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In this paper, we address the relations between the structure, electronic level structure, energetics, and
localization dynamics of an excess electron in a bubble in ligHi€, *He, and Ne. Our treatment of the
dynamics of formation for the electron bubble rests on a quantum mechanical Wiggiez description of

the excess electron in conjunction with a hydrodynamic picture for the liquid. The dynamics of electron
localization is described in terms of the initial formation of an incipient bubble of radius33A followed

by adiabatic bubble expansion in the ground electronic state. The hydrodynamic model for bubble expansion
considers the expansion of a spherical cavity in an incompressible liquid with the energy dissipation being
due to the emission of sound waves. This model predicts the bubble expansiom&jrhreli@uid “He to be

TE = 8.5 ps atP = 0, exhibiting a marked pressure dependence (decreasing by a numerical factorfof 4 at

= 16 atm) and revealing a small isotope effectE)(f“He)/rE@He) = 0.83 in liquid®He, while for liquid Ne,

‘L’E =1 ps. The collapse times of the empty bubble formed by vertical photoionization of the electron bubble
aret, = 19.8 ps for*He andz. = 34 ps for®He, with 7. being considerably longer thaij, reflecting the

effect of the kinetic electron energy on the fast electron bubble expansion. The interrogation of the electron
bubble localization dynamics by femtosecond absorption spectroscopy is explored by the analysis of the
temporal evolution of the electronic excitation energies.

I. Prologue the photoionization threshofd:2® The relation between these

The elucidation of the interrelationship between the structure, attributes gnd dynqmlcs WB:S not yet estgbllshed.

electronic level structure, energetics, and dynamics in complex ~ Of considerable interest is the dynamics of excess electron
systems, e.g., clusters and condensed matter, constitutes a maj(l)(l)cahzanon in dense fluids consisting of few-electron constitu-
challenge of modern chemical physics. In this context, the €Nts and characterized B > 0. This issue pertains to the
dynamics of excess electron localization in some macroscopic dynamics of electron localization accompanied by large con-
dense fluids, i.e., liquid He, Ne,Hand Dy, is of central interest. figurational changes in the fluid. Experimental information is
The interaction between an excess electron and a few-electrorS¢arce. Experiments on positronium annihilation in liquid He
closed-shell atom or molecule, e.g., He, Ne, or i strongly and their theoretical interpretati®## reveal that the localized

short-range repulsive, with a weak long-range core polarizktion. positronium bubble is formed on a time scale which is short

Accordingly, the conduction band energyo) in the corre- relative to the lifetime of the orthopositronium; i.e.,> 100
sponding dense fluids is large and positive, being located abovePS: On the other hand, Muon spin relaxation experiments via
the vacuum level: i.eVo(calc) = 1.02 eV*=9 and Vo(expt) = the formation of Muonium in liquid neon reveal that part of
1.05+ 0.05 e\EO-13 for liquid “He, Vo(calc)= 0.9 eV*1415and the excess electrons localize fast within less thahpk) while

Vo(expt) = 1.0 + 0.2 eV617 for liquid He, Vo(calc) = 0.45 another fraction does not localize on the®p8 time scalé?
eV1415andVy(expt)= 0.67+ 0.05 e\A41518for liquid Ne, and Experimental information on the time scale of the relaxation of

Vo(calc) = 1.25 eVh14.15and Vo(expt) > 2 eV28 for liquid H, a quasifree electron to form the electron bubble in liquid helium

(where calc and expt denote calculated and experimental data®merged from the electron injection experiments of Hernandez
respectively). Consequently, the energetic instability of the and Silvers®** which indicated that an energetic-1-eV)
conduction band quasifree excess electron state in these liquid$!€ctron relaxes to a bubble state within a timerof 2 ps.
induces the formation of a localized “electron bubble” state, Jiang et ak’ provided a rough estimate of the characteristic
with the electron being confined to a cavity whose total energy ime for bubble formation in liquid He in terms af~ Ry/Cs,

is located below the conduction band. Excess electron localiza-WhereR, = 17 A is the bubble radius ands = 240 ms* is

tion, accompanied by large configurational changes, prevails the speed of the sound, resultingrin- 7 ps. On the theoretical

in liquid “He58-13.19-26 jn 3He 4526 H, and Dy* and Net20 front, an early study proposed the incipient electron bubble
and also presumably in some large finite systems, e.g., internalformation in liquid He via the nonradiative electron localization
excess electron localization in large clusters 4fe27.28 process originating from nonadiabatic crossing of the nuclear
Extensive theoretica?%26 and experiment&}2224.26 studies potential energy surfaces of the quasifree and localized excess

provided a coherent physical picture of the structure, energetics,e/ectron states. Recently, this process was treated by the
electronic level structure, and spectroscopy of the electron SeMiclassical surface hopping trajectory method calculaffons,
bubble in liquid helium, which involve its energetic stabil- Which provided a time scale of 0:D.3 ps for electron cavity
ity,5:11.20.26jts radiuss20-23 jts compressibility2! the “critical” formation in high plensﬁy;(* = 0.9) He gas aff = 309 K.
density for the electron localization in dense He gatectron ~ Subsequently, the incipient bubble is expected to expand to form
localization in solid heliun®? the energeticd-25 and the line the conﬁgu_rat_lon_ally relaxed electron cavity (e.g., cavity radius
broadening*25 of the bound-bound electronic transitions and Re=17 A'in liquid “He at zero pressure affd= 0.4 K>20-29).

We addresséd the time-resolved dynamics of the electron

€ Abstract published ifAdvance ACS Abstractfecember 15, 1996. bubble formation in liquid He, considering the adiabatic process

S1089-5639(96)02625-4 CCC: $14.00 © 1997 American Chemical Society



752 J. Phys. Chem. A, Vol. 101, No. 4, 1997

TABLE 1: Surface Tension (y), Density (o), and Dielectric
Constant (), Together with the Calculated Energy of the
Bottom of the Conduction Band (V), the Equilibrium
Radius (Rp) of the Localized Electron Bubble, and the
Radius (Ro) of the Incipient Bubble

T,K y,dynicm p,A-3

Vo,eV Ry, A R, A

€

‘He 04 0.36° 0.0218¢ 1.0588 1.02 35 17.0
3.2 0.18°> 0.02rd
40 0.12° 0.0195¢

*He 0.4  0.16f 0.016® 1.0428 0.9 3.7 19.0
3.2 0.02f 0.012

Ne 25 5.8 0.037 151 0.62 3.3 7.5

aReference 56° Reference 57¢Reference 58! Reference 59.
¢ References 3 and 1PReference 60¢ Reference 617 Reference 62.
' Reference 63.

where the strongly repulsive electrehelium interaction drives
out a large number of atoms toward regions where the electron
density is low, while the electron is localized within the fluid
dilation where the helium density is negligible. The electron
bubble dynamics was described by a hydrodynamic model for
cavity expansion. This hydrodynamic model constitutes the
reverse situation of the Rayleigh motfefor cavity collapse in

a liquid induced by external pressure. The Rayleigh niddel
for cavity collapse was recently advanced by Ripger the
description of the solvation dynamics of the solvated electron
in water, where cavity contraction in the polar liquid is induced
by long-range attractive polarization (large polaron) interactions.
Recently, it came to our attentiththat Khrapak and his

colleagues also considered positronium and electron bubble

relaxation using hydrodynamic modéls#3 Our study’ of the
dynamics of electron bubble formation in liquid He rested on
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= 0.01 A is the single atom polarizability scattering length,
F =[1 + 8rap/3] L is the screening factdrandk, is obtained
from the WS conditiorf:?2* The electronic energy of the ground
state, EéS(R) (for a cavity radius,R), was obtained by the
procedure of Springett et &#2! with

EX(R) = (eX)’/2m k= 2mVyhA)™?  (11.2)
and X being obtained from the boundary condition
cotgX«R) = —(1 — X3)¥41X (I.2a)

The electronic energies of electronically excited localized states,
e.g., 1s, 2s, 2p, ..., were calculated by a numerical integration
of the equations of Springett et%for a particle in a spherical
well. The potential energy surfaces are presented in terms of
the cavity radius R) dependence of the total energy of each
electronic state. The total energy of the quasifree electron state

Vo(R) =V, + E(R (11.3)

with Vo being given by eq 1.1, while the total energy of the
ground localized electronic state is

ER) = E(R + ER) + E(R) (11.4)
The bubble energygy(R), in egs 11.3 and 1.4 i458-13.19-26
Ey(R) = 47R%y + (47/3)PR (11.5)

wherey is the surface tension aitthe external pressure (Table

the combination of a quantum mechanical picture for the excess1) and

electron in conjunction with a hydrodynamic model for the fluid
expansion. In our preliminary report, the liquid was described
as an incompressible fluid devoid of energy dissipation, with
the expansion timerf) for the attainment of the equilibrium
cavity RadiusR,) being taken as the first passage tifhelhese
calculationg’ provided a lower limit forr,. Our analysis of

the electron bubble dynamics was extended to account for
energy dissipation in the cavity expansion, which constitutes
the subject matter of this paper. Energy dissipation in the bubble
expansion is associated with viscosity effects and emission of
sound waves, which drives the system toward equilibrium, with
the sound wave emission mechanéeonstituting the dominat-

ing dissipative process. We report on the application of the
hydrodynamic model with dissipation for the electron bubble
dynamics in liquid“He, ®He, and Ne. The results of our
calculations for the electron bubble dynamics in liquid helium
will be supplemented by the calculations of time-resolved
electronic spectra, making contact with experimental reality.

Il. Potential Energy Surfaces

We consider the decay of the delocalized, energetically
unstable quasifree electron into the localized electron bubble
state in its ground electronic state. The adiabatic potential
energy surfacég3537for the ground (1s) localized electronic

state and for the quasifree excess electron state can be obtaine

from the Wigner-Seitz (WS}->2'model for the corresponding
electronic energies and from a continuum model for the bubble
energy. The electronic energy() of the quasifree electron
state is

V, = h%k/2m + 2rpah?/m — (87°13)ae’o™F (11.1)

wherep is the solvent densityy is the atomic polarizabilitya

E,(RP) = —(€%/2R)(1 — 1le)

is the electronic polarization energy ardis the dielectric
constant (Table 1).

We shall be interested in the energetics and dynamics of the
electron bubble in liquid He over a broad pressure rafge (
0—20 atm). Experimental data for the pressure dependence of
y are not yet available. The Amit and Gréstheory predicts
that y increases by a numerical factor of2 in the pressure
range 0-25 atm. Hernandez and Silvérsuggested thay
increases by about 35% in the pressure interve2@atm. For
the analysis of the spectroscopy of the electron bubble in liquid
helium, Grimes and Adams togk= 0.341 dyn/cn?* and Golov
took y = 0.354 dyn/cnff being independent of pressure. Shin
and Wod’ used a weak pressure dependence sf0.39 dyn/
cm for P = 0 atm andy = 0.41 dyn/cm forP = 16.8 atm,
whereas Miyakawa and Dext&r,Fowler and Dexte?? and
Springett et af! assumed that varied withP according to the
theory of Amit and Gros$> This procedure accounts reasonably
well for the pressure dependenceR{ In our calculations,
we used the Amit and Gro¥stheory for the pressure depend-
ence of surface tension.

The equilibrium electron cavity radiugy) is obtained from
té1e minimization ofEls(R) (Table 1). The potential energy
surfaces for the excess electron in liqide atP = 0 are
portrayed in Figure 1. The crossing of the potential energy
surfaces for the quasifree electron st¥g€R), and the localized
ground stateE{(R), is exhibited when

ESR =V, (1.6)
Condition 1.6 is realized (aP = 0) for the cavity radius, =
3.5 A. This value ofRy constitutes the incipient cavity radius
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Figure 1. Configurational diagrams for the ground electronic state
E(R), for the bound excited electronic stale¥(R) and E?(R), and

for the quasifree electron sta¥g(R) = Vo + Eu(R) in liquid He atP
=0.

for electron localization.Ry is comparable to the lower limit
R- of the cavity radius for the attainment of a localized state.
A simple modet12implies thatz/2 < X«R-, resulting inR- =

3.0 A (atP = 0). A more elaborate treatment of the energetics
of electron localization on the basis of the Spring&bhen-
Jortner modél2! implies that only a delocalized state of the
excess electron exists fof > 0.97; the metastable bubble can
be formed in the range

0.85= X=0.97

187<«kR=<25 (I.7)
while the energetically stable bubble is formed in the region

< 0.85,kR = 2.5. Thus, the onset of the formation of the
metastable localized bubble is realized according to eq 11.7 for
R- = 3.46 A (atP = 0). Electron polarization effects, which
were not included in eq 1.7, will result in a slight decrease of
R-. From this analysis, we conclude tHR#* R-. Our value

of the incipient bubble radiu®, = 3.5 A is in reasonable
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(4) The liquid helium is described as an incompressible
continuum.

The cavity expansion time(R), from the initial cavity radius,
Ry, to a radiusk (=Ry) is given by the first passage time

R
7(R) = fROdR’N(R') (11.1)

whereV(R)) is the velocity of the cavity boundaryV(R) is
determined by the electronic energy, the bubble energy, the
liquid density, and the energy dissipation. The expression for
7(R), eq Ill.1, is isomorphous to the description of the dynamics
of ultrafast molecular processes, i.e., molecular dissocittion
and Coulomb explosioff, whose time scales are described by
sliding on a repulsive molecular potential surface. We have
thus provided a unified description of molecular (dissociative)
dynamics and (electron bubble) dynamics in the condensed
phase.

(111.B) Incompressible Liquid in the Absence of Dissipa-
tion. In our previous work’ we have considered electron cavity
dynamics in an incompressible liquid in the absence of energy
dissipation. Within the framework of this simple model, the
electron bubble expansion timey) for the attainment of the
equilibrium radius Ry) is taken to be represented by the first
passage time & = R,. The incompressibility of the liquid
implies the continuity conditiom?u(r) = R2V(R) so that the
kinetic energy K) of the liquid is

K(R) = (o/2) [ dr 4ar? [o(r))* = 2mp[V(RI’R®  (1Il.2)
In the absence of energy dissipation, energy conservation implies
that the kinetic energy of the liquid is equal to the total change
of the free energyAF(R), of the bubble expansion process

K(R) = AF(R) = V(R) — E°(R) (11.3)
Equations Il.2111.3 result in
V(R) = (27oR) "IVy(R) — B(R]  (lll.4)

agreement with the experimental estimate of Hernandez andand

Silver3334Ry ~ 4 A.

Ill. Electron Bubble Dynamics

(lLA) Dynamic Model. We shall consider the time
evolution of the electron bubble in terms of an adiabatic process
of the cavity expansion fronR, to the equilibrium radiudz,
(Table 1). Concurrently, we shall also consider time scales for
the collapse of an empty bubble formed by photoionization of
the ground excess electron state. Energy dissipation during th
electron bubble expansion and of the empty bubble collaps
will be characterized by the emission of sound waves.

We describe the dynamic of the electron bubble formation
on the basis of the following assumptions:

(1) The initial electron localization in the incipient bubble of
radiusRy is fast on the time scale of the equilibrium bubble
formation. Initial electron localization in high-density He gas
at 309 K treated by surface-hopping calculatf§nsccurs on
the time scale of 58100 fs, providing an a posteriori justifica-
tion for this assumption.

(2) The equilibrium configuration of the bubble, which is
characterized by radiuB,, is reached by its expansion, with

e

o(R) = (27p)" [rdR(R)* [V(R) — EIXR)] 2 (l1L.5)

The expansion time for the attainment of the equilibrium bubble
radius (i.e.R = Ry) is 7, = 7(Ry).

In Table 2, we present the results of the model calculations
for 7y in liquid “He, He, and Ne. The data fdiHe and for
3He exhibit an isotope effeet,(*He)k,(*He) = 0.83, correcting
the value of 0.97 previously reported by ¥fs.The electron

Subble expansion time in liquid N&§= 7.5 A) is considerably

shorter than in liquid HeR, = 17 A), mainly due to the lower
value ofR,. We shall return to these issues in section IV, after
considering energy dissipation effects.

A cursory examination of the cavity boundary veloch¥R),
for liquid He in the absence of energy dissipation (Figure 2)
calculated from eq IIl.4 reveals that over a brdadiomain,
V(R) exceeds the velocity of sour@s = 240 cm s'. This
feature is inconsistent with the incompressible continuum
description of the fluid* Furthermore, in the model incom-
pressible fluid, the turning point (& = Ry) for the electron
cavity will be exhibited atRr = 60 A (Figure 2), which is
considerably larger thaR,. The first passage time description

the spherical shape being retained during the expansion processadopted’ for the electron bubble dynamics implicitly assumes

(3) The bubble radiusR, is the reaction coordinate for the
adiabatic process.

that energy dissipation is effective, reducM(@) and drastically
reducing the value dRr for the turning point, bringingrr close
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TABLE 2: Expansion Times for the Attainment of the
Equilibrium Radius of the Electron Bubble in “He, *He, and
Ne?

T, K P, atm o, PS 0, ps
‘He 0.4 0 3.9 8.5
‘He 3.2 1.0 3.7 4.7
SHe 0.4 0 4.7 10.2
SHe 3.2 1.0 3.9 5.8
Ne 25 1.0 0.55 1.1

a1p was calculated for the incompressible liquid in the absence of
energy dissipation, WhiIeE includes the effects of energy dissipation
due to sound emission.

500
1. Incompressible fluid
400 . .
F 2. Dissipation effect
@300
N
T S N N
> 200 |-
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100
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Figure 2. R dependence of the velocity(R) of the electron cavity
boundary in liquidtHe atP = 0 (T = 0.4 K). (1) Incompressible fluid

in the absence of energy dissipation. (2) Incompressible fluid with
dissipation due to sound emission. The equilibrium cavity radius is
marked byR,. Cs represents the velocity of sound in liguide.
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Equations 111.6-111.9 result in
| = (/47pCYAIRV, — EIYR) — ROES(R)/BR]’0 (111.10)

The total energy dissipated in the form of the sound waves
(AESF) upon cavity expansion from the initial size to the
radiusR is

AESHR) = 17(R) (111.12)
wherez(R) is the cavity expansion time evaluated neglecting

the dissipation (section IIl.B). We write the energy dissipation
in the form

AESH(R) = (1(R)/4mpCYLR(V, — E) — ROESR)/OR]’0
(11.12)

After simple transformation, it takes the form

AESHR) = (t(R)/4mpCYR(V, + EX) —
127R%y — 167PRY3)20(111.13)

The averging of the sound dissipation rate in eq 11.13 has to
be performed in a self-consistent manner over the interval from
Ry to the genuine turning poirRy, which is determined by
dissipation effects. In the calculations reported herein, we have
calculatedAESKR) by averaging the dissipation rate over the
rangeR, to Rr = 23 A, which corresponds to the turning point
when energy dissipation is operative. We find that other
averaging procedures change the final value the cavity expansion
time by less than 10%.

The cavity boundary velocity corrected for the dissipation,
Vp(R), is given by incorporating energy dissipation, eq I11.13,

toR,. These expectations are indeed borne out by the analysis" €ds lll.4 and II.5, resulting in

of energy dissipation effects.
(II.C) Energy Dissipation via Sound Emission. We

consider energy dissipation during the electron cavity expansion

in monoatomic liquids due to sound emission. This problem
was recently studied by Ripsin the context of electron
solvation in water. The calculation of the energy dissipation

Vo(R) = (27pR’) MV, — EFR) — AES(RI]™?  (111.14)

and the electron bubble expansion time (= R,) can now
be expressed in the form

rate will be based on the assumption that the wavelength of the T = (Zﬂp)llzf;bdRﬁlz[Vo — E(R) — AE(R] 2 (lII.15)
sound waves is longer than the characteristic radius of the cavity;
i.e., A > Ry. In this case, the dynamics of the fluid in the The bubble expansion velocity of the electron bubble, calculated
vicinity of the cavity can be described in terms of the potential from eq 11l.14 and portrayed in Figure 2, markedly decreases
flow of incompressible liquid. Far away from the cavity, it can due to dissipation effects. Furthermore, the effects of energy
be described in terms of the sound waves propagation. We shalldissipation drastically reduce the turning point for the electron
express the rate of energy emission in the form of sound wavescavity expansion fronRr = 60 A in the abesence of dissipation
using the standard analy&idor the oscillation in the size of  to Ry = 23 A due to sound emission. NOWR) for all R falls
the electron cavity below the value of the sound velocity, rendering the incom-
i pressible continuum description of the fluid adequate.

| = (p/4rCYV(t — r/CJ10O (111.6)

IV. Electron Bubble Expansion Times
whereC; is the sound velocityV is the volume of the cavity,
and the angular brckets denote averaging over the period of
the cavity oscillation. The second time derivative of the volume
can be expressed in the form

In Table 2, we present typical data for the electron bubble
expansion timestf) in liquid “He, 3He, and Ne, calculated
incorporating energy dissipation. From the comparison of the
values of1rbD with the values ofry (without sound emission),
we infer that energy dissipation effects result in the lengthening
of the calculated electron bubble expansion times by a numerical
factor of ~2.0 for He, 3He, and Ne. Our theoretical result,
tE = 8.5 ps, for liquid*He at P = 0 is larger than the
experimental estimat&34 of 2 ps for electron localization

V = 47(2RV? + RYV) (111.7)

HereRis the radius of the cavity, whilé andV are the velocity
and the acceleration of the cavity boundary

_ 1253120/ _ =lsony1/2 inferred from electron injection experiments. Of course, this
V= (@re) TRV~ BAR) (In-8) experimental time scale for electron localizafidfft does
- fl h i f th ili I
V = (UdrpRY(BESR) — V) — RIE(RIIR) (111.9) not reflect the properties of the equilibrated excess electron

bubble and may correspond to a lower experimental time
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limit for the electron bubble formation. The isotope effect 1716 14.5 13.5 12.5 12 115 R(A)
7o (*He)krp(3He) = 0.83 is invariant with respect to energy T t x ‘ '
dissipation effects and reflects a balance between the effects of

the equilibrium radii (Table 1) which increaseE; in liquid 8
SHe relative to*He, in conjunction with density and surface
tension effects which increasg, in *He. Of considerable M
interest are the predicted effects of the large electron bubble \
compressibility (withR, shrinking fromR, = 17 Aforp =0
to Ry = 12 A atp = 16 atn?129 on its bubble dynamics. From
the data of Figure 3, we infer that the relative enhancement of RS Nl

the electron bubble formation timeg’{rb) due to dissipation r > o ~—
effects is practically pressure independent. We predict the i -
decrease ofbD in liquid “He by a numerical factor of 4 in the r
rangep = 0 to 20 atm (Figure 3), the major effects of the N S e ‘
shortening ofrE being due to the decrease Bf at higher 0 8 16 24
pressures (Figure 3). The details of the pressure dependence P (atm)

of the surface tension are not important for the calculation of Figure 3. Pressure dependenc® & 0—20 atm) of the bubble
70 at higher pressures, where the dominating contributions to expansion time in liquidHe z,. (O) Calculated in the absence of energy

En(R), eq 1.5, and toAEgE(R), eq 111.13, originate from the dissipation and ofth_._ (®) Calculated with dissipation due to sound
pressure-volume term. Atp = 16 atm, we CalculatedE _ emission. The equilibrium radiR, of the electron bubble are also

m——

t (ps)

L.

S
7

. . D marked.

2.12 ps using the AmitGross formulé&® and 7, = 2.09 ps
using the pressure independence v#ldey = 0.36 dyn/cm. Empty bubble

The predicted electron bubble formation time in liquid Ne is 20 \"\ ' T T ' T
considerably shorter than in liquid He, being predicted to be in —
the range of~1 ps. This prediction does not provide a clue
for the existence of the two types of electrons in liquid Ne '5"\0\\’\ 7
inferred from Muon spin-relaxation experiments with delocal- o
ized electrons, which do not relax on a time scale of d€%? = He 3he

°< ol =

V. Collapse Dynamics of an Empty Bubble \

The dynamics of the expansion of the electron bubble radius 5 \ -
from Ry to R, was found to be nearly exponential. The time
(rﬁ) for electron bubble expansion is considerably shorter than
the collapse timer() for the collapse of the empty bubble (of | L ) | L L
initial radius Ry), which can be formed by the vertical photo- 9] 5 10 15 20 25 30 35
ionization of the electron bubble. In our previous work, we t(ps)

have applied the formula advanced by Lord Rayleigh to calculate gigre 4. Dynamics of the collapse of an empty bubble in ligtite
the collapse time of the empty bubble in ligide, obtaining  (0) and inHe (a) at T = 0.4 K, P = 0. The time dependence of the
7. = 19.5 ps¥’ Incorporating sound emission energy dissipation decrease of the raditfor the collapse of the empty bubble froRg
during the bubble contraction, is given by att = 0 to R = 0 exhibits a marked isotope effect.

0 _ VI. Time-Resolved Electronic Spectrosco
7= (27)" [ ORRAE(R) — Ey(R) — AESTR] P Py

(V.1) To make contact with real-life experiments, it is imperative
to provide predictions for the interrogation of this new class of
with AESYR) being given by eq 1I.16 withV, = 0 and dynamic processes. Time-resolved electronic spectroscopy is

EQS(ER) =0 for all R In Figure 4, we present the (nonexpo- expected to provide a powerful tool for the exploration of the
nential) time evolution oR (denoted a&(f)) during the collapse  time evolution of the electron bubble. The information on the
of the empty bubble in liquidHe and®He. As is apparent from  time-resolved spectra was inferred from the potential energy
Figure 4, the bubble collapse in liguitie is faster than ifHe. surfaces (Figure 1) for the ground electronic 1s state, for the
The time scales. exhibit a marked isotope effect; i.er, = bound 1p and 2p excited electronic states, and for the quasifree
19.8 ps in*He andr. = 34 ps in®He. The time scales for the  electron state. These potential energy surfaces, in conjunction
empty bubble collapse are considerably longer than those forwith the time-dependent radial configuration of the electron
the electron bubble expansion, speeding it relative to the bubble (calculated incorporating energy dissipation effects),
contraction of the empty bubble. The energy dissipation effects provide the input data for the calculation of the time-resolved
on the bubble collapse times are minor, with the difference electronic spectra. The time evolution of the botbdund (1s
between theR(t) curves calculated without and with energy — 1p and 1s— 2p) and of the boundcontinuum (1s— Vo)
dissipation being about 2%. This behavior of the collapse of electronic transitions will rest on the calculation of the time
the empty bubble is in marked contrast with the substantial dependence of the energies of the corresponding vertical
(100%) lengthening of. for the expansion of the electron electronic transitions. To make contact with experimental reality
bubble (sections Il and 1V). Of course, the low velocity of for time-resolved electronic spectroscopy, one has to assume
the empty bubble collapse relative to the high velocity of the that the oscillator strengths for these electronic transitions exhibit
electron bubble expansion renders dissipation effects to be minora weak dependence on the electron bubble radius in the relevant
in the former case. bubble size domain. We shall subsequently show that this
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1.0 the relevaniR domain. This result will considerably simplify

i ‘l:’ ~ Vo the analysis of time-resolved data, when these will become
_-RK available.

/ . Our theoretical predictions for the time-resolved electronic

- transitions provide the basis for the development of the
S~ experimental arsenal for the study of the temporal dynamics of

T~ electron localization in liquid He and Ne, which should be

interrogated by ultrafast femtosecond laser spectrosebpy.

|
|
I
|
I
|
N VII. Concluding Remarks
I
N

|
|
I
02 ft ,’ — _ Is = 1p We have provided a description of localization dynamics of
- I an excess electron in simple liquids, i.e., He and Ne, induced
0.0 dobmimt Lt L and accompanied by large configurational changes. Our treat-
6 8 10 ment rests on a quantum mechanical Wigr@eitz description
t (ps) of the excess electron in conjunction with a hydrodynamic
Figure 5. Time-resolved spectroscopy of the electron bubble in liquid picture for the liquid. Energy dissipation effects are of central
“He. The time evolution of the vertical electronic transition energies importance to provide a realistic semiquantitative picture for
for the bound-bound 1s— 1p (@) and 1s— 2p transitions M) and the electron bubble dynamics. We have shown that the
for the bound-continuum 1s— Vo vertical photoionization to the 10y jated electron bubble localization time is lengthened by
conduction bandg) are shown. about a numerical factor of 2 when energy dissipation due to
L e . . the emission for sound waves is incorporated. We have sown
?ssumptlon is satisfied for the boundound electronic transi- that the incorporation of energy dissipation due to viscosity
1ons. . o effects has a small contribution and lengthens tﬁedata
The time dependence of the vertical |on|zat|op energy of the reported herein by only 10%. It should, however, be borne in
electron bubble from the 1s ground electronic state to the ming that our treatment identifies the equilibrium bubble
conduction band AE(t)) during the bubble expansion is  ¢5mation time with the first passage time of the bubbl®at
presented in Figure 5 for liquitHe. TheAE(t) vstcurve g 'yith energy dissipation being averaged over the first period
starts from low values at short times saturating at the asymptotic ¢ +he pubble’s radial motion. This value ojf indeed

value of AE,(«0) for long times QE(«) = 0.94 eV for®He), represents the dominating time scale for the formation of the
which repr_esents.t.he. vertical !onlzqtlon potenpal of the e]ectron bubble, as reflected by the time dependence of the electronic
bubble at its equilibrium configuration. The time evolution of energies. A more complete treatment should consider the
AE () for liquid *He (Figure 5) can be well fit with a single oy 1anding cavity radius overshooting, exhibiting smell
exponential in the form\E,(t) = AE()(1 — ae™") with the oscillations of the electron bubble radius arole R,, which
character|st|c (klneFlc tlme) of = 1_'6 pS- ~ will be damped by energy dissipationtat 7,. These small
Following the adiabatic expansion of the electron bubble in ggillations inR will be manifested in the optical properties.
the ground electronic state, the allowed-tslp and 1s—~ 2p We shall report on this problem in a subsequent publication.
electronic transitions will be exhibited (Figure 5). The time  Tne adiabatic electron bubble expansion can be envisioned
evolution of the absorption band maxima for the electronic 55 5 dynamic solvation process of an excess electron in liquid
spectra (Figure 5) exhibits an incubation time= 1.2 ps for He. In contrast to the solvation dynamics of an excess
the 1s— 1p andty = 3.3 ps for the 1s~ 2p transition. For  glectrof=53 of a giant dipol€ in polar solvents, which is
t > 1, the bound-bound (time-dependent) electronic spectrum  gominated by short-range short-time angular relaxation of the
will be amenable to t_experlmental observation. The time- goyent molecules driven by inertial moti&#;5s the electron
dependent peak energiesHs-1p(t) and AEis-2i(t) of the 1s pypble formation in liquid He and Ne involves a short-time
— 1p and 1s— 2p electronic spectra, respectively, decrease ragial expansion process. A more complete physical picture
with time for both electronic transitions and converge to the of excess electron solvation in simple monoatomic liquids
equilibrium R = Ry) excitation energies (Figure 5). These jnyolves a nonadiabatic electron-transfer process from the
equilibrium peak energies ar@E;s-1p(«) = 0.11 eV and  conduction band to the incipient bubble state, followed by the
AE;s-2(w) = 0.51 eV. The time evolution of the excitation  adiabatic expansion of the bubble. We have argued that the
energies can be fit by a single-exponential functiois-j(t) adiabatic expansion involves the dominant process, which
— AEis-i(©) = b exp(~=1/k) (j = 1p, 2p) witht = 2.0 ps for determines the time scale for the formation of the equilibrated
the 1s— 1p and 1s— 2p transitions. The kinetic lifetime  glectron bubble ground electronic state. Nevertheless, the
extracted from the time-resolved spectroscopy is only higher theoretical exploration of the truly ultrafast (fs) nonadiabatic
by 20% than the lifetime characterizing the time-resolved ijnjtial electron localization from the conduction band to the
vertical ionization potential. This slight difference reflects the incipient bubble state will be of interest.
narrowerR domain spanned by the bountlound transitions. Regarding the confrontation between the theoretical predic-
These bounéetbound electronic excitations are characterized tions and experimental reality, one has to consider the life story
by high oscillator strengths. For the equilibrium configuration of an excess electron introduced (by a vertical optical excitation
(R = Ry), the oscillator strengths (calculated by numerical of the medium or of an electrode inserted in it) into the
integration) are(1s—1p) = 0.93 andf(1s—2p) = 0.03. The conduction band of the liquid. The relaxation process will
average oscillator strengths for the expanding electron bubbleinvolve the following steps: (a) energy relaxation; thermaliza-
for t = tiy to 7, were calculated to b&(1s—1p) = 0.95 and tion of the quasifree electron; (b) localization; the creation of
f*(1s—2p)=0.04. The small deviation between the equilibrium the incipient bubble; (c) equilibration of the localized state of
values off and the dynamic values df manifests a weak  the adiabatic electron bubble expansion to its equilibrium
dependence of the oscillator strength for the botinound configuration. We have focused herein on step c. Different
transitions on the configurationdR) of the electron bubble in  experiments will interrogate different physical processes. In
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this context, the distinction between ultrafast (subpicoseconds)
localization (step b), which can be explored by electron injection,
and equilibration of the localized state (step c), which can be
interrogated by time-resolved ultrafast spectroscopy (section V),

will be of considerable interest.
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