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Dynamics of the Formation of an Electron Bubble in Liquid Helium
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The dynamics of excess electron localization in a bubble (equilibrium radius 17 A) in liquid He
is described in terms of the initial formation of an incipient bubble of radius 3.5 A, followed by an
adiabatic bubble expansion in the ground electronic state, which is described by a hydrodynamic model
for the expansion of a spherical cavity in an incompressible liquid. The bubble expansion time at
pressure P = 0 in liquid *He is 7, = 3.9 ps; the expansion time exhibits a marked pressure dependence
(e.g., 7, = 1.5 ps at P = 16 atm) and a small (3%) isotope effect in liquid He. The interrogation of
the electron bubble dynamics by femtosecond absorption spectroscopy is analyzed.

PACS numbers: 67.40.Fd, 67.40.Yv, 71.70.Ms

The interaction between an electron and a helium
atom is strongly short-range repulsive, with a very weak
long-range attractive polarization interaction [1,2]. Ac-
cordingly, the conduction band energy for an excess
quasifree electron in liquid helium is large and positive,
i.e., Vo = 1.0 eV, above the vacuum level [3—9]. A local
fluid dilation leads to a localized state of the excess elec-
tron whose total energy is located below the conduction
band [10—-18]. The delocalized, unstable quasifree excess
electron state decays into the localized “electron bubble”
state, with the electron being confined to a cavity (with a
radius of R, ~ 17 A) in the liquid [11-18]. Extensive
theoretical [11-15,17,18] and experimental [10,14,16,18]
studies provided a coherent physical picture of the
structure, energetics, and spectroscopy of the electron
bubble in liquid helium, which involve its energetic stabil-
ity [6,11,12,18], its radius [11-15,18], its compressibility
[13], the “critical” density for electron localization in
dense He gas [11], electron localization in solid helium
[19], the energetics [15—17], and the line broadening
[16,17] of the bound-bound electronic transitions and the
photoionization threshold [14,15]. Of considerable inter-
est is the dynamics of excess electron localization in liquid
and fluid helium [20-25], which constitutes the subject
matter of this paper. The instability of the conduction
band quasifree excess electron state, which leads to the
bubble formation, pertains to electron localization accom-
panied by large configurational changes in bulk dense
helium fluid, in other dense fluids consisting of light and
saturated atoms or molecules, i.e., *He [10—20], H, and
D, [20], and Ne [5,12] and also presumably in some large
finite systems, e.g., internal excess electron localization
in large clusters of “He [20,21]. Experimental informa-
tion on the time scale of the relaxation of a quasifree
electron to form the electron bubble in liquid helium
emerged from electron injection experiments of Hernan-
dez and Silver [22,23], which indicated that an energetic
(~1 eV) electron relaxes to a bubble state within a time
T ~ 2 X 1072 5. Jiang, Kim, and Northby [20] provided
a rough estimate of the characteristic time for bubble
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formation in terms of 7 ~ R,/vs, where R, = 17 A
is the bubble radius and v, = 240 ms™! is the speed
of sound resulting in 7 ~ 7 X 10712 s, On the other
hand, the semiclassical surface hopping trajectory method
calculations [25] provided a time scale of (2—3) X 10783 s
for electron cavity formation in high density (p* = 0.9)
He gas at T = 309 K.

We address the time-resolved dynamics of the elec-
tron bubble formation in liquid He, considering the adia-
batic process where the strongly repulsive electron-helium
interaction drives out a large number of atoms towards re-
gions where the electron density is low, while the elec-
tron is localized within the fluid dilation where the helium
density is negligible. We describe the electron bubble dy-
namics by a hydrodynamic model for the cavity expan-
sion. This hydrodynamic model constitutes the reverse
situation of the Rayleigh model [26] for a cavity collapse
in a liquid induced by external pressure. The Rayleigh
model for a cavity collapse was recently advanced and de-
veloped by Rips [27] 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. In our
hydrodynamic model for the electron bubble dynamics the
cavity expansion is induced by the electron-atom short-
range repulsion, and by the decreased kinetic energy of
the electron, and counteracted by the contractible force
on the bubble resulting from surface tension and by the
pressure-volume work involved in the creation of the bub-
ble. The results of our calculations for the electron bub-
ble dynamics in liquid helium will be supplemented by
the calculation of the time-resolved spectra, making con-
tact with experimental reality.

The adiabatic potential energy surfaces [15,24] for the
ground (1s) electronic state and for the quasifree ex-
cess electron state (Fig. 1) can be obtained from the
Wigner-Seitz (WS) model [5,11,13,28,29]. The elec-
tronic energy Vi of a quasifree electron state is Vo =
R2k3/2m + 2mwpah®/m — (872 /3)ae?p*/F, where p is
the solvent density, a = —0.01 A the single atom polar-
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FIG. 1. Configurational diagrams for the ground electronic

state E!*(R), for the bound excited electronic states E! ”(R)

and EX* (R), and for the quasifree electron state Vy(R) =
Vo + E,(R) in liquid He at P = 0 (see text).

izability scattering length [28,29], F = (1 + 8wap/3)”!
is the screening factor with the atomic polarizability «,
and kg is obtained from the WS condition [5,11,13]. The
total energy of a quasifree state with an empty cav-
ity of radius R in the liquid is Vo(R) = Vg + E,(R).
The bubble energy [5,11-18] is E,(R) = 4w R%*y +
(47 /3)PR?® —(e?/2R) (1 — 1/&), where 1y is the surface
tension, P is the external pressure, and € is the dielectric
constant. The total energy E}(R) = E!*(R) + E,(R),
with the electronic energy E!*(R) being obtained by the
procedure of Springett, Cohen, and Jortner [13], with
EN(R) = (hkX)*/2m, where k = (2mVy/k*)'/? and X
is obtained from the boundary condition cotan(XkR) =
—(1 — X)"/2/X. The crossing of the potential energy
surfaces for the quasifree electron state Vo(R) and of the
localized ground state E}*(R), i.e., E}*(R) = Vj, is exhib-
ited for P = 0 (Fig. 1) at the cavity radius Ry = 3.5 A,
which constitutes the incipient cavity radius for electron
localization. R exceeds the lower limit R~ of the cav-
ity radius for the attainment of a localized state deter-
mined by the condition [5], 7 /2 = X«R>, which gives
R- =3.0A (for P = 0), whereupon Ry > R-~. Our
value of Ry = 3.5 A is in reasonable agreement with the
experimental estimate of Hernandez and Silver [22,23],
Ro ~ 4 A.

We describe the dynamics of the electron bubble for-
mation on the basis of the following assumptions: (a) The
initial electron localization in the incipient bubble of ra-
dius Ry 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 calculations [25]
occurs on the time scale of 50—100 fs, providing an a
posteriori justification for this assumption. (b) The equi-
librium configuration of the bubble, which is characterized
by radius R, is reached by its expansion, with the spher-
ical shape being retained during the expansion process.
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(c) The bubble radius R is the reaction coordinate for the
adiabatic process. (d) The liquid helium is described as
an incompressible continuum. (e) Energy dissipation ac-
companying the bubble expansion is neglected. Our as-
sumption that the cavity retains its spherical shape during
the expansion process results in the potential flow of the
solvent outside the center, which is described by the Euler
equation

dv(r) 4 vav(r) N 1 ap(r) _
ot ar p Or

0, (1

where v(r), p(r), and p are the local radial velocity, the
local pressure, and the density, respectively. The cavity
expansion time 7(R) from the initial cavity radius Ry to R
(= Ry) is given by the first passage time

R
(R) = [R dR'/V(R'), @)

0

where V(R') is the velocity of the cavity boundary.
The incompressibility of the liquid implies the continuity
condition r?v(r) = R?V(R), so that the kinetic energy K
of the liquid is

K(R) = (p/Z)/ dr 4w r*[v(r)} = 27p[V(R)’R>.
R

3)

In the absence of energy dissipation, energy conservation

implies that the kinetic energy of the liquid equals the

total change of the free energy, AF(R), of the bubble
expansion process

K(R) = AF(R) = Vo(Ro) — E'(R). (¥

Equations (2)-(4) result in

R
7(R) = @mp)'? | " dR' RP[Vo(Ry) — EF(R)]™V2.
Ry

(5)

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

For liquid “He (denoted by He) at P = 0, we take

y = 0.36 ergem™2 [30], p = 0.0218 A3, & = 1.0588

[31], and obtain Vy = 1.02 eV (experimental value
Vo =105 = 0.05eV  [1832]), R, =17 A, and
Ry = 3.5 A. Equation (5) results in 7, = 3.89 ps.

7p calculated herein from the hydrodynamic model in
liquid He (T = 4 K) is longer by a numerical factor of
20—40 than the surface hopping computation estimate
[25] of 100-200 fs for the electron cavity formation
time in high density (p* = 0.9) high temperature He
gas (T = 309 K). Our theoretical result 7, = 3.9 ps
in liquid He is in accord with the experimental es-
timate [22,23] of 7, ~ 2 ps. To assess the isotope
effect on the localization dynamics we calculate 7,
for liquid *He at P = 0 with the parameters y = 0.17
ergem 2, p = 0.0162 A73, & = 1.0428 [5,13,29] result-
ing in Vo = 0.90 eV (experimental value 1.0 £ 0.2 eV
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[31), R, = 19.0 A, and Ry = 3.7 A, and yielding
7, = 3.97 ps. The small (3%) increase of 7, in He
relative to “He reflects the cancellation between the p'/2
density effects [27], which, according to Eq. (5) decreases
7(R) by [p(*He)/p(He)]'/? = 0.86 and the larger R, in
liquid 3He, which increases 7,. Of considerable interest
are the effects of the electron bubble compressibility (with
R, shrinking from R, = 17 A for P =0to R, = 12 A
for P = 16 atm [13,24]) on its formation dynamics.
Utilizing the Amit-Gross formula for y [33], we find
that 7, decreases from 3.89 ps at P = 0 to 1.47 ps at
P = 16 atm, the major effect of shortening of 7, being
due to the decrease of R;, at higher pressures (Fig. 2).

The dynamics of the expansion of the electron bubble
radius from Ry to R, (Fig. 3) is nearly exponential. The
time 7, for the electron bubble expansion is considerably
shorter than the collapse time 7. for the collapse of the
empty bubble (of the initial radius R,), which can be
formed by the adiabatic photoionization of the electron
bubble. 7. is given by Eq. (5) with Vo = 0 and E}*(R) =
0 for all R whereupon

0
e = (27rp)‘/2f dR'R"?/[Ey(Ry) — Ep(R)]'>.

Ry

(6)

From the (nonexponential) time evolution of the collapse
of the empty bubble (Fig. 3) we assert that 7, = 19.5 ps.
Accordingly, the decrease of the electron kinetic energy
favors the electron bubble expansion considerably, speed-
ing it up relatively to the contraction of the empty bubble.
To provide predictions for the experimental observation
of this new class of dynamic processes, we explored the
time-resolved spectra of the electron bubble. The poten-
tial energy surfaces E!*(R) and V| were supplemented
(Fig. 1) by the potential surfaces of the bound excited
1p and 2p electronic states, which were calculated by
a numerical integration of the equation of Springett, Jort-
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FIG. 2. The pressure dependence (p = 0-20 atm) of the
bubble expansion time 7,. The equilibrium radii R, of the
electron bubble are also marked.

ner, and Cohen [5,13] for a particle in a spherical well.
Following the adiabatic expansion of the electron bub-
ble in the ground electronic state the allowed 1s — 1p
and 1s — 2p electronic transitions will be exhibited. The
time evolution of the absorption band maxima for these
spectra (Fig. 4) exhibits an incubation time that is 0.5 ps
for the 1s — 1p transition and 1.65 ps for the 1s — 2p
transition, followed by the onset of the electronic spectra,
with the peak energy AE(1s — j); j = 1p,2p decreas-
ing with time for both the 1s — 1p and 1s — 2p transi-
tions, and converging to the equilibrium (R = R,) exci-
tation energies [15—17], which we calculate as AE(1s —
1p) = 0.106 eV and AE(1s — 2p) = 0.512 eV at 175, =
3.9 ps (Fig. 4). These electronic excitations, which are
expected to be characterized by high oscillator strengths
(f = 0.1-0.9) [34], will provide the experimental arsenal
for the study of the temporal dynamics of electron local-
ization induced and accompanied by large configurational
changes, which can be interrogated by ultrafast femtosec-
ond laser spectroscopy [35].

Our analysis of the electron bubble dynamics should be
extended to account for energy dissipation in the cavity
expansion, which is associated with viscosity effects and
emission of sound waves, and which drives the system to-
wards equilibrium. Accordingly, our calculations provide
a lower limit for 7,. The lengthening (by a numerical fac-
tor of ~2 [34]) of 7, due to the dissipation will decrease
the fluid expansion velocity (for R = 7—10 A) below the
value of vy, rendering the incompressible continuum de-
scription of the fluid adequate.

The adiabatic electron bubble expansion can be envi-
sioned as a dynamic solvation process of an excess elec-
tron in liquid He. In contrast to the solvation dynamics
of an excess electron [36—38] or of a giant dipole [39] in
polar solvents, which is dominated by short-range short-

I
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FIG. 3. Bubble dynamics in liquid He at P = 0. The time
dependence of the increase of the radius R for the expansion of
the electron bubble from Ry = 3.5 Aatr=0to R, = 17 A
at 7, = 3.9 ps (solid points), and the time dependence of the
decrease of the radius R for the collapse of the empty bubble
from R, at t = 0 to R = 0 (open points).
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FIG. 4. The time evolution of the vertical electronic transition
energies for the bound-bound 1s — 1p (open dots) and 1s —
2p transitions (open triangles). The time dependence of the
electron bubble radius (squares connected by a solid curve) R
is also shown.

time angular relaxation of the solvent molecules driven by
inertial motion [36—40], the electron bubble formation in
liquid He involves a short-time radial expansion process.
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cussions and for communicating to us the results of his
work (Ref. [27]) prior to publication. This research was
supported by the Deutsche Forschungsgemeinschaft (Son-
derforschungsbereich 377).
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