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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 liquid4He, 3He, and Ne. Our treatment of the
dynamics of formation for the electron bubble rests on a quantum mechanical Wigner-Seitz 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 radius 3.3-3.5 Å 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 expansion time (τb

D) in liquid 4He to be
τb
D ) 8.5 ps atP ) 0, exhibiting a marked pressure dependence (decreasing by a numerical factor of 4 atP

) 16 atm) and revealing a small isotope effect ofτb
D(4He)/τb

D(3He)) 0.83 in liquid3He, while for liquid Ne,
τb
D = 1 ps. The collapse times of the empty bubble formed by vertical photoionization of the electron bubble
areτc ) 19.8 ps for4He andτc ) 34 ps for3He, with τc being considerably longer thanτb

D, 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 elucidation of the interrelationship between the structure,
electronic level structure, energetics, and dynamics in complex
systems, e.g., clusters and condensed matter, constitutes a major
challenge of modern chemical physics. In this context, the
dynamics of excess electron localization in some macroscopic
dense fluids, i.e., liquid He, Ne, H2, and D2, is of central interest.
The interaction between an excess electron and a few-electron
closed-shell atom or molecule, e.g., He, Ne, or H2, is strongly
short-range repulsive, with a weak long-range core polarization.1-4

Accordingly, the conduction band energy (V0) in the corre-
sponding dense fluids is large and positive, being located above
the vacuum level; i.e.,V0(calc)) 1.02 eV4-9 andV0(expt))
1.05( 0.05 eV10-13 for liquid 4He,V0(calc)) 0.9 eV4,14,15and
V0(expt)) 1.0 ( 0.2 eV16,17 for liquid 3He, V0(calc)) 0.45
eV14,15andV0(expt)) 0.67( 0.05 eV14,15,18for liquid Ne, and
V0(calc)) 1.25 eV4,14,15andV0(expt)> 2 eV18 for liquid H2

(where calc and expt denote calculated and experimental data,
respectively). Consequently, the energetic instability of the
conduction band quasifree excess electron state in these liquids
induces the formation of a localized “electron bubble” state,
with the electron being confined to a cavity whose total energy
is located below the conduction band. Excess electron localiza-
tion, accompanied by large configurational changes, prevails
in liquid 4He,4,5,8-13,19-26 in 3He,4,5,26 H2 and D2,4 and Ne,4,20

and also presumably in some large finite systems, e.g., internal
excess electron localization in large clusters of4He.27,28

Extensive theoretical5,20-26 and experimental19,22,24,26 studies
provided a coherent physical picture of the structure, energetics,
electronic level structure, and spectroscopy of the electron
bubble in liquid helium, which involve its energetic stabil-
ity,5,11,20,26its radius,5,20-23 its compressibility,21 the “critical”
density for the electron localization in dense He gas,5 electron
localization in solid helium,29 the energetics,23-25 and the line
broadening24,25of the bound-bound electronic transitions and

the photoionization threshold.22,23 The relation between these
attributes and dynamics was not yet established.
Of considerable interest is the dynamics of excess electron

localization in dense fluids consisting of few-electron constitu-
ents and characterized byV0 > 0. This issue pertains to the
dynamics of electron localization accompanied by large con-
figurational changes in the fluid. Experimental information is
scarce. Experiments on positronium annihilation in liquid He
and their theoretical interpretation30,31 reveal that the localized
positronium bubble is formed on a time scale which is short
relative to the lifetime of the orthopositronium; i.e.,τ > 100
ps. On the other hand, Muon spin relaxation experiments via
the formation of Muonium in liquid neon reveal that part of
the excess electrons localize fast within less than 103 ps, while
another fraction does not localize on the 103-ps time scale.32

Experimental information on the time scale of the relaxation of
a quasifree electron to form the electron bubble in liquid helium
emerged from the electron injection experiments of Hernandez
and Silver,33,34 which indicated that an energetic (∼1-eV)
electron relaxes to a bubble state within a time ofτ ∼ 2 ps.
Jiang et al.27 provided a rough estimate of the characteristic
time for bubble formation in liquid He in terms ofτ ∼ Rb/Cs,
whereRb ) 17 Å is the bubble radius andCs ) 240 ms-1 is
the speed of the sound, resulting inτ ∼ 7 ps. On the theoretical
front, an early study35 proposed the incipient electron bubble
formation in liquid He via the nonradiative electron localization
process originating from nonadiabatic crossing of the nuclear
potential energy surfaces of the quasifree and localized excess
electron states. Recently, this process was treated by the
semiclassical surface hopping trajectory method calculations,36

which provided a time scale of 0.2-0.3 ps for electron cavity
formation in high density (F* ) 0.9) He gas atT ) 309 K.
Subsequently, the incipient bubble is expected to expand to form
the configurationally relaxed electron cavity (e.g., cavity radius
Rb = 17 Å in liquid 4He at zero pressure andT) 0.4 K5,20-23).
We addressed37 the time-resolved dynamics of the electron

bubble formation in liquid He, considering the adiabatic processX Abstract published inAdVance ACS Abstracts,December 15, 1996.
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where the strongly repulsive electron-helium 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 model38 for cavity collapse in
a liquid induced by external pressure. The Rayleigh model38

for cavity collapse was recently advanced by Rips39 for 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 attention40 that Khrapak and his
colleagues also considered positronium and electron bubble
relaxation using hydrodynamic models.41-43 Our study37 of the
dynamics of electron bubble formation in liquid He rested on
the combination of a quantum mechanical picture for the excess
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 time (τb) for the attainment of the equilibrium
cavity Radius (Rb) being taken as the first passage time.37 These
calculations37 provided a lower limit forτb. 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 mechanism44 constituting the dominat-
ing dissipative process. We report on the application of the
hydrodynamic model with dissipation for the electron bubble
dynamics in liquid 4He, 3He, 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.

II. 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 surfaces20,35,37for the ground (1s) localized electronic
state and for the quasifree excess electron state can be obtained
from the Wigner-Seitz (WS)4,5,21model for the corresponding
electronic energies and from a continuum model for the bubble
energy. The electronic energy (V0) of the quasifree electron
state is

whereF is the solvent density,R is the atomic polarizability,a

) 0.01 Å is the single atom polarizability scattering length,6,7

F ) [1 + 8πRF/3]-1 is the screening factor,4 andk0 is obtained
from the WS condition.4,21 The electronic energy of the ground
state,Ee

1s(R) (for a cavity radius,R), was obtained by the
procedure of Springett et al.,4,21 with

andX being obtained from the boundary condition

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 al.4 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
is

with V0 being given by eq II.1, while the total energy of the
ground localized electronic state is

The bubble energy,Eb(R), in eqs II.3 and II.4 is4,5,8-13,19-26

whereγ is the surface tension andP the external pressure (Table
1) and

is the electronic polarization energy andε is 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 range (P )
0-20 atm). Experimental data for the pressure dependence of
γ are not yet available. The Amit and Gross45 theory predicts
that γ increases by a numerical factor of∼2 in the pressure
range 0-25 atm. Hernandez and Silver33 suggested thatγ
increases by about 35% in the pressure interval 0-20 atm. For
the analysis of the spectroscopy of the electron bubble in liquid
helium, Grimes and Adams tookγ ) 0.341 dyn/cm,24 and Golov
tookγ ) 0.354 dyn/cm,46 being independent of pressure. Shin
and Woo47 used a weak pressure dependence ofγ ) 0.39 dyn/
cm for P ) 0 atm andγ ) 0.41 dyn/cm forP ) 16.8 atm,
whereas Miyakawa and Dexter,23 Fowler and Dexter,20 and
Springett et al.21 assumed thatγ varied withP according to the
theory of Amit and Gross.45 This procedure accounts reasonably
well for the pressure dependence ofRb. In our calculations,
we used the Amit and Gross45 theory for the pressure depend-
ence of surface tension.
The equilibrium electron cavity radius (Rb) is obtained from

the minimization ofEt
1s(R) (Table 1). The potential energy

surfaces for the excess electron in liquid4He at P ) 0 are
portrayed in Figure 1. The crossing of the potential energy
surfaces for the quasifree electron state,Vh0(R), and the localized
ground state,Et

1s(R), is exhibited when

Condition II.6 is realized (atP ) 0) for the cavity radiusR0 )
3.5 Å. This value ofR0 constitutes the incipient cavity radius

TABLE 1: Surface Tension (γ), Density (G), and Dielectric
Constant (E), Together with the Calculated Energy of the
Bottom of the Conduction Band (V0), the Equilibrium
Radius (Rb) of the Localized Electron Bubble, and the
Radius (R0) of the Incipient Bubble

T, K γ, dyn/cm F, Å-3 ε V0, eV R0, Å Rb, Å
4He 0.4 0.36a,b 0.0218c,d 1.0588 1.02 3.5 17.0

3.2 0.18a,b 0.021c,d

4.0 0.12a,b 0.0195c,d
3He 0.4 0.16e,f 0.0167g 1.0428 0.9 3.7 19.0

3.2 0.02e,f 0.012g

Ne 25 5.5h 0.037i 1.51 0.62 3.3 7.5

aReference 56.bReference 57.cReference 58.dReference 59.
eReferences 3 and 12.f Reference 60.gReference 61.hReference 62.
i Reference 63.

V0 ) p2k0
2/2m+ 2πFap2/m- (8π2/3)Re2F4/3F (II.1)

Ee
1s(R) ) (pκX)2/2m κ ) (2mV0/p

2)1/2 (II.2)

cotg(XκR) ) -(1- X2)1/2/X (II.2a)

Vh0(R) ) V0 + Eb(R) (II.3)

Et
1s(R) ) Ee

1s(R) + Eb(R) + Ep(R) (II.4)

Eb(R) ) 4πR2γ + (4π/3)PR3 (II.5)

Ep(RP) ) -(e2/2R)(1- 1/ε)

Ee
1s(R) ) V0 (II.6)
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for electron localization.R0 is comparable to the lower limit
R> of the cavity radius for the attainment of a localized state.
A simple model4,12 implies thatπ/2e XκR>, resulting inR> )
3.0 Å (atP) 0). A more elaborate treatment of the energetics
of electron localization on the basis of the Springett-Cohen-
Jortner model4,21 implies that only a delocalized state of the
excess electron exists forX > 0.97; the metastable bubble can
be formed in the range

while the energetically stable bubble is formed in the regionX
e 0.85, κR g 2.5. Thus, the onset of the formation of the
metastable localized bubble is realized according to eq II.7 for
R> ) 3.46 Å (atP ) 0). Electron polarization effects, which
were not included in eq II.7, will result in a slight decrease of
R>. From this analysis, we conclude thatR0J R>. Our value
of the incipient bubble radiusR0 ) 3.5 Å is in reasonable
agreement with the experimental estimate of Hernandez and
Silver,33,34R0 ∼ 4 Å.

III. Electron Bubble Dynamics

(III.A) Dynamic Model. We shall consider the time
evolution of the electron bubble in terms of an adiabatic process
of the cavity expansion fromR0 to the equilibrium radiusRb
(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 the
electron bubble expansion and of the empty bubble collapse
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

radiusR0 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 calculations36 occurs on
the time scale of 50-100 fs, providing an a posteriori justifica-
tion for this assumption.
(2) The equilibrium configuration of the bubble, which is

characterized by radiusRb, is reached by its expansion, with
the spherical shape being retained during the expansion process.
(3) The bubble radius,R, is the reaction coordinate for the

adiabatic process.

(4) The liquid helium is described as an incompressible
continuum.
The cavity expansion time,τ(R), from the initial cavity radius,

R0, to a radiusR (eRb) is given by the first passage time

whereV(R′) is the velocity of the cavity boundary.V(R′) is
determined by the electronic energy, the bubble energy, the
liquid density, and the energy dissipation. The expression for
τ(R), eq III.1, is isomorphous to the description of the dynamics
of ultrafast molecular processes, i.e., molecular dissociation48

and Coulomb explosion,49 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.
(III.B) Incompressible Liquid in the Absence of Dissipa-

tion. In our previous work,37we 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 time (τb) for the attainment of the
equilibrium radius (Rb) is taken to be represented by the first
passage time atR ) Rb. The incompressibility of the liquid
implies the continuity conditionr2V(r) ) R2V(R) so that the
kinetic energy (K) of the liquid is

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 energy,∆F(R), of the bubble expansion process

Equations III.1-III.3 result in

and

The expansion time for the attainment of the equilibrium bubble
radius (i.e.,R ) Rb) is τb ) τ(Rb).
In Table 2, we present the results of the model calculations

for τb in liquid 4He, 3He, and Ne. The data for4He and for
3He exhibit an isotope effectτb(4He)/τb(3He)) 0.83, correcting
the value of 0.97 previously reported by us.37 The electron
bubble expansion time in liquid Ne (Rb ) 7.5 Å) is considerably
shorter than in liquid He (Rb ) 17 Å), mainly due to the lower
value ofRb. We shall return to these issues in section IV, after
considering energy dissipation effects.
A cursory examination of the cavity boundary velocity,V(R),

for liquid He in the absence of energy dissipation (Figure 2)
calculated from eq III.4 reveals that over a broadR domain,
V(R) exceeds the velocity of soundCs ) 240 cm s-1. This
feature is inconsistent with the incompressible continuum
description of the fluid.44 Furthermore, in the model incom-
pressible fluid, the turning point (atR ) RT) for the electron
cavity will be exhibited atRT ) 60 Å (Figure 2), which is
considerably larger thanRb. The first passage time description
adopted37 for the electron bubble dynamics implicitly assumes
that energy dissipation is effective, reducingV(R) and drastically
reducing the value ofRT for the turning point, bringingRT close

Figure 1. Configurational diagrams for the ground electronic state
Et
1s(R), for the bound excited electronic statesEt

1p(R) andEt
2p(R), and

for the quasifree electron stateVh0(R) ) V0 + Eb(R) in liquid He atP
) 0.

0.85e Xe 0.97

1.87e κRe 2.5 (II.7)

τ(R) )∫R0RdR′/V(R′) (III.1)

K(R) ) (F/2)∫R∞dr 4πr2 [V(r)]2 ) 2πF[V(R)]2R3 (III.2)

K(R) ) ∆F(R) ) Vh0(R0) - Et
ls(R) (III.3)

V(R) ) (2πFR3)-1/2[Vh0(R0) - Et
1s(R)] (III.4)

τ(R) ) (2πF)1/2∫R0RdR′(R′)3/2 [Vh0(R0) - Et
1s(R′)]-1/2 (III.5)
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toRb. These expectations are indeed borne out by the analysis
of energy dissipation effects.
(III.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 Rips39 in the context of electron
solvation in water. The calculation of the energy dissipation
rate will be based on the assumption that the wavelength of the
sound waves is longer than the characteristic radius of the cavity;
i.e., λ . Rb. In this case, the dynamics of the fluid in the
vicinity of the cavity can be described in terms of the potential
flow of incompressible liquid. Far away from the cavity, it can
be described in terms of the sound waves propagation. We shall
express the rate of energy emission in the form of sound waves
using the standard analysis44 for the oscillation in the size of
the electron cavity

whereCs is the sound velocity,V 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

HereR is the radius of the cavity, whileV andV̇ are the velocity
and the acceleration of the cavity boundary

Equations III.6-III.9 result in

The total energy dissipated in the form of the sound waves
(∆ED

SE) upon cavity expansion from the initial size to the
radiusR is

whereτ(R) is the cavity expansion time evaluated neglecting
the dissipation (section III.B). We write the energy dissipation
in the form

After simple transformation, it takes the form

The averging of the sound dissipation rate in eq III.13 has to
be performed in a self-consistent manner over the interval from
R0 to the genuine turning pointRT, which is determined by
dissipation effects. In the calculations reported herein, we have
calculated∆ED

SE(R) by averaging the dissipation rate over the
rangeR0 to RT ) 23 Å, 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,

VD(R), is given by incorporating energy dissipation, eq III.13,
in eqs III.4 and III.5, resulting in

and the electron bubble expansion time (forR ) Rb) can now
be expressed in the form

The bubble expansion velocity of the electron bubble, calculated
from eq III.14 and portrayed in Figure 2, markedly decreases
due to dissipation effects. Furthermore, the effects of energy
dissipation drastically reduce the turning point for the electron
cavity expansion fromRT ) 60 Å in the abesence of dissipation
to RT ) 23 Å due to sound emission. NowV(R) for all R falls
below the value of the sound velocity, rendering the incom-
pressible continuum description of the fluid adequate.

IV. Electron Bubble Expansion Times

In Table 2, we present typical data for the electron bubble
expansion times (τb

D) in liquid 4He, 3He, and Ne, calculated
incorporating energy dissipation. From the comparison of the
values ofτb

D with the values ofτb (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 4He, 3He, and Ne. Our theoretical result,
τb
D ) 8.5 ps, for liquid 4He at P ) 0 is larger than the
experimental estimate33,34 of 2 ps for electron localization
inferred from electron injection experiments. Of course, this
experimental time scale for electron localization33,34 does
not reflect the properties of the equilibrated excess electron
bubble and may correspond to a lower experimental time

TABLE 2: Expansion Times for the Attainment of the
Equilibrium Radius of the Electron Bubble in 4He, 3He, and
Nea

T, K P, atm τb, ps τb
D, ps

4He 0.4 0 3.9 8.5
4He 3.2 1.0 3.7 4.7
3He 0.4 0 4.7 10.2
3He 3.2 1.0 3.9 5.8
Ne 25 1.0 0.55 1.1

a τb was calculated for the incompressible liquid in the absence of
energy dissipation, whileτb

D includes the effects of energy dissipation
due to sound emission.

Figure 2. R dependence of the velocityV(R) of the electron cavity
boundary in liquid4He 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 byRb. Cs represents the velocity of sound in liquid4He.

I ) (F/4πCs)〈V̈(t - r/Cs)]〉 (III.6)

V̈ ) 4π(2RV2 + R2V̇) (III.7)

V) (2πF)-1/2R-3/2(V0 - Et
1s(R))1/2 (III.8)

V̇) (1/4πFR4)(3(Et
1s(R) - V0) - R∂Et(R)/∂R) (III.9)

I ) (1/4πFCs)〈1/R
4[V0 - Et

1s(R) - R∂Et
1s(R)/∂R]2〉 (III.10)

∆ED
SE(R) = Iτ(R) (III.11)

∆ED
SE(R) = (τ(R)/4πFCs)〈1/R

4[(V0 - Et
1s) - R∂Et

1s(R)/∂R]2〉
(III.12)

∆ED
SE(R) = (τ(R)/4πFCs)〈1/R

4[(V0 + Ee
1s) -

12πR2γ - 16πPR3/3]2〉 (III.13)

VD(R) ) (2πFR3)-1/2[Vh0 - Et
1s(R) - ∆ED

SE(R)]1/2 (III.14)

τb
D ) (2πF)1/2∫R0RbdRR3/2[Vh0 - Et(R) - ∆ED

SE(R)]-1/2 (III.15)
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limit for the electron bubble formation. The isotope effect
τb
D(4He)/τb

D(3He) ) 0.83 is invariant with respect to energy
dissipation effects and reflects a balance between the effects of
the equilibrium radii (Table 1) which increasesτb

D in liquid
3He relative to4He, in conjunction with density and surface
tension effects which increaseτb

D in 3He. Of considerable
interest are the predicted effects of the large electron bubble
compressibility (withRb shrinking fromRb ) 17 Å for p ) 0
toRb ) 12 Å atp) 16 atm21,26) on its bubble dynamics. From
the data of Figure 3, we infer that the relative enhancement of
the electron bubble formation time (τb

D/τb) due to dissipation
effects is practically pressure independent. We predict the
decrease ofτb

D in liquid 4He by a numerical factor of 4 in the
rangep ) 0 to 20 atm (Figure 3), the major effects of the
shortening ofτb

D being due to the decrease ofRb at higher
pressures (Figure 3). The details of the pressure dependence
of the surface tension are not important for the calculation of
τb
D at higher pressures, where the dominating contributions to
Eb(R), eq II.5, and to∆ED

SE(R), eq III.13, originate from the
pressure-volume term. Atp ) 16 atm, we calculatedτb

D )
2.12 ps using the Amit-Gross formula45 and τb

D ) 2.09 ps
using the pressure independence value24,46 γ ) 0.36 dyn/cm.
The predicted electron bubble formation time in liquid Ne is

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
inferred from Muon spin-relaxation experiments with delocal-
ized electrons, which do not relax on a time scale of 103 ps.32

V. Collapse Dynamics of an Empty Bubble

The dynamics of the expansion of the electron bubble radius
from R0 to Rb was found to be nearly exponential. The time
(τb
D) for electron bubble expansion is considerably shorter than

the collapse time (τc) for the collapse of the empty bubble (of
initial radiusRb), which can be formed by the vertical photo-
ionization of the electron bubble. In our previous work, we
have applied the formula advanced by Lord Rayleigh to calculate
the collapse time of the empty bubble in liquid4He, obtaining
τc ) 19.5 ps.37 Incorporating sound emission energy dissipation
during the bubble contraction,τc is given by

with ∆ED
SE(R) being given by eq III.16 withV0 ) 0 and

Ee
1s(ER) ) 0 for all R. In Figure 4, we present the (nonexpo-

nential) time evolution ofR (denoted asR(f)) during the collapse
of the empty bubble in liquid4He and3He. As is apparent from
Figure 4, the bubble collapse in liquid4He is faster than in3He.
The time scalesτc exhibit a marked isotope effect; i.e.,τc )
19.8 ps in4He andτc ) 34 ps in3He. The time scales for the
empty bubble collapse are considerably longer than those for
the electron bubble expansion, speeding it relative to the
contraction of the empty bubble. The energy dissipation effects
on the bubble collapse times are minor, with the difference
between theR(t) curves calculated without and with energy
dissipation being about 2%. This behavior of the collapse of
the empty bubble is in marked contrast with the substantial
(100%) lengthening ofτc for the expansion of the electron
bubble (sections III and IV). Of course, the low velocity of
the empty bubble collapse relative to the high velocity of the
electron bubble expansion renders dissipation effects to be minor
in the former case.

VI. Time-Resolved Electronic Spectroscopy

To make contact with real-life experiments, it is imperative
to provide predictions for the interrogation of this new class of
dynamic processes. Time-resolved electronic spectroscopy is
expected to provide a powerful tool for the exploration of the
time evolution of the electron bubble. The information on the
time-resolved spectra was inferred from the potential energy
surfaces (Figure 1) for the ground electronic 1s state, for the
bound 1p and 2p excited electronic states, and for the quasifree
electron state. These potential energy surfaces, in conjunction
with the time-dependent radial configuration of the electron
bubble (calculated incorporating energy dissipation effects),
provide the input data for the calculation of the time-resolved
electronic spectra. The time evolution of the bound-bound (1s
f 1p and 1sf 2p) and of the bound-continuum (1sf V0)
electronic transitions will rest on the calculation of the time
dependence of the energies of the corresponding vertical
electronic transitions. To make contact with experimental reality
for time-resolved electronic spectroscopy, one has to assume
that the oscillator strengths for these electronic transitions exhibit
a weak dependence on the electron bubble radius in the relevant
bubble size domain. We shall subsequently show that this

Figure 3. Pressure dependence (P ) 0-20 atm) of the bubble
expansion time in liquid4Heτb. (O) Calculated in the absence of energy
dissipation and ofτb

D. (b) Calculated with dissipation due to sound
emission. The equilibrium radiiRb of the electron bubble are also
marked.

Figure 4. Dynamics of the collapse of an empty bubble in liquid4He
(O) and in3He (2) at T ) 0.4 K,P ) 0. The time dependence of the
decrease of the radiusR for the collapse of the empty bubble fromRb
at t ) 0 to R ) 0 exhibits a marked isotope effect.

τc ) (2πF)1/2∫Rb0dRR3/2[Eb(Rb) - Eb(R) - ∆ED
SE(R)]-1/2

(V.1)
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assumption is satisfied for the bound-bound electronic transi-
tions.
The time dependence of the vertical ionization energy of the

electron bubble from the 1s ground electronic state to the
conduction band (∆EI(t)) during the bubble expansion is
presented in Figure 5 for liquid4He. The∆EI(t) vs t curve
starts from low values at short times saturating at the asymptotic
value of∆EI(∞) for long times (∆EI(∞) ) 0.94 eV for4He),
which represents the vertical ionization potential of the electron
bubble at its equilibrium configuration. The time evolution of
∆EI(∞) for liquid 4He (Figure 5) can be well fit with a single
exponential in the form∆EI(t) ) ∆EI(∞)(1 - ae-t/τ) with the
characteristic (kinetic time) ofτ ) 1.6 ps.
Following the adiabatic expansion of the electron bubble in

the ground electronic state, the allowed 1sf 1p and 1sf 2p
electronic transitions will be exhibited (Figure 5). The time
evolution of the absorption band maxima for the electronic
spectra (Figure 5) exhibits an incubation timetIN ) 1.2 ps for
the 1sf 1p andtIN ) 3.3 ps for the 1sf 2p transition. For
t > tI, the bound-bound (time-dependent) electronic spectrum
will be amenable to experimental observation. The time-
dependent peak energies (∆E1sf1p(t) and∆E1sf2p(t) of the 1s
f 1p and 1sf 2p electronic spectra, respectively, decrease
with time for both electronic transitions and converge to the
equilibrium (R ) Rb) excitation energies (Figure 5). These
equilibrium peak energies are∆E1sf1p(∞) ) 0.11 eV and
∆E1sf2p(∞) ) 0.51 eV. The time evolution of the excitation
energies can be fit by a single-exponential function∆E1sfj(t)
- ∆E1sfj(∞) ) b exp(-1/τ) (j ) 1p, 2p) withτ ) 2.0 ps for
the 1sf 1p and 1sf 2p transitions. The kinetic lifetime
extracted from the time-resolved spectroscopy is only higher
by 20% than the lifetime characterizing the time-resolved
vertical ionization potential. This slight difference reflects the
narrowerR domain spanned by the bound-bound transitions.
These bound-bound electronic excitations are characterized

by high oscillator strengths. For the equilibrium configuration
(R ) Rb), the oscillator strengths (calculated by numerical
integration) aref(1sf1p) ) 0.93 andf(1sf2p) ) 0.03. The
average oscillator strengths for the expanding electron bubble
for t ) tIN to τb were calculated to bef*(1sf1p) ) 0.95 and
f*(1sf2p)) 0.04. The small deviation between the equilibrium
values of f and the dynamic values off* manifests a weak
dependence of the oscillator strength for the bound-bound
transitions on the configurational (R) of the electron bubble in

the relevantR domain. This result will considerably simplify
the analysis of time-resolved data, when these will become
available.
Our theoretical predictions for the time-resolved electronic

transitions provide the basis for the development of the
experimental arsenal for the study of the temporal dynamics of
electron localization in liquid He and Ne, which should be
interrogated by ultrafast femtosecond laser spectroscopy.50

VII. Concluding Remarks

We have provided a description of localization dynamics of
an excess electron in simple liquids, i.e., He and Ne, induced
and accompanied by large configurational changes. Our treat-
ment rests on a quantum mechanical Wigner-Seitz description
of the excess electron in conjunction with a hydrodynamic
picture for the liquid. Energy dissipation effects are of central
importance to provide a realistic semiquantitative picture for
the electron bubble dynamics. We have shown that the
calculated electron bubble localization time is lengthened by
about a numerical factor of 2 when energy dissipation due to
the emission for sound waves is incorporated. We have shown64

that the incorporation of energy dissipation due to viscosity
effects has a small contribution and lengthens theτb

D data
reported herein by only 10%. It should, however, be borne in
mind that our treatment identifies the equilibrium bubble
formation time with the first passage time of the bubble atR)
Rb, with energy dissipation being averaged over the first period
of the bubble’s radial motion. This value ofτb

D indeed
represents the dominating time scale for the formation of the
bubble, as reflected by the time dependence of the electronic
energies. A more complete treatment should consider the
expanding cavity radius overshootingRb, exhibiting smell
oscillations of the electron bubble radius aroundR) Rb, which
will be damped by energy dissipation att > τb

D. These small
oscillations inR will be manifested in the optical properties.
We shall report on this problem in a subsequent publication.
The adiabatic electron bubble expansion can be envisioned

as a dynamic solvation process of an excess electron in liquid
He. In contrast to the solvation dynamics of an excess
electron51-53 of a giant dipole54 in polar solvents, which is
dominated by short-range short-time angular relaxation of the
solvent molecules driven by inertial motion,51-55 the electron
bubble formation in liquid He and Ne involves a short-time
radial expansion process. A more complete physical picture
of excess electron solvation in simple monoatomic liquids
involves a nonadiabatic electron-transfer process from the
conduction band to the incipient bubble state, followed by the
adiabatic expansion of the bubble. We have argued that the
adiabatic expansion involves the dominant process, which
determines the time scale for the formation of the equilibrated
electron bubble ground electronic state. Nevertheless, the
theoretical exploration of the truly ultrafast (fs) nonadiabatic
initial electron localization from the conduction band to the
incipient bubble state will be of interest.
Regarding the confrontation between the theoretical predic-

tions and experimental reality, one has to consider the life story
of an excess electron introduced (by a vertical optical excitation
of the medium or of an electrode inserted in it) into the
conduction band of the liquid. The relaxation process will
involve the following steps: (a) energy relaxation; thermaliza-
tion of the quasifree electron; (b) localization; the creation of
the incipient bubble; (c) equilibration of the localized state of
the adiabatic electron bubble expansion to its equilibrium
configuration. We have focused herein on step c. Different
experiments will interrogate different physical processes. In

Figure 5. Time-resolved spectroscopy of the electron bubble in liquid
4He. The time evolution of the vertical electronic transition energies
for the bound-bound 1sf 1p (b) and 1sf 2p transitions (9) and
for the bound-continuum 1sf V0 vertical photoionization to the
conduction band (O) are shown.
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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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