissociative Electron Attachment. (2)
Differential Oscillator Distribution (DOSD) in Liquid Water and G-values of Excitation and
of Ionization. (3) Quasi-Ballistic Model of Electron Mobility in Liquid Hydrocarbons
including Thermodynamics, Scavenging and Relation Between Free-Ion Yield and Mobility.
(4) Electron Localization: The Anderson Model. And (5) Free-ion Yield in Liquefied Rare
Gases: A new Theoretical Model.

This work was performed by (JSPS Invitation Fellowship Program for Research in Japan
(Short Term) Program.

* University of Notre Dame
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1. Early stage in the radiolysis of liquid water

Fig. 1 describes our latest understanding about the initial stages of the radiolysis of

liquid water following energy deposition in electronic form. Usually, the major channels are
ionization, followed by ion-molecule reaction with the positive ion giving H,0"andOH

and also production of the electron which eventually solvates.

INITIAL YIELDS AND PROBABILITIES IN
LIQUID WATER

H,0 (H,0)*

etc.
(DEA) (directly excited states;

/ (HZO)‘*%EA \ low yield)
@ +H20+e\ﬁsou T~ Pim 100 fs (H,0)

e,
(n HZO 240 fS)l .OH [+H;0O* (ion-molecule reaction)

(detachment)

(H,0)

P on
l minor channel
nr to ground state

@+ OH H, [+O (not negligible)

Fig.1

The minor channel is the production of excited states either directly, or as a result of dry
electron-positive ion recombination. These excited states, when produced, can give a small
yield of HandOH or of H,andO . Before solvation, the ejected electron undergoes
moderation in energy by various intramolecular processes. When its energy is in the
interval ~5-15 eV, it can undergo a dissociative electron attachment (DEA) reaction with a

water molecule producing mainly H  andOH . The negative ion can generate an H-atom by

a detachment process. Infrequently, it can also extract a proton to give ‘unscavengable’ H,.

In our opinion, DEA is the main channel for the primary H-atom production.
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Equations for Initial Yields

G'(e,) = G, [(Pyos + Prps (1= )] (2.1)
G"(H,) =G, Pay (1= Poyy = Do) + PeaP'1+ G (1= poy = p,,)  (2.2)
G (H) =Gy, [ppes(= P)+ P Pou 1+ GocPon (2:3)
G"(OH) = Gy, [ Py + Pan Pon + Poeal+ GoPon (2.4)
G"(H,0")=G"(e,)+G"(OH™)=G,,p,, [ from(1.1)and (1.2)] (2.5)
G*(OH ) =G, P’ (2.6)
G*(0) =Gy, [Py, (1= poy = P+ G (1= Doy = p,,) 2.7)
Fig.2

Fig.2 gives the equations for the various initial yields, obtained in consistency with the
mechanism described in Fig.1.For example, eq.(1) is for e, and eq.(4) for OH . These

equations are nothing but a collection of various processes by which a particular entity

would be formed.

Estimated Initial Yields

Taking p,, =0.07,
Ppes =0.15,
p'=0.2,

one gets p_, =0.78,
Din =0.93.

Using G’ (e,,) = 4.0,

0
ion

G'(H,)=0.16; G°(H)=0.75; G°(OH)=4.99; G°’(H,0")=4.13
G"(OH)0.13and G°(0) =0.024
A small yield (0.13) is needed for charge balance

one gets G, = 4.44 and successively,

Fig.3
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Fig. 3 shows the estimated G-values of the primary species. These have been collected
mainly by extrapolation of measured G-values at longer times, where available, with the
assistance of theoretical evaluation. Only the probability of dissociative electron
attachment, p,,, =0.15, before the electron thermalizes, was computed by Monte Carlo

simulation using the solid phase cross-section data (Pimblott, unpublished). Notice that a
small yield of G° (OH " )=0.13 is needed for charge balance. The estimated yields of
G° (e, ) =40, G"(OH)=4.99,G°(H,)=0.16andG°’(H) = 0.75 are in good agreement with
0

=4.44.

ion

experimental values. These imply the total ionization yield in liquid water to be G

Initial Yields in Liquid Water

(1) Branching Ratio H-+H,0 —> H,+OH;
or>H+H,O+e”
depends on energy (5-15eV)

(2) Total initial yield G (various).

().€ ex ex

(3) Total OH yield=1ion-mol reaction +
direct reaction + DEA reaction.

(4) Initial H, yield~1/3 the observed yield.
Fig.4

Fig.4 illustrates the branching ratio of the reaction of H withH,O, giving either a
primary H, molecule, or simply a detachment forming an H-atom. The next two items

give the different ways in which H and OH may be formed. The last item is a requirement

of the diffusion model of Schwarz at low-LET.
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Quantum Efficiencies of lonization
and Dissociation

1.00

0.75

Quantum Efficiency
o (=]
& &

g

6.0 8.0 10.0 12.0 14.0
Photon Energy (eV)

Vanation of the quantum cfficiencics of photodissociation (). of photoionization (n,),
and of nonradiative transition to the ground state, n..= | = ny = .. in liquid water as a function of
photon energy

Fig.5

Fig.5 collects the quantum efficiencies of ionization and excitation in liquid water that
have been measured over the decades. The earlier data were obtained in the low energy
regime, while later experiments give more precise data obtained with 1- or 2-photon laser
work, up to ~10 eV and beyond. The sum of these two efficiencies falls short of unity and
the difference must be accounted for by non-radiative transition to the ground state. This
important point was missed in many earlier theoretical work. The large difference between
calculated and observed dissociation yields then required the postulation of a cage effect,
which has never been established in liquid water. The existence of a significant probability
of non-radiative transition to the ground state obviates the necessity of cage recombination.
Incidentally, if we define the ionization potential of liquid water as the energy needed to
reach unit efficiency of ionization, and attribute the process to the transition to the lowest
conduction state in the liquid, then we find no evidence of superexcited states in liquid
water which should be an important observation. So-defined ionization potential in liquid

water 1s found to be 11.7£ 0.2 eV.
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Early Photochemical Results

H,O+hv —>H+0OH D
—>H,+0 (11

McNesby at al. (1962),1:1I= 3:1at10.3eV

Black and Porter (1962), =9:1for hv >6.52eV

Steif etal.(1975), =0.99:0.01for Av =6.70—-8.54eV
=0.89:0.11for hv =8.54-11.80eV

(H,0),,—“—>(H,0),, — e, +OH +H,0,,

Fig.6

Some early photochemical results are shown in fig.6. Apparently, the direct formation of
the hydrated electron was envisaged, even though probably without an understanding of
the mechanism. It is now known that these low-energy processes are due neither to direct
lonization, nor to auto-ionization, but due to optical charge transfer, or photo-induced
electron transfer. Fig. 7 shows the fate of neutral excitation in liquid water according to
Bartels and Crowell. Most of the excited states are converted to ionization by interaction
with nearby water molecules. What is absent here is the crossing with highly excited

vibrational state of the ground electronic state, by which a non-radiative transition to the

ground state may be affected.

Fate of Excitation in Liquid Water

otoionization Vield vs Energy in H20 and D20
toionization Yield vs Encrgy in H20 and D20

i H0F + (e7)
N/ HO+ H,0 /
MY Ss 7
R NN Ay
AN Fo==
N AT

Cited from David M. Bartels and

Robert A. Crowell (2000),

Photoionization Yield vs. Energy in

H,0 and D,0. J. Phys. Chem. A 104,

3849-3355
Fig.7
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Dissociative Electron Attachment in
Liquid Water

» Direct dissociation yield in liquid water is very low,
G~0.01 or less.

* Monte Carlo simulation (Pimblott) indicates a probability
~20% for electrons in energy interval 5-15 eV to undergo
DEA, giving an yield ~ 0.2 x 4.0 (ionization yield) = 0.8.

« DEA mainly produces carries

* most of the excess energy. The hot invariably loses the
electron by collision.

» Net effect of DEA in liquid water is dissociation of an
water molecule into separated by a few water molecules
and an electron degraded in energy.

Fig.8

Fig. 8 gives some details of DEA in liquid water. The direct production of H and OH from
an excited state in unlikely in liquid water, partly because of small oscillator strength of
those excitations, and partly because of strong non-radiative transition at low energy and
high probability of going over to ionization at higher energies. Fig. 9 gives our view on the

ionization potential in liquid water and evaluates it to be 11.7+ 0.2 eV (vide supra).

lonization Potential of Liquid Water

« Lower energy processes giving the hydrated electron
are due to neither direct nor auto-ionization, but due
to optical charge transfer or photo-induced electron
transfer (Sander et al.).

» Concerted proton-coupled electron transfer operates
at higher energy (Keszei and Jay-Gerin).

* Mozumder defines I.P. in liquid water as the minimum
energy needed to generate a quasi-free electron in
the band gap and evaluates itas 11.7 + or- 0.2 eV.

« Based on ionization efficiency, existence of
superexcited states is denied in liquid water.

Fig.9
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2. Differential oscillator distribution (DOSD) in liquid water and the
G-values of excitation and of ionization

Figs. 10-17 summarize our calculations for the primary (first collision ) yields of
lonization and excitation in liquid water, starting from experimental measurements of
DOSD. Some heuristic procedure, based on energy balance, has been used to get at the

total ionization yield, which however cannot be done for excitation.

UV-Reflectance and DOSD

InR(E")
J(E) -

HE)=(E/ )Pj —dE’

n=(0-R)/(1+R—-2R"*cos@);k =—2R"*sing/(1+ R—2R"* cos §)

g =n" -k g, =2nk

Im(-1/&)=¢&, (&} +&;)=(h’e’N/2m) f(E)/ E; DOSD = f(E)

Fig.10

Condensed Phase Dielectric
Function

Condensed phase relection data gives

dielctric function

B o Tl _ 2., .2
g—gl+152,1m( 1/5)—52/(51 +52)

Im(-1/&) = (h*e*NZ | 2m) f'(E)/ E
f'(E)is the differential oscillator strength
at energy E.

Fig.11
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Oscillator Strength (DOSD) in
Water

0 10 20 30 40 50
0.30 T T T T T T T T 2
S
o
c 0.25 AN
8] A
E i N\ A t
2 i . : gaseous water
g 0.20 |- é B: liquid water ]
£ { \
> i ', C: gaseous cyclohexane
$ 0.15 - i ° ’ 1
»
& 010 |
35
14
(@]
o 0.05 |
o
=
a
0.00 L 0
0 25 50 75 100

Photon Energy (eV)

Dipole oscillator strength distribution in gaseous water [29, curve, A], in liquid water [31,
curve, B] and in gaseous cyclohexane [32, curve, C]. Data in liquid water are obtained from an
analysis of UV-reflectance and that in cyclohexane, from synchrotron-UV absorption. The Thomas—
Kuhn sum rule is satisfied approximately in each case.

Fig.12

Optical and Excitation Spectrum in
Liquid Water

0.30 030
e DOSD , left scale
025 0.25
—0—  Excitation Spectrum x 10, right scale
0.20 0.20
0.15 0.15
- o
2 3
0.10 0.10
0.05 0.05
0.00 . . 2 9 0.00
° ] k- ® g8 ]

Excitation Energy, eV

Dipole oscillator strength distribution (DOSD, the optical
spectrum) and the excitation spectrum of liquid water up to 100
eV.5* Extension of the excitation spectrum fo the maximum transfer-
able energy is used to calculate the yields due to the primary irradia-

F|g13 tion.

.



JAEA-Review 2008-013

Fig. 10 shows the usual relationship between UV-reflectance and the complex refractive
index, from which the complex dielectric constant is easily derived. It is the imaginary part
of the reciprocal of the complex dielectric constant that is directly proportional to the
DOSD, as given in Fig.11, which is particularly useful in the condensed media. Note that,
using only the UV-data requires long extrapolation which is now obviated by the use of
synchrotron radiation absorption measurement. So-obtained DOSD in water, in both
gaseous and condensed phases of water are, shown in Fig. 12 and compared with that of
gaseous cyclohexane obtained by Hatano et al. Comparison between gaseous and
condensed water reveals a loss of structure and an upshift in energy of the DOSD in the
condensed phases. This has important consequence on the very low yield of excitation in
liquid water (vide infra). Fig. 13 compares the optical and excitation spectra of liquid water.

They are similar, except for an energy denominator for the excitation spectrum.

Cross-Section for Energy Loss
[Born-Bethe]

2 2,42 &
do/de=x[{f"(e)/ e}In(e,,/ ) +n(e)/ e“l;x =2m=e™ | mv=;n(e) = [ f'(¢)de.

glancing head-on
S =—(dE/dx)=2xZN In(&,,/I)

Em
Z= |[f'(e)ds (Thomas-Kuhn Sum Rule)

€m
Zinl= [f(¢)lnede;e,, =0.583mv2.

& '
GP=[100/ZZln(gm/I)] T?][@ln(gm/g)+n(g)/52]dg;77=77i or ;.
£
0

Fig.14
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Estimate of Total lonization Yield

« Example : Primary electron of energy 50 KeV.
lonization yield produced by the primary electron
is divided into four categories according to
energy loss:

« (1)0.045 for &.<¢<g=LP=11.7eV

« (2)0.618 for €<e<35eV

* (3)0.178 for 35eV<e<g,=100eV

* and (4) 0.106 for &.se=<g,

G(i)=0.045+0.850+0.433+0.106[1+6.21G(i)] or
G(i)=4.19.

Fig.15

Primary Excitation and lonization
Yields in Liquid Water

= 0008
o

0.007

Fig.16
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CONCLUSIONS

» Bethe’s app. is used with quantum eff. To
estimate the first collision yields (ion.+ex.)

« Almost entire diss. Yield in lig. Water may
be due to DEA, followed by detachment.

 |.P. of Liq. Water is defined to generate an
electron in the conduction band (11.7 eV).

» No evidence foundfor superexcited states

in liq. water.
« Cage recombination is unnecessary.
Fig.17

Fig. 14 gives the Born-Bethe procedure for the inelastic scattering cross-section (energy
loss) of primary electrons in liquid water, using the so-derived DOSD. The procedure has
been slightly modified to incorporate the equipartition between glancing and knock-on
collisions. The most important thing in the procedure for calculating the primary yields,
indicated in fig.15, is the inclusion of experimental values of ionization and excitation
efficiencies, which has hitherto been ignored. The result is shown in fig.16 for the primary

excitation and ionization yields in liquid water as a function of primary electron energy.
The primary ionization yield can be rationalized with the experimental total ionization
yield by a heuristic procedure, based partly on energy balance and partly on an (energy)_2

variation of cross-section for the production of secondary electrons. Such a procedure is not
available for excitation yield. Also notice that the neutral excitation yields are very small
with a G-value (£0.1), so that these states cannot be the source of primary H-atoms, as we
have remarked earlier. Fig. 17 states our conclusion about the primary processes in liquid
water including excitation, ionization and DEA . The lack of evidence for superexcited

states and the cage effect are stressed only for liquid water.

3. The quasi-ballistic model of electron mobility in liquid
hydrocarbons

In this section we will describe the quasi-ballistic model of electron mobility in liquid

hydrocarbons in all its ramifications, viz. the development of basic theory and comparison
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with experimental results (fig.18-22 ), thermodynamic consequence (fig.23-26),
field-dependent mobility (fig.27-29), theory of scavenging (fig.30-33) and the relationship
between free-ion yield and mobility (fig.34 -37).

Quasi-Ballistic Model of Electron
Mobility

Langevin Eq.:d <v>/dt=-{ +eE/m; u,=e/md (friction co -eff.)
Integration — /(1) =v,{1-¢ [l —exp(—¢?)]}, with v, = E

Prob. density of trapping — z;'exp(—t/7,);7, is mean lifetime in free state.
Distance per trappi ng < Ax >= (eE /m)zr:/(1+{7 ).

Cycles of trapping and detrapping per unit time =1/(z, +7,);
7, =life in trapped state.

Effective mobility g} =< u>;'+<u>;
<u>.=(e/m)c;/(r,+7,) (Ballistic)and < u>.=p,7, (7, +7,)
(Trap -controlled )

Fig.18

Equilibrium Trapping and
Detrapping Rates
Trapping rate k, =7,'; Detrapping rate k i =7
k,l k,=nh2mmk,T)>>exp(e,/k,T))
(Ascarelliand Brown)

(Random Walk Model) : k, =(¢,/h)exp(—¢,/k,T)

k, =nh.,(2mmk,T) "

Fig.19
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Effective Electron Mobility

15.0
42.0
?
> —
N\ - —1.0 p
E >
(8] ~
b 40.5 NE
i o
S 1
40.2
—10.1
1 0.05
.5 1 ] 1
0.05 0.10 0.15 0.20
Fig.20 €5 (eV)

Temperature Dependence of
Mobility

1.0~
@ !
> ~ '
~
N
g Otf
3 o
1 —~
°.°| i 1 | L 1 i -J
3.0 3. 3.2 33 3.4 3.5 36 3.7
T (K) x 10®
. Variation of effective mobility with reciprocal effective
F|g 21 temperature. Data for n-hexane.
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Electron Mobility Parameters in
Hydrocarbon Liquids

Table 1

Electron mobility, activation energy, quasi-free mobility and trap density in selected hydrocarbon liquids
Liquid T (K) w? E,(exp.) © E,(calc.) ¢ n® &°

“propane 273 1.46 0.155 0.175 0.14 0.137

pentane 295 0.15 0.19 0.224 0.45 0.168
cyclopentane 293 1.1 0.12 0.160 0.78 0.106
n-hexane 295 0.1 0.2 0.170 1.0 0.150
cyclohexane 295 045 0.13 0.170 12 0.111
ethane 216 0.8 0.1 0.125 0.4 0.088
butane 300 04 0.13 0.175 1.1 0.115
benzene 300 0.114 0.32 0.324 0.012 0.284
isooctane 296 45 0.05 0.055 0.675 0.044
3-methyl pentane 293 0.2 0.2 0.225 027 0.174
isobutene 293 144 0.1 0.141 1.0 0.088

*Incm® V™' 5", experimental data from Refs. [2] and {21]. Theoretical calculation is matched with experimental determination (see text).
°In 10 cm™3. °Experimental value, eV.

¢ Recalculated theoretical value, eV, using the input parameters so-determined.

¢ Electron binding energy in trap, eV.

Fig.22

The quasi-ballistic model of electron mobility derives from finite momentum relaxation
time in the quasi-free state , following detrapping of the electron. A competition between
trapping and momentum relaxation occurs, resulting in the effective mobility given both by
the usual trap-controlled mobility and a mobility, due only to random trapping and
detrapping, which has been called the ballistic mobility. As shown in fig.18, the effective
mobility is a function of quasi-free mobility, lifetimes of the electron in the trapped and
quasi-free state and the density of traps. Fig.19 gives the trapping and detrapping rates in
terms of the equilibrium ratio of these rates calculated by Ascarelli and Brown and an
absolute detrapping rate calculated by Mozumder on the basis of a random walk model. Fig.
20 is a model calculation of the variation of the effective mobility with the binding energy of
the electron in the trap, while fig.21 shows an approximate Arrhenius temperature

dependence in a typical case. Comparison with experimental results for low- and
intermediate-mobility liquids (zz,, ~ 0.170 ~ 5cm®v™'s™) , as shown in fig.22, indicates that
in most of these liquids the trap density is ~10"”¢m™ and the binding energy in the trap

lies in the interval ¢, ~ 0.1700.2eV .
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Thermodynamic Parameters for
Electron Trapping

K, = kft [k, =nh’ (2mmk,r)>" exp(g,/ kyr)
AG, =—k,rInK ;Standard7, =298K;n’ =10"cmi.
AG) =—g,—2.3927T/T)[Inn, —(3/2)In(T'/T,)—0.172§]

AGt(i = AHzg _TASzg

Fig.23

Free-Energy Change in Trapping

AGY, (kJ/mole)

0.1 0.2 0.5 1.0 2.0 5.0
£ farn2-1a-1y
Hegs \CM=V™'S7')

Standard free energy change on electron trapping from the
juasi-free state vs effective electron mobility in various liquid
rydrocarbons according to the quasi-ballistic (O) and the usual trapping
A) models of mobility.

Fig.24
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Free-Energy Change on Solvation
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Thermodynamic Conclusions

. Electron solvation in hydrocarbon liquids from vacuum
proceeds both by negative enthalpy and positive entropy
changes. However, entropy change on trapping from quasi-
free state is negative (enthalpy driven process).

. Negative entropy change on trapping may be consistent
with Anderson’s model of localization.

. In low and intermediate-mobility liquids, the attachment rate
in the quasi-free state greatly exceeds the overall rate,
while the detachment rates are nearly equal.

. Efficiency of attachment reaction generally falls with
electron mobility. Only in liquids of lowest mobility can the
diffusion-controlled reaction be seen.

Fig.26
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Fig. 23 gives the thermodynamic parameters for trapping directly in terms of the
equilibrium ratio of trapping and detrapping rates. Because of the linear variation of
free-energy with T in most cases, the enthalpy and the entropy changes for the trapping
process are clearly separated. In this context, trapping means a transfer of the electron
from the quasi-free to the trapped state. Solvation, on the other hand, means a transfer of
the electron from vacuum to the trapped state in the liquid. As discussed by Holroyd,
evaluation of the thermodynamic parameters of solvation needs further experimental
results and assumptions. We have used the same procedure for liquid hydrocarbons. The
results are shown in fig.24 and 25 respectively for trapping and solvation. The conclusions
are summarized in fig.26. In short, the solvation process is aided both by negative enthalpy
and positive entropy changes. The trapping process, on the other hand, is governed only by
a negative enthalpy change, being opposed by a negative entropy change on trapping. The
trapped state is more ordered. This has a natural explanation in the Anderson model of

localization to be discussed later.

Field —Dependence of Mobility

o
(3)
o™
¥ o
™

Electron detrapping process in the presence of an external field E.
The direction of ejection makes an angle 8 relative to the field direction,
causing detrapping barrier to change from ¢ to g + eaE cos 8, where a is
the trap radius.

Fig.27
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Field-Dependent Mobility: Quasi-
Ballistic Model

Low - mobility Liquids : & fi >> k i

Only k. effected by the external field E.

if

=& +eaE&; & =cosl

%0
sinh 7

i TE- if
n:eaE/kBT

Critical Field for 10% mobility increase
E.= 0.775(kBT/ea)

Fig.28

1
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Critical Field and Trap Radius
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Variation, with zero-field mobility p.q, of the critical field E, for
nonlinearity in low-mobility hydrocarbon liquids. A clear trend is
observed for normal alkanes with a precipitous fall of E, for u. above
0.5cm? V~!'s™! (right scale, solid curve). The calculated trap radius, or
the extent of the trapped electron wave function (left scale, triangles) do

Fig_ 29 not bear any systematic relationship with either u.g or E..
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The field dependence of mobility for low-mobility cases (supralinear) is of special
significance to the quasi-ballistic model. As shown in fig.27, the direction of ejection
relative to the external field direction, is important as it changes the binding energy in the
trap. Fig. 28 gives the effect of this changed binding energy on the effective mobility. As in
the hopping model, the quasi-ballistic model also gives a sinh-dependence of the effective
mobility on the external field strength. However, the interpretations are quite different. In
the hopping model the derived length parameter refers to the hopping distance, while, in
the quasi-ballistic model, it refers to the trap size. We can define a critical field at which
the measured mobility increases by ~10% from its value at zero field. This critical field is
related to the trap radius and both are shown in fig. 29 as functions of the zero field

mobility.

Electron Scavenging in
Quasi-Ballistic Model

Prob. of finding electron in gf, trapped or scavenged state :
TesTys T with 7Z'f + 7T, + g =1

N A s R FLIRY k)

With reasonable approximation : 7z () = 1 —exp(— )

ﬂ:/lsktf/(kﬁ+ktf).Deﬁnek§ﬁ =f/cy zkéfk /(k

oy )

k{ = 47rD0a77 /(1+d/2a) Fractal result Reaction efficiency is 7.

Fig.30
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Re-Encounter Probability and

Reaction Rate

f=xlll-(1-x)P(L)]; 5 -
Total Re - encounter Probability

P(L)=1—exp(—r./L)[1+(d/L)/(1+d/r)];L o«

k 1k, =B/1+d/r)

Fig.31

Reaction Efficiency vs. Electron

Mobilit

Lo———— 0.2
\ —— CCly ‘
0.81-Y — —— C4HgBr 0.1
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\"\ —ss— ¥ (right scale)
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N
0.2+
0.0—
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log pess
Reaction efficiency 77 vs log per (cm? V! 571) for CCl,,
C;HsBr, and biphenyl in various hydrocarbon liquids (see text for
Fig.32 explanation).
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Electron Attachment Rate In
Quasi-Free State

Electron Attachment Reaction in Liquid Hydrocarbons: Reaciion Rate and Efficiency in the Quasi-Free State®
n

solvent solute T (K) k K kaer remark
n-hexane styrene 3294 1.9x 1012 3.04 x 10% 4.68 x 10* 0.650 *
’ a-methylstyrene 329.6 1.4 x 1012 226 x 10™ 4.68 x 10* 0.483
p-CeHlF, 296 9.1 x 101 3.14 x 10 438 x 10" 0717 *
cyclohexane ' p-CtliF, 298 2.5 x 1012 221 x 10* 4.40 x 10 0.502 T
isooctane naphihaiene 3613 9.0 x 102 2.6 x 102 495 x 101 0.0525 i
styrene 321.0 12 x 108 44 x 1018 4.61 x 101 0.0954 4
o-methylstyrene 299.1 - 1.5 x 10 6.3 x 1013 4.42 x 10* 0.1425 i
CO, 306.0 6.94 x 1012 2.84 x 108 447 x 10" 0.0635 b4
neopentane CO; 297 5.5 x 101 7.86 x 1011% 4.38 x 10" 1.8 x 1072 k4
tetramethylsilane® triphenylene 3229 2.0 x 10%® . 463 x 10" 0.0432 i
phenanthrene 307.7 1.4 x 101 4.50 x 10 0.0311 ¥
naphthalene 2731 1.0 x 101 4.17 x 104 0.0240 i
styrene 2377 1.4 x 101 3.82 x 10% 0.0366 1
a-methylstyrene 219.5 1.5 x 101 3.64 x 10" 0.0412 i
2 All specific raies in M~ 5™, * Taken as & = & jigfjier With jier = 70 cm? v! 571, ¢ In tetramethylsilane &; = & in the shsence of trapping

Fig.33

Basic equations for scavenging are developed in fig. 30. These show that, using an
approximation which is almost always valid, the effective scavenging rate can be written as
keff = ksfk,f /(sz + kﬁ) , where kf is the scavenging rate in the quasi-free state and the
rates of trapping and detrapping are as indicated respectively. This expression has an
intuitive meaning that the electron is actually scavenged in the quasi-free state and the
time available for it is in proportion to the time spent in that state. However, the rate
coefficient for scavenging in the quasi-free state requires a special treatment because of the
long electron mean free path in that state. Fig. 31 develops this idea in terms of a
re-encounter model band a specific probability of reaction at the encounter radius. The
so-derived reaction efficiency generally decreases with the effective mobility as shown in
Fig.32, by comparison with experimental results. Fig. 33 gives the electron attachment
rates in attachment-detachment reactions for various solutes in different hydrocarbon
liquids. In very low mobility liquids diffusion-controlled rate may be seen, while in the
relatively high mobility liquids clearly the reaction is activation-controlled. For

intermediate mobility liquids the reaction is often partially diffusion-controlled.
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Empirical Correlation: Free-lon
Yield and Mobility

Empirical Correlation [Jay-Gerin et al. ]
Can.J.Chem. 71(1993)287.

G, ~0.1for u<0.1cm>v-s-
G, oc p* for 4>0.1cmey's-

Fig.34

Free-lon Yield and Mobility

Hypothesis  : Epithermal (~ 0.2 eV) momentum  relaxation requires
One effective energy loss (loss - gain) collision
n ol (epi) = number of elastic collisions =
l-how/E | +exp( —ho/k _T)
(k™ 1 epi B

]
l-ho !/ E . —exp( —hw /k _T)
epi B

7 . (epitherma | mom. relax. time) =
epi

n L/v ;v | z2.7x107cm/s.
el epi ~ epi
):

= /
qf ﬂepi (Vepi Y i

2.31(e/m)r . (Lorentz Model)
epi

u . =(e/m)r u
epi epi

The free - ion yield is related to theeffect ive mobility
by mfp L via trapping and detrapping rates.

Fig.35
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Thermalization Distance by Elastic
and Inelastic Collisions

Overall Energy Loss = (E, —=3k,T/2)— (e’ /eR,)1-R, /r,)
n,/n,=(1-hw!/E)" exp(~hw/kyT)

l-ho!/E+exp(-ho!/k,T)
l-ho!/E—-exp(-ho!k,T)

n, = (n, +n,) = [(hw)'[OEL]

n, =n, /k.On random walk model r,; =n_L*; L —> elastic mfp.

el

r2 =(L*/k)n, . Implicit Equation for 7.

Fig.36

Free-lon Yield and Scattering Mean
Free Paths

Free-ion Yield, Scattering Mean Free Path and
Probability of Inelastic Collision for Low-mobility Liquids

liquid G b(AY ¢ LAY Kk
toluene 0.09 43 238 115 0.0
m-xylene 0.08 41 237 1.04 0.0
n-octane 0.13 58 195 291 025
trans-but-ene 0.08 53 184 255 022

1,2,34-tetramethylbenzene  0.11 42 254 106 0.09

*Free-ion yield per 100 eV of deposited energy at ~300 K.
® Thermalization distance parameter from ref 5. ¢ Dielectric constant
from ref 5. ¢ Elastic mean free path from this work. * Ratio of inelastic
to elastic cross sections from this work.

Free-ion Yield and Mobility Data for
Intermediate and High Mobility Liquids*

liquid Gy®  pef e €acf b(AY
3-methylpentane 0.18 0.2 190 020 67
cyclohexane 0.20 045 202 013 59
isooctane 0.35 45 194 0.05 110
2,3-dimethylbut-2-ene 0.4 6.0 198  0.055¢ 102
isobutane 0.51 73 1.74  0.055¢ 116
nechexane 058 120 1.87  0.06 120
tetramethyltin 0.63 780 225  0.014* 115

tetramethylgermanium |, 0.66  90.0 201  0.014* 143

¢ Experimental data on free-ion yield and mobility, to which our
calculated values are nominally equated, are literature based. Since
experimental determinations have inherent uncertainties and variations
from one laboratory to another, there are no unique, precise values.
Those reported here are taken from literature as best-judged. # Free-
. ion yield per 100 eV at ~300 K. © Effective mobility at ~300 K (cm?
F|g 37 v~! 571, 4 Dielectric constant. ¢ Activation energy of mobility (eV).
/Thermalization distance parameter (ref 5). & Assumed. * Assumed to
be the same as in neopentane.
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The rest of this section will be devoted to the relationship between free-ion yield and
mobility. In the Onsager theory, there is no direct relation between these two quantities.
However, experimentally a clear empirical dependence exists, as shown in fig.34. For very
low-mobility liquids, the free-ion yield is independent of the mobility, whereas in other
liquids, it increases with the mobility. In terms of the quasi-ballistic model of electron
mobility, an explanation has been found. It is that the elastic and inelastic collision
cross-sections of the epithermal electron govern both these processes. The elastic collisions
determine the momentum relaxation time which gives the epithermal mobility and
eventually the quasi-free and effective mobilities through the Lorentz equation and the
quasi-ballistic model respectively. At the same time, the elastic and inelastic cross-sections
determine the thermalization distance giving the free-ion yield. Thus these two quantities
become indirectly correlated.Fig.35 and 36 develop these ideas quantitatively and
respectively for mobility and free-ion yield. In very low-mobility liquids, the mobility is
determined mainly by the ballistic process, thus the free-ion yield becomes independent of
it. Fig.37 gives the scattering mean free paths and the probability of an inelastic collision
per scattering, by comparison with experimental results. In low-mobility liquids, the
probability of an inelastic collision (energy loss or gain) per scattering event is around ~1/3
to ~1/7. This factor increases progressively with the effective mobility and at the highest
mobility the situation resembles that of a liquefied rare gas. The elastic mean free paths
are comparable to molecular dimensions in low-mobility liquids, while for higher mobility

liquids, it can approach tens of A.

4. Electron localization in hydrocarbon liquids: The Anderson model

In this section will be described electron localization in hydrocarbon liquids by the
Anderson model. This was the topic of an invited talk given by A.Mozumder at the ASR
2007 Symposium held in Tokai-Mura during November 6-9, 2007. In this sense this was the
highlight of his visit to Japan this year.

First, we need to make a distinction between localization and trapping, the latter
requiring medium reorganization. Secondly, many hydrocarbon molecules including
n-alkanes lack electron affinity. The corresponding liquids are not known to harbor voids or
bubbles, such as found in polar liquids, or in liquid helium. Anderson model does not
require any special property of the molecule for localization; what it does require is
sufficiently large randomness of site energy so that it can overcome site to site transport by
the negotiating potential. It must be remembered that Anderson’s model is for localization
by static disorder. It must be supplemented by a trapping theory to compare with

experimental mobility. Further, one also needs to incorporate a physical basis for the
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diagonal disorder, that is, the random fluctuation in site energy. Otherwise, it simply

becomes a model study.

Electron Localization

Results from Anderson Theory

G.L.Hug and A.Mozumder
Radiation Laboratory

University of Notre Dame
Notre Dame, In 46556, U.S.A.

Fig.38

INTRODUCTION

Electron Localization and Connectivity

The Anderson Model

Diagonal Disorder

Scaling Theory

Results and Summary

Fig.39
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Connectivity and Liquid Structure
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Figs. 38 and 39 give the title, co-author and affiliation with an introduction. Fig. 40
displays the simplest form of the Anderson Hamiltonian in the second quantized form with
random site energy &, and a deterministic mediating potential V for nearest neighbor
transport. The details of the quantum mechanical calculation varies from author to author,
but there are general agreements on certain points. First, the actual distribution of the site
energy is much less important than the width W of that distribution. Secondly, there is a
critical value of W/2V above which no state of the electron may be delocalized and below
which both localized and delocalized states my co-exist, however separated sharply an
energy, called the mobility edge. The critical value of (W /2V), satisfies an equation
involving the lattice connectivity K as shown in the displayed equation. While K may be
taken to be Z-1, where Z is number of nearest neighbors, the additional parameter in the
equation ,f, does depend on the nature of the medium and the actual distribution of site
energy. Different authors have used different values of f from 4.0 to 2.0. We have compared
the numerical results of Chang et al. with that of Shante and Kirkpatrick for percolation in
a cubic lattice and found f to be 0.7125. We have used this value successfully in alkane

liquids.



JAEA-Review 2008-013

Mobility Edge Trajectory :
Results From Scaling Theory

Wave Function Envelope ~ exp (- 1/§)
EE)~[E,.(co—E]"(ELE)).
¢(o)~[oc —o (E)] (0 20(E)).

Fig.41

Mobility Edge Trajectory
Chang et al. (1990)
o (E)=0c, —AE”?

o.(E)/ o, =1-exp[-(E/E,)"]

Fig.42

For a given disorder (o =W /2V), there is a critical energy E_, below which all states
are localized. The envelope of the wave functions satisfies an index equation
E(E)~[E.(o)—E])"(E<E)), which is called the mobility edge trajectory. There is a

similar equation when the disorder is approached from above at a given energy, as shown
in fig.41. It is a fundamental result of the scaling theory that the indices for the divergence
of the wave function is the same when expressed either in terms of energy, or in terms of
the disorder. Following Chang et al. we have used v =1, consistently and without any

difficulty. Further, Chang et al. have invoked a symmetry argument to give the dependence

of 0. on energy. In our case, we have modified their expression to
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o.(E)/ o, =1—exp[-(E/E,)’], where E, is a certain unspecified energy, later to be

1dentified with V. This is displayed in fig. 42. This form satisfies the symmetry argument
and also the asymptotic values.

LIQUID STRUCTURE

X-ray Normalized Scattered Intensity I(k)

g(r)=p+(1/ 2722r)0]k[[(k) — 1]sin krdk

Z = j4ﬂ72g(r)dr

Finin

Fig.43

Radial Distribution Function for
Ethane
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Radial Distribution Function For
Propane

g(r) (number / A%)

p, =0.00757 molecules / A

Fig.45 10 20 30 40 50 60 70
r(A)

Radial Distribution Function For
Butane

28 ——————— 7777

20} p, = 0.00595 molecules / A®
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Radial Distribution Function For

Neopentane
14 i T T T T T ]
12 e
T ol |
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E |
2 06} .
S o4l p, = 0.00489 molecules / A° ]
02F 4
0.0 i
Fig.47 2.0 4.0 6.0 8.0 10.0 12.0 14.0
r(A)

To determine Z, the number of nearest neighbors to a molecule in the liquid and from
there to compute K, the connectivity, we employ the radial distribution function (RDF) for
that liquid as deduced from small angle X-ray ( and sometimes neutron) diffraction. The
relation between RDF and the scattered intensity is given in fig.43. Experimental curves
for the so-determined RDF are shown in figs.44 through 47 for ethane, propane, butane and

neopentane at the specified temperatures. The vertical arrows mark the lower and upper

limits of integration to compute Z.

Disorder From Polarizability
Anisotropy

w=2[e"/2(r,/2)*]a, - a,|

V,|=Vy=In(l—c/c,)=V{—In(1-W /2V5,)

V.-E_
0 max]

[E . =
gmax gmll’l [VO _ Emln

Fig.48
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Diagonal Disorder in n-Alkane
Liquids

Liquid ay |la-ala) |[W(eV)e | VoeV)d | V(eV)e
Methaneb 2.6 0 ~0 -0.3

Ethane 447 |1.51 1.20 0.2 0.74
Propane 6.29 192 1.38 -0.1 0.18
n-butane 812 218 1.05 012 0.1
n-pentane |9.95 |3.13 3.46 0.00
n-hexane 11.78 |4.03 4.46 0.02
n-heptane |13.61 |4.57

n-octane 15.44 |5.18

n-decane 19.10 |6.01

n-dodecane |22.74 |8.22

Fig.49

Characteristics of Localized States
in Liquid Hydrocarbons

5 -
Liquid  |o o, oofdelocalized | agz on) | g
Methane' |0 25.34 100

Ethane 0.81 17.37 97.6 0.1 55
Propane 3.83 12.95 83.9 0.16 96
n-butane 5.25 7.32 53.2 0.13 81
n-pentane | 17.3° 6.86 0 0.19 95
n-hexane 0 0.2 100
Fig.50

In our model, the diagonal disorder, or the random fluctuation of site energy originates

from the anisotropic polarizability interaction of the electron with the molecule. This

depends on the location of the electron relative to that of the molecule. The width of



JAEA-Review 2008-013

fluctuation is then given by the difference between the maximum and minimum

polarizabilities, which can be determined directly from depolarized Rayleigh scattering.
Considering V,, asthe minimum energy of a delocalized electron an implicit equation for V
has been derived in terms of V,ando, . This is shown in fig. 48. Fig. 49 gives the mean
polarizabilities (&)and the difference between maximum and minimum polarzabilities

|a, - 0{2| of molecules in the alkane series. We see that the mean polarizability increases
with the carbon number (size effect) and the anisotropy also increases, i.e., the molecules

become progressively ‘cigar-like’. From the known values of V|, it is then easy to calculate
V, the interaction energy within the context of the Anderson model. This is important,
because no independent calculation is at present available for that energy. The
so-determined values of V are shown in fig.49 for ethane, propane and butane. Fig. 50 gives
the characteristics of electron states in alkane liquids in terms of the percentage of initially
delocalized states. At present, it is the nature of the states, irrespective of their occupation.
Our calculations indicate 100% delocalization in liquid methane ( all components of
polarizability are equal) and 0% for n-pentane, n-hexane and so on. It is surprising that we
calculate initial delocalization in ethane and propane as 98% and 84% respectively.
Electron mobility in these liquids are known to be low. However, as we have alluded to
before, the initial delocalization can be drastically changed due to trapping and by thermal

fluctuation.

Percentage of Delocalized States
In
n-Alkane Liquids

100F =® 1
X
o X
@)
80 |- m] _
O X

[o)]
o
T
X

1

% delocalization (V(1-c / 5,) 100%)

40r O V=01eV i
O V=02eV 1
20} X V=05eV 4
0 o o A
1 " 1 " 1 " 1 " 1 " 1
1 2 3 4 5 6
Fig.51 Carbon number
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CONCLUSIONS

We have applied the Anderson model for the initial localization of
low-energy electrons in liquid hydrocarbons. We find that both the
liquid structure (g(r)) and molecular polarizability (symmetry) are
important for electron localization.

The electron energy fluctuation (diagonal disorder) is taken to
originate from electron molecule anisotropic polarizability interaction.

According to our calculations, the initial states in liquids of highly
symmetrical molecules (methane,NP,TMS etc.) are fully delocalized,
those in ethane and propane are largely delocalized. In liquid butane,
the initial states are partially delocalized, while in pentane onwards,
these are fully localized.

Trapping and contact with heat bath will change the situation
somewhat. Trapping cross-sections are indicated in the range of
~900A2, however more work is necessary for describing trapping
from the doorway states.

Fig.52

Fig.

51 shows a model study of percentage of delocalized states in liquid alkanes vs. the

carbon number. In this study we have not insisted on the self-consistency of the interaction

energy V , but left it as a floating parameter within a range of possible values. Fig. 52

summarizes our conclusions on the Anderson localization of electrons in alkane liquids.

One point is most important, that is both the liquid state connectivity and the anisotropy of

molecular polarizability are important for initiallocalization. What remains to be done to

make the theory complete is to study the effect of thermal fluctuation and that of trapping.

Work is in progress.

5. Free-ion yield in liquefied rare gases: A new theoretical model

Fig.53

MeV Electron Track in LAR

fin ~10% nm

LR R L T T I S S S S

~

~100 nm

Fig. 1. Model of a low-LET track in liquid argon. The positive
ions (Ar; ) are immobile on the axis separated by ~ 10? nm.
Electron thermalization length is ~ 10 nm; thus the geometry
approximates a cylindrical symmetry rather than a collection of
isolated ionizations, each with spherical symmetry. This is true
even at the minimum LET.
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Free-lon Yield in LRG at Low-LET

Np=x) niLim™ =(=x)n);L, =L, - uET,
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LAr : Dependence of Escape
Probability on Initial Separation

\
02 Ty,
0.0 | A | i 1 A l 1 . 1
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1y (nm)

Effect of initial separation (ry) on the escape probability
P, in LAr at an external field E=1200 V cm™'. Solid line,
absolute values of P, ; dashed line, normalized to P, . at 22 kV
cm ™!, k = 0.01; see text for values of other parameters.
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Variation of escape probability with external field in liquid
argon at low-LET (1 MeV electron). Full curve, absolute calcu-
lated value with « = 0.01, ry = ry, = 1568 nm and other parame-
ters as described in text. Experimental points [13] and calculated
values normalized to 22 kV/cm are denoted by (X) and (O)
respectively.

Free-lon Yield in LKr:
Theory and Experiment
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Comparison of calculated and experimental probability P,
of escaping electron—ion recombination in LKr, for a low-LET
incident particle, as a function of external field. (- -) experimen-
tal data of Aprile et al. [7] and of Kubota et al. [19]; () present
calculation with r,=4000 nm and «=0.1. (O) indicate
a cormrection due to homogeneous recombination at low fields

Fig.56
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Fig.57 (see text for details).
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CONCLUSIONS

« Onsager’s theory is not applicable to LRG at any
LET, because ionizations are not isolated.

- Jaffe’s theory is also not applicable because it
ignores e-ion interaction.

* Re-encounter model captures the basic physics
in consistence with track structure, electron
mobility and recombination rate.

* For LAr, electron thermalization length~1500 nm
and an encounter recombination probability~0.01
are found to describe the experiments.

Fig.58

Fig. 53 shows an MeV electron track in liquid argon (LAxr). It is clear that, even for this
minimum ionizing radiation, electron thermalization distance is an order of magnitude
greater than the mean positive ion separation on the track, computed from the W-value and
the LET. Thus, the Onsager equation for the escape probability is not applicable, because
the ionizations are not isolated. The cylindrical track models of Jaffe and of Krammers are
also not applicable , because of the neglect of the coulombic field in one case and equating
the diffusion coefficients of the electron and of the positive ion in the other. It is well-known
that in liquefied rare gases the positive ions immediately dimerize, giving very low mobility.
Realizing that there is at present no suitable track model for electron-ion recombination in
liquefied rare gases (LRG), we developed a re-encounter model. In this model, currently
limited to parallel external fields , the electrons are drawn to the track axis by the
cylindrical field due to the line of positive charges while being separated axially at the
track ends. After an unsuccessful recombination, the electrons, by virtue of their energy, go
out to the ever increasing classical turning point and then return for the next trip. This
process can go on only for a finite number of return trips until the external field completely
separates the charge distributions. At each encounter on the track axis, the electrons have
a small probability of recombination which can be computed from the known rate of volume
recombination with the aid of a re-encounter theory. The relevant equations are developed
in fig.54 which are slf-explanatory. Fig. 55 compares the results of our calculation with

experiment. Although the agreement is satisfactory, this by itself cannot be taken as a
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validity of the implied theoretical concepts. Similar agreement has been obtained for the
Jaffe, or Krammers model as well, with no internal consistency and having completely
different theoretical ideas. Also, in our case, the effect of the perpendicular field is
unknown and very difficult to analyze. In any case, we have examined the dependence of
the escape probability in LAr with the initial or thermalization distance, using the
re-encounter model. We find, as shown in fig.56, that the escape probability is relatively
insensitive to the initial separation in its important range. If this holds, it may not be
necessary to compute the thermalization distance accurately, in contrast with the Onsager
model. In fig. 57, we show the results of a similar calculation for liquid krypton. The
agreement with experiment, when adjusted for the best recombination coefficient, is
equally satisfactory as in the case of LAr, but again it should not be over-emphasized. Our
tentative conclusions are summarized in fig.58. These are : (1) neither the Onsager theory,
nor the theories of Jafee and Krammers is applicable to LRG. (2)Re-encounter model
captures the essential physics of the problem, although the treatment of the perpendicular
field is still a problem. (3) In liquid krypton, we find the thermalization length ~ 1500 nm

and the recombination probability at an encounter ~0.01.

6. Summary

The electron is the single most important entity in the interaction of charged particles
with matter. It appears as the incident radiation both as a primary in some cases, and
always as a secondary in ionization processes (delta-rays). In most cases it is also a
reactant. Importance of condensed matter is underscored for application to biology (liquid
water), industry (liquid hydrocarbons) and high-energy physics experiments (liquefied rare
gases). Therefore, various aspects of the electron in condensed media, e.g., its yield,

mobility and chemical reaction, are central to irradiation effect.
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