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Photodynamics in superfluid helium: Femtosecond laser-induced
ionization, charge recombination, and preparation of molecular
Rydberg states

A. V. Benderskii, R. Zadoyan, N. Schwentner,a) and V. A. Apkarianb)

Department of Chemistry, University of California, Irvine, California 92697

~Received 6 August 1998; accepted 9 October 1998!

Femtosecond pulses~790 nm! are used for nonresonant laser excitation of superfluid liquid helium
to prepare ionic and neutral excited states at energies above 18 eV. Measurements of laser-induced
fluorescence and photocurrent enable a detailed description of the primary photoprocesses. A
controllable excitation regime unique to femtosecond pulses is realized at laser intensities below the
dielectric breakdown threshold,I ,531013W/cm2. A steady state of the long-lived triplet excimers
He2* (3a) ~lowest Rydberg state! is established; the concentration decays between laser pulses
through diffusion-controlled bimolecular annihilation to;1012cm23 at a laser repetition rate of 500
Hz. The triplet population is amplified with each pulse in a sequence that involves:~1! ionization of
the Rydberg electron of He2* via complete Coulomb barrier suppression;~2! cascade electron
impact ionization of the ground-state He atoms by the ponderomotively accelerated quasifree
electrons in liquid He;~3! localization and thermalization of the ‘‘hot’’ electrons and He1 cations
to form electron ‘‘bubble’’ and He3

1 ‘‘snowball’’ states; ~4! recombination of these elementary
charge carriers to form He2* . The amplification factor for the tripletsM52m characterizes the
excitation sequence:m is the number of generations in the cascade (m55 at I 54.5
31013W/cm2), and m is proportional to the laser intensity and temporal pulse width. The
laser-induced ionization cascade prepares an inhomogeneous initial distribution of spatially
separated ions on three length scales: clumps of positive charges with an interionic separation
determined by the cascade length of 60 Å; a cloud of electrons surrounding the clump at the electron
thermalization length;103 Å; and interclump separation dictated by the concentration of the He2*
precursors,;104 Å. © 1999 American Institute of Physics.@S0021-9606~99!01202-7#
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I. INTRODUCTION

Atomic and molecular spectroscopy in superfluid h
lium, and in particular, the spectroscopy of impurities is
lated in the liquid phase,1–3 and in large superfluid helium
droplets,4–11 has become the subject of active research in
past few years. A rather thorough review of the experimen
and theoretical progress in the field was recently prese
by Whaley.12 A variety of motivations has propelled the re
cent activity. Due to its unique properties such as chem
inertness, low temperature, and high thermal conductiv
superfluid helium represents an ideal matrix environme6

for stabilizing weakly bound species and for observing u
usual reactions.6,8,9 Perhaps more tantalizing is the prospe
that such studies may lead to a microscopic understandin
superfluidity. The unusual properties of the superfluid pha
hallmarks of which include its vanishing viscosity disco
ered by Kapitza,13 extreme thermal conductivity, thermome
chanical effect, and second sound,14 are successfully ex
plained by the phenomenological two-fluid model which w
advanced by Tisza15 and Landau.16 The classic experiment o
Andronikashvili,17 in which a stack of disks held by a torsio
balance was used to observe the decoupling of the super
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fraction from the motion, remains the basis of most dem
strations of superfluidity. The microscopic version of th
experiment was most convincingly accomplished recently
Toennies and co-workers, in OCS-doped He clusters.4 With
the substitution of the molecular rotor for the disk stack, th
were able to spectroscopically observe that the molec
would rotate in the superfluid droplet of4He while it would
not in 3He clusters. Moreover, by adding4He atoms to the
3He cluster, the rotation is observed when a layer of abou
4He atoms surrounds the impurity, establishing a mic
scopic scale for the onset of superfluidity.

Not withstanding the elegance of these experimen
finite-size effects due to density gradients associated with
surface18 are a source of concern in these clusters of v
broad size distribution.19 Moreover, it is virtually impossible
to control the thermodynamic variables of the cluster~both
pressure and temperature!, hence, the scrutiny of observable
is limited to a single point on the4He phase diagram, toT
50.38 K ~Ref. 20! determined by evaporative cooling of th
cluster.21 Analogous measurements of the fluid response
molecular motions, such as vibration, rotation, or electro
excitation, in bulk helium and as a function of temperatu
pressure, and phase, are expected to provide broader ins
regarding the manifestations of superfluidity on the mic
scopic scale.

Difficulty in implanting the foreign species in liquid he
2 © 1999 American Institute of Physics
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lium has limited studies in the bulk to spectroscopy of me
atoms dispersed in the liquid by laser ablation.1–3,22 Fre-
quency domain spectra have invariably involved electro
excitations that are strongly coupled to the medium, yield
broadbands with very little information content. Under the
conditions, time domain studies can be expected to be
nificantly more incisive, as has been demonstrated by
group in other studies of impurities isolated in condens
media.23 Time-resolved studies of molecular probes in bu
superfluid He is our main aim. To this end, instead of inje
ing foreign molecular species, we rely on intense femtos
ond pulses to prepare the microscopic probes in the
fluid. Femtosecond laser-induced ionization of liquid heliu
and the subsequent preparation of He2* excimers in super-
fluid He are the subjects of this paper. We follow this with
report of time-resolved measurements of the response o
quantum solvent to electronic excitations using the He2(

3a)
chromophore.

Motivated by both fundamental considerations and pr
tical applications such as the generation of very h
harmonics24,25 and the production of attosecond pulses,25 the
strong field-induced ionization of atomic He with inten
ultrashort laser pulses has been extensively studied. The
sition of the process from the multiphoton regime to tunn
ing ionization,26–28 and eventually to the complete Coulom
barrier suppression limit,29 as a function of radiation inten
sity is well characterized by both experiment and theory.
the case of condensed media, and in particular, in the cas
rare-gas clusters where the same physics has been pursu
a potential means for the generation of coherent x rays30 and
highly ionized states of matter,31 the process is less we
understood. Due mainly to its high ionization limit, liquid H
enables detailed insights into the photophysics of strong fi
ionization in condensed media. We demonstrate that the
ization of the liquid proceeds via cascade impact ionizat
of the ground-state He atoms by electrons accelerated in
intense laser field. Unique to the use of ultrashort pulses i
excitation regime at which a controllable ionization casca
of the liquid can be maintained, below laser breakdo
threshold. The controllability of the cascade allows it to
quantitatively characterized both spatially and temporally
to the onset of catastrophic breakdown. A novel mechan
of subcritical ~underdeveloped! electron avalanche is ad
vanced based on these observations.

The controlled ionization provides a convenient acc
to a rich variety of electronic excitations in liquid helium an
may prove useful for probing microscopic dynamics in t
time domain. The solvation of the nascent ions on picos
ond time scales—thermalization of ‘‘hot’’ quasifree ele
trons to form the bubble state and charge localization
trapping of the parent He1 cation to form the snowbal
state—present valuable models of many-body nonadiab
dynamics.32,33A significant body of work has been dedicate
to studies of the thermal ions in superfluid He. The pione
ing studies of the mobilities of the excess electron and p
tive ion34 showed a surprisingly slow motion of the ions
external electric field, indicating a large effective size. The
were followed by theoretical calculations which charact
ized the microscopic structure of these elementary cha
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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carriers. In its ground state, the electron is trapped in a la
bubble of radius;17 Å,35,36 which is formed due to the
strictly repulsive interaction between the electron and H
and the weak interaction between He atoms. This electr
bubble state has been characterized spectroscopically37,38

Most recently, there have been theoretical treatments of
dynamics of bubble formation,39 predicting time scales for
the full relaxation from 3.9 to 8.5 ps. Mobility measuremen
indicate that the positive charge carrier in He is also he
@with an effective mass of some 30 He atoms~Ref. 40!#,
depicting the picture of a ‘‘snowball’’ formed by the aggre
gation of He atoms around the charge center. The core of
snowball when fully vibrationally relaxed may be identifie
as He3

1 from the experiments in He molecular beams41 and
according to recent theoretical simulations of hole migrat
and self-trapping in small He clusters.33

Recombination of the thermal ions leads to the fin
product of the excitation sequence, molecular Rydberg e
mer states He2* , which lie in the windowless UV range
above 18 eV, the lowest excited electronic state being
triplet excimer, He2(

3a). The existence of these neutral m
lecular excitations in liquid He was discovered by Surko a
Reif.42 These states have been prepared in the liquid ph
through a-particle and electron-beam bombardment, a
their spectroscopy and kinetics have been character
through both emission and absorption spectroscopy in the
visible, and vacuum ultraviolet~VUV ! regions,43–47 which
was recently supplemented by studies in clusters using
chrotron radiation.48 A good summary of the early work ca
be found in the monograph by Schwentner, Jortner,
Koch.49 It was established that, similar to the electron-bub
state, the He2 excimers exist in stable cavities in liquid he
lium, with the bubble configuration coordinate responsib
for the observed moderate spectral shifts and broadenin
transitions within the triplet manifold.47 Such transitions,
therefore, constitute useful probes for time-dependent stu
of the response of the quantum solvent.

The organization of this paper is as follows. Section II
devoted to the experimental approach, and in Sec. III
experimental observations are described and analyzed
Sec. IV we provide a detailed model for the cascade ioni
tion mechanism and show that it quantitatively reprodu
all of the relevant experimental measurements. Conclud
remarks are given in Sec. V.

II. EXPERIMENTAL SETUP

The experiments are conducted in a helium cryostat~Ox-
ford! equipped with a set of optical windows. The cold sh
of the cryostat is filled with liquid helium and pumped dow
to reach a base temperature of 1.4560.05 K. A wire heater
with feedback control allows operation at higher tempe
ture. Most measurements were conducted at base temp
ture where the best thermal stability is achieved~fluctuations
less than 0.01 K!. Temperature is measured with a rhodiu
iron resistor, which was calibrated against the vapor press
above the liquid.

Femtosecond laser pulses were generated by a laser
tem consisting of a Ti:sapphire oscillator pumped by
argon-ion laser, followed by a stretcher, regenerative am
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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fier pumped by a YAG laser, and compressor. The maxim
output energy at 790 nm is 500mJ in 80 fs pulses, at a
variable repetition rate between 1 kHz and 1 Hz. A fe
measurements were performed using the second harmon
the laser at 395 nm. The laser beam is focused in the liq
helium using a single lens, focal length~f.l.!59 in. The spa-
tial profile of the excitation volume was characterized to e
tract absolute photoefficiencies. The beam waist was m
sured in air, in front of the cryostat, using a 10mm pinhole
on anX–Y–Z translation stage, and determined as the
width at half maximum~FWHM! of d54565 mm and a
length of l 1/251 cm. Thus, the excitation volume can be e
timated as 1.531025 cm3.

For time-resolved pump–probe experiments, the fem
second laser beam was split into two by a 30%–70% sin
stack beamsplitter, passed through a variable delay line,
recombined collinearly using another~50%–50%! beamsplit-
ter before the focusing lens. A 1 m translation stage with a
corner cube reflector was used to generate optical delay
62 ns.

To measure lifetimes of long-lived excited states gen
ated by the fs laser, a nanosecond dye laser pumped
XeCl 308 nm excimer laser~Lambda Physik EMG 101
MSC/FL 2002! was used. An electronic delay generator
used to control the timing between fs pump and ns pr
pulses, and the two beams are combined collinearly usin
dichroic mirror and focused using the same lens. The t
resolution in these measurements is limited to 10 ns by
pulse width of the dye laser.

Fluorescence was collected from the focal spot at a r
angle using two collection lenses (d52 in., f.l.55 in.), dis-
persed through a 1/4 m monochromator, and detected us
photomultiplier tube ~PMT!. The photon collection effi-
ciency for the arrangement is estimated as 1025, with the
PMT amplification of 107, this translates into;102 elec-
trons at the anode for every emitted visible photon.

To detect VUV fluorescence from the excitation volum
a gold photocathode with a copper mesh-collecting electr
was fabricated. Given the work function of gold of 4.5 e
this detector responds to all photons shorter than 275
The photocathode was a 232 cm square gold foil, spaced b
0.4 cm behind the collector. The assembly was situa
above the surface of the liquid, 5 cm from the focal spot
the laser. The collection efficiency of this assembly, as
termined by the solid angle spanned by the photocathod
;1.331022. Normally, a positive voltage of1300 V is
applied to the collector, and current is measured at the g
electrode using a picoamperemeter~Keithley model 485!.
Based on a photoelectron ejection probability of 0.06
gold,50 and an estimated electron sweep efficiency of
~variation of the sweeping voltage from 50 to 500 V result
in a monotonic increase of the registered current, indica
that saturation is not reached, i.e., not all photoejected e
trons are collected!, the overall efficiency of;231024 col-
lected electrons per emitted VUV photon is estimated.

For detection of ions generated by the femtosecond
citation in liquid helium, we used an assembly of two par
lel stainless-steel electrodes immersed in the liquid. E
electrode is a 2.5 cm32.5 cm square and the separation b
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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tween the electrodes is 1 cm. The laser is focused midg
therefore,;0.5 cm from either electrode. A sweeping vo
age in the range 100–500 V is applied to the lower electro
and the current measurement is made between the u
electrode and ground using either a picoamperemeter~Kei-
thley model 485! in cw regime, or a current amplifier~Ithaco
model 1211! for resolving the current wave in time.

III. RESULTS AND ANALYSIS

A. Two distinct excitation regimes

Femtosecond laser pulses focused in liquid helium pr
to be efficient in producing electronic excitations whic
manifest themselves in a variety of ways. Specific to the
of ultrashort pulses are two distinct excitation regimes w
the demarcation defined by the threshold for dielectric bre
down. While breakdown can be induced with long pulse
sers as well, the regime below breakdown is unique to fe
tosecond excitation. We are mainly interested in t
photophysics in this ‘‘low-intensity’’ regime as a means f
controllable preparation of ionic and neutral excited state
liquid helium. Nevertheless, it is useful to contrast obser

FIG. 1. Emission spectra from liquid helium excited by femtosecond la
pulses.~a! Top three traces: laser intensity above breakdown thresholI
57.531013 W/cm2; 5.931013 W/cm2; 5.231013 W/cm2, bottom two traces:
below breakdown:I 54.831013 W/cm2; 4.431013 W/cm2. ~b! Emission
spectrum from the liquid helium boiling around the breakdown spot. Bro
features of spectra in~a! have been subtracted.I 5831013 W/cm2, laser
repetition rate is 500 Hz.~c! Emissions from fs laser breakdown in cold H
gas~above the surface of the liquid!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 12 Fe
TABLE I. Fluorescence spectrum of liquid helium excited by femtosecond laser pulses in the high
low-intensity regimes: observed bands and their assignments.

Observed transitions~l, nm! Assignment

Low intensity High intensity Atomic Molecular

728 ma 3s 1S→2p 1P
707 ma 3s 3S→2p 3P
670 m 3d 1D→2p 1P
660 ma D(3ss1Su

1)→B(2pp1Pg),(0→0)
640 sa 640 sa d(3ss3Su

1)→b(2pp3Pg),(0→0)
616 w F(3dd1Du)→B(2pp1Pg)
612 w
610 w

597 wc 598 mc f (3ds3Su
1)→b(2pp3Pg),(0→0)

586 wc 586 m/sc f (3dp3Pu)→b(2pp3Pg),(0→0)
575 mc 576 m/sc f (3dd3Du)→b(2pp3Pg)(0→0)

537 w ?f→b(1→0)?
518 m E(3pp1Pg)→A(2ss1Su

1)
505 m 3p 1P→2s 1S
494 w ?f→b(2→0)?

470 m 470 m/s e(3pp3Pg)→a(2ss3Su
1)

460 s h(4ss3Su
1)→b(2pp3Pg),(0→0)

450 m ?h(4ss3Su
1)→b(2pp3Pg)?

440 s, broadb 4d 3D→2p 3P
404 m/s m(5ds3Su

1 ,p3Pu ,d3Du)→b(2pp3Pg)
400 m/s
395 s
395 s, broad 3p 3P→2s 3S
371 s i (4pp3Pg)→a(2ss3Su

1)
357 w ?P(6pp1Pg)→A(2ss1Su

1)?
352 w
346 w
339 m l (5pp3Pg)→a(2ss3Su

1)
324 m p(6pp3Pg)→a(2ss3Su

1)
315 w r (7pp3Pg)→a(2ss3Su

1)

aAtomic 3 1S→2 1P and 33S→2 3P, and molecular1D(v50)→1B(v50) and3d(v50)→3b(v50) transi-
tions have been previously characterized in liquid helium excited by electron-beam bombardment by F
mons and co-workers~Refs. 43 and 44!.

bAtomic 3 3P→2 3S, 4 3D→2 3P transitions were observed from the gas-phase plasma bubble forme
pulsed electrical discharge in liquid helium~Ref. 51!.

cMolecular3f→3b, 3g→3a and3h→3b transitions, previously identified in the gas phase~Ref. 69!, have not
been reported in the liquid.
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tions with those associated with breakdown, which we s
cinctly relate prior to detailing the measurements of intere

A sharp intensity threshold for dielectric breakdown
observed atI;531013W/cm2 for 790 nm pulses~60 mJ per
pulse, 80 fs FWHM, 45 mm beam waist!. This threshold, to
within 10%, is independent of temperature across thel point
for the measured range, from 1.45 to 2.8 K. The breakdo
can be visually identified as a bright spark in the focal v
ume of the pump beam and is accompanied by:~a! efficient
generation of white light centered on the excitation la
wavelength@see the spectrum in Fig. 1~a!#; ~b! self-scattering
of the pump beam;~c! third-harmonic generation at 264 nm
which propagates collinearly with the pump beam; and~d!
cavitation and generation of macroscopic bubbles, which
curs after a time delay of;100 ms, as established by sca
tering of a counterpropagating He–Ne laser focused into
excitation volume. At yet higher intensities, boiling of th
liquid around the focal spot can be seen, with ensuing ag
tion that subsides on a time scale of 0.1 s. The th
harmonic generation and self-scattering indicate that for
b 2004 to 128.200.47.19. Redistribution subject to AIP
-
t.

n
-

r

c-

e

a-
-
a-

tion of the plasma responsible for the strong nonline
optical response occurs within the laser pulse width.

The emission signal obtained above breakdown is v
noisy, with a shot-to-shot rms noise of 100%, to be co
pared with a rms laser intensity jitter of 3%. Characteristic
this regime is a rich spectrum, which contains atomic H*
lines, and both singlet and triplet emissions of He2* exci-
mers. An illustrative set of spectra is provided in Fig.
Beside the white light, the spectrum is dominated by
broad emissions at 395 and 445 nm, which can be assig
to 3 3P→2 3S and 43D→2 3P atomic Rydberg transitions
which are Stark broadened in the high-density plasm51

Similar emissions are obtained from transient plas
bubbles created by high-voltage pulsed discharge in liq
helium.51 Sharper spectroscopic signatures, which inclu
other atomic lines and vibrationally relaxed lines of bo
singlet and triplet He2* excimers, appear when cavitatio
and gaseous bubbles resulting from breakdown at high
etition rates persist@see Fig. 1~b!#. The same lines~although
somewhat narrower due to the lower plasma density! are also
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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observed when breakdown is induced in the cold He va
just above the liquid level@Fig. 1~c!#. The assignment o
lines observed above breakdown are collected in Table

The observed visible emission spectra correspond
transitions within the excited Rydberg manifold of atom
and molecular He, among states that lie above 18 eV fr
ground. It is well established that in the liquid phase, visi
fluorescence constitutes a minor fraction, 1023– 1024, of the
overall emission intensity, and that the main relaxation ch
nel is due to radiation from the lowest singlet excited sta
the He2(A→X) transition, in the 60–100 nm spectr
region.46,52 The number of VUV photons is, therefore,
good estimate of the total number of excimers created in
liquid. Using the gold foil photocathode assembly describ
in Sec. II, a photocurrent of 40 pA is measured for excitat
at a repetition rate of 1 kHz and energy of 100mJ/pulse, i.e.,
2.53105 electrons are collected per pulse. Based on the
timated collection efficiency, this translates into;109 VUV
photons emitted per laser pulse, indicating an excimer c
centration of 1013– 1014cm23 created in the focal volume
This is ;100 times larger than the total number of visib
photons emitted, the latter being an estimate based on c
acteristics of the PMT and collection efficiency of the setu
It is useful to note that one VUV photon is generated pe
3105 incoming IR photons, i.e., energy conversion ef
ciency is rather high, of the order of 1024.

At laser intensities below breakdown, a faint fluore
cence appears as a red filament in the liquid. All charac
istics of above-breakdown excitation vanish, and the fluor
cence spectrum collapses to only three relatively nar
bands as illustrated in Fig. 2. The fluorescence intensit
noticeably more stable, with a shot-to-shot rms noise of 2
~laser noise of 3%!. As the temperature of the liquid is raise
above thel point (Tl52.17 K), the fluorescence intensit
drops by;1 order of magnitude. This behavior may be a
tributed to thermal instabilities caused by the drop in therm

FIG. 2. ~a! Fluorescence from liquid helium excited by 790 nm fs las
pulses below breakdown. Laser intensityI 5431013 W/cm2, repetition rate
is 500 Hz.~b! Fluorescence induced by 462 nm ns probe laser focused
the excitation volume in liquid helium and delayed 400 ns from the 790
fs pump laser~generation!, which operates at 500 Hz repetition rate,I 54
31013 W/cm2.
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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conductivity upon phase transition, leading to convect
currents that disrupt the steady-state population of excim
~vide infra!. Thus, experimentally, it is found that the con
trollable excitation below breakdown can only be achiev
in the superfluid phase.

Based on the spectral signatures alone~compare spectra
in Figs. 1 and 2!, it is clear that different channels prevail i
the access of the fluorescing states above and below br
down. Moreover, we establish experimentally that the lo
intensity regime is specific to femtosecond excitation. To t
end, we used aQ-switched pulsed YAG laser of 5 ns puls
width, which was focused in the liquid through a 20 cm len
The general characteristics of uncontrollable dielectric bre
down induced by the ns laser are similar to that of the
laser. The emission spectrum obtained from the ns bre
down in the liquid is identical to that in dense He gas@Fig.
1~c!#. Despite the available dynamic range in detection,
emission could be produced below the sharp breakdo
threshold. Dielectric breakdown induced in liquid helium u
ing a ns Ruby laser has previously been reported.53,54In con-
trast with the first report,53 we observe no temperature d
pendence of the intensity threshold in the range between
and 4 K. Since the role of impurities in the nanoseco
breakdown experiments is well documented,55 this discrep-
ancy may be attributed to the higher purity of liquid heliu
in our experiments.

B. LIF spectroscopy below breakdown

All three of the lines observed in the spectrum belo
breakdown, Fig. 2, can be assigned to vibrationally relax
transitions of the He2* triplet manifold. The strongest band i
d(3ss3Su

1)→b(2pp3Pg), (0→0), at 640 nm; the two
weaker bands are a tripletf (3ds3Su

1,3dp3Pu,3dd3Du)
→b(0→0) at 597, 586, and 575 nm, ande(3pp3Pg)
→a(2ss3Su

1)(0→0) transition at 470 nm. Only thed→b
transition has been observed previously in the liquid.43 No-
table is the absence of the singlet emissions of He2* , which
were readily observed in experiments utilizing partic
bombardment43 and electric discharge.51 The most intense of
the observed lines, thed→b transition, is centered at 639.
nm, redshifted by 2.1 nm relative to the gas phase, and c
sists of a line of FWHM52.5 nm riding over a broad pedes
tal. These spectral features have previously been interpr
by Denniset al.43 as unresolved rotational structure man
festing the bubble state nature of He2* in liquid helium
~L-He!. We will make extensive use of thed→b fluores-
cence in our characterization of excitation mechanisms.

The d→b fluorescence decays with a time constant
25 ns, which corresponds to the radiative lifetime of thed
state in the gas phase.56 The f ande states decay within the
detector response time of 10 ns, faster than their gas-p
radiative lifetimes of 20 and 60 ns, respectively.56 The three
emitting states are nested within one He2* vibrational level
~e is 1110 cm21 aboved, and the three substates of thef state
are 1150, 1380, and 1820 cm21 aboved!, and are separate
from the lowerc triplet excimer state by 1.2 eV. The ob
served lifetimes imply electronic relaxation on a time sc
te<10 ns from thee andf states to thed state, with the latter

to
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acting as a bottleneck in the electronic cascade. Indeed,
collisionally induced excitation transfer, with gas kinetic ra
constants of the order of 10210cm3/s, is observed among
these three states in the gas phase.56 The important implica-
tion of the fast interconversion is that the three obser
fluorescence bands may originate from a single excita
transition.

C. Kinetics

The intensity of the entire fluorescence spectrum be
breakdown is inversely proportional to the repetition per
of the laser. This is demonstrated in Fig. 3 for the 640
emission. Between repetition rates of 1 kHz and 100 Hz,
fluorescence intensity decreases by a factor of;10. This
immediately suggests that the fluorescence results from r
nant excitation of a steady state of an intermediate that

FIG. 3. Intensity of the 640 nm He2* (d→b) fluorescence band excited b
790 nm fs pulses vs fs laser repetition rate. Laser intensity below breakd
I 5431013 W/cm2. T51.45 K.

FIG. 4. Energy-level diagram of He2* triplet manifold.
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vives between laser pulses. The only candidate is the low
triplet excimer state He2(

3a), the lifetime of which in liquid
helium is known to be determined by diffusion-controlle
bimolecular annihilation

He2* ~a!1He2* ~a!→He2** 12He

with a bimolecular rate constant ofK55.5310210cm3/s at
T51.45 K as determined by Fitzsimmons and co-workers44

Two-photon excitation of He2(
3a) at 790 nm would lead to

the observed set of triplet states, as illustrated in Fig.
Resonant excitation of the steady-state triplet would exp
the absence of the single states in the fluorescence spec
in Fig. 2.

The suggested mechanism of fluorescence excitatio
directly verified by pump–probe experiments, where the
laser is used to generate excimers, and a 10 ns dye las
tuned to the3e←3a transition at 462 nm to probe th
He2(

3a) population~see the energy-level diagram in Fig. 4!.
As expected, due to the fast interconversion from3e to 3f
and 3d states, the fluorescence spectra obtained using
femtosecond pump–nanosecond probe scheme@Fig. 2~b!#
are identical to those from 790 nm femtosecond pulses a
~the e→a emission is masked by the probe laser!. The fluo-
rescence intensity was verified to be linear with the pro
intensity, demonstrating one-photon excitation. The las
induced fluorescence~LIF! intensity ~640 nm! exhibits the
expected bimolecular decay as a function of the delay
tween the femtosecond pump and nanosecond probe pu
This is shown in Fig. 5 by the fit of the data atT51.45 K to
the form:

I ~ t !

I 0
5

C~ t !

c0
5

1

11KC0t
, ~1!

in which I 0 andC0 designate, respectively, the fluorescen
intensity and He2(

3a) concentration att50. This experiment
definest50 within the probe pulse width of 10 ns; the a
sence of a rise in the data establishes that the formatio

n
FIG. 5. Intensity of the 640 nm He2* (d→b) fluorescence induced by 462
nm ns probe laser vs delay between fs pump~generation! and ns probe
pulses. Intensity of the fs pump laser is below breakdown.T51.45 K. Solid
line: fit to Eq. ~1!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



o-

c
wi

m
co
ve
-
by
e
lie
o
tie

tio
m
o

e
in
a
n
fro
0

gl

he

d
re
ea
b

a
n

a

i-
ta-
ita-

e
e
a
e
s,
cen-

d
y a

wn
-
ki-

ms

he
m

1548 J. Chem. Phys., Vol. 110, No. 3, 15 January 1999 Benderskii et al.
He2(
3a) is completed in this time period. Using the bim

lecular annihilation constantK of Fitzsimmonset al.,44 an
initial concentration ofC0'1013cm23 is extracted from the
fit.

The temperature dependence of the measured rate
stant is shown in Fig. 6. The data are in good agreement
those of Fitzsimmonset al.44 ~solid line in Fig. 6!. The rate
constant exhibits the characteristic inverted Arrhenius te
perature dependence with an activation energy of 8.3 K,
responding to the roton minimum in the dispersion cur
This dependence below thel point is expected, since diffu
sion of impurities through the superfluid is hindered only
scattering on the thermal population of rotons. The agr
ment of our data with the prior measurements further imp
that the femtosecond excitation is ‘‘gentle’’ and does n
significantly affect the temperature and transport proper
of the fluid in the excitation volume.

The same bimolecular kinetics reproduces the repeti
rate dependence of the fluorescence induced by the fe
second laser alone, as demonstrated in Fig. 3. The sec
order curve calculated usingC0 extracted from the fs
pump–ns probe kinetics is represented by the solid curv
Fig. 3 and shows excellent agreement with the data. Slow
down of the diffusion at higher temperature implies th
more triplets will survive and be available for reexcitatio
This is indeed observed: as the temperature is increased
T51.5 K to T52.1 K, the steady-state fluorescence at 5
Hz increases by a factor of;2.

The observed kinetics and the absence of the sin
He2* emission lines imply that the fluorescence isonly the
result of excitation of the excimers which survive from t
prior pulse, which after a time delay oft151 – 2 ms reach a
concentration ofC(t1)51012cm23. To access the couple
manifold of He2(d,e, f ) states, two photons at 790 nm a
required, which are illustrated in Fig. 4. A near-resonant r
intermediate can be assigned to this two-photon excitation
noting that the 1←0 vibrational band of thec(3ps3(g

1)
←a(2ss3(u

1) transition is centered at 805 nm with
FWHM of 10 nm in LHe.47,44The second photon would the
overlap thed(3ss3(u

1 ,v53)←c(v51) transition, which
is centered at 780 nm in the gas phase, and the nearbyf (v
52)←c(v51) transitions which in the gas phase occur
803 and 817 nm for thef (3dp3Pu) and f (3ds3(u

1) com-

FIG. 6. Temperature dependence of the decay rate determined from t
of the fs pump–ns probe kinetics in Fig. 5. Solid line: results of Fitzsi
monset al. ~Ref. 44!.
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ponents. The broad spectral profiles of the fs laser~FWHM
;10 nm! and absorption lines in liquid He, the large trans
tion dipoles involved, and the high intensities of the exci
tion pulses, assure an efficient resonant two-photon exc
tion.

D. Excimer formation time

Utilizing the two-photon fluorescence excitation schem
of the He2(

3a) excimers, their formation dynamics wer
monitored in real time with femtosecond resolution in
single-color 790 nm1790 nm pump–probe experiment. Th
first pulse ~nonresonantly! starts the generation dynamic
and the second, delayed pulse, probes the produced con
tration of the lowest state triplets He2(

3a), as pictured in Fig.
4. The 640 nm (d→b) fluorescence intensity was recorde
as a function of pump–probe delay and is characterized b
fast initial rise on the 100–200 ps time scale, which is sho
in Fig. 7. This is followed by a slower growth which contin
ues for several nanoseconds. Quantitative studies of this
netic stage are complicated by the beam walk-off proble
associated with the long optical delay. Finally, with a 2 ns

fit
-

FIG. 7. Generation dynamics of the He2* (3a) excimers: pump–probe 790
1790 nm induced fluorescence@640 nm, He2* (d→b)# as a function of
delay between generation (Wpu550mJ/pulse) and probe (Wpr

525mJ/pulse) pulses.

FIG. 8. Evolution of the concentration of He2* (3a) excimers in the steady-
state regime realized at laser repetition rate 500 Hz below breakdown.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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time delay between pulses, it is verified that the depende
of the fluorescence intensity on the probe power is quadra

E. Steady state of He 2„
3a… excimers

The schematic reconstruction of the experimentally
termined concentration profileC(t) is shown in Fig. 8. Dur-
ing the dark time between laser pulsest152 ms for the typi-
cally used 500 Hz repetition frequency, the excimers de
according to Eq.~1!, from the initial concentrationC0 gen-
erated within several ns of the laser pulse, toC15C0 /(1
1KC0t1). BecauseC0 is of the order of 1013cm23 and K
55.5310210cm3/s at T51.45 K, KC0t1@1 for t1>1 ms,
and concentrationC1 of triplets surviving until the next lase
pulse is a robust number:C1'1/Kt151012cm23 indepen-
dent of C0 . Thus, the bimolecular decay acts as a no
reduction mechanism for the steady-state concentrat
Since the formation time of the excimer is much longer th
the pulse width of the laser, the fluorescence intensity fr
the single pump beam measures the concentrationC1 of ex-
cimers generated by the previous pump pulse, whereas
rescence induced by a probe pulse delayed by;2 ns from
the generation pump pulse detects concentrationC0 created
by the pump. To maintain the steady state, the pump p
must amplify the excimer population fromC1 to C0 . The
rest of the measurements are aimed at characterization o
mechanism involved in this process.

F. Photocurrent measurements

Given the fact that radiation far from resonance is us
to prepare the observed excimer states, it may be suspe
that ionization is the first step in the process. While ioniz
tion is self-evident above breakdown, by direct measu
ments of photocurrent we establish that ionization occ
below breakdown as well.

When the femtosecond laser operating at 1 kHz is
cused between two parallel electrodes separated by 1 cm
a sweeping voltage of a few hundred volts applied to
lower electrode~see the inset in Fig. 9!, current in the pico-

FIG. 9. Photocurrent through liquid helium excited by fs laser induced
applied voltage. Inset: experimental geometry.
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to nanoampere range is detected on the upper electrode.
rent is detected at laser intensities both above and be
breakdown. At a fixed laser power, the current increa
monotonically with applied voltage, up to 500 V/cm, a
shown in Fig. 9. The absence of saturation in theI –V curve
indicates that only a small fraction of the charges produ
by the laser is extracted. Consistent with this, the app
voltage does not modify the fluorescence intensity. Based
the signal-to-noise ratio of fluorescence, we can establish
upper limit for the fraction of extracted ions as 3%. Furth
this observation establishes that the excitation mechan
does not involve preexisting ions, since such would be sw
away by the applied voltage.

Time-resolved measurements of the current wave y
the mobility of the charge carriers and their identification
the thermal electron bubble and the positively charged sn
ball. The current wave was recorded with the laser opera
at 30 Hz to extend the time scale to;30 ms. In Fig. 10 we
show the time-resolved current wave for the negative cha
carriers at two different temperatures. The arrival time of
peak of the wave is a linear function of the applied voltag
The width of the wave is equal to the peak arrival tim
indicating that the collected charge cloud expands to a di
eter comparable with the travel length~5 mm!. The average
drift velocity can be calculated from the peak arrival tim
~140 cm/s at 1.55 K and 50 cm/s at 1.9 K for the traces
Fig. 10!. The extracted mobility of the charge carriers as
function of temperature between 1.5 and 2.2 K is presen
in Fig. 10. Below thel point, the data are well described b
an inverse Arrhenius law with an activation energy of 8.
60.10 K, in accordance with the general mechanism of d
fusion and mobility in superfluid helium. The data are
excellent agreement with the experiments of Mayer a
Reif34 ~solid line in Fig. 10! who have previously measure
mobilities of the thermalized charge carriers in liquid heliu

G. Power dependence of the fluorescence and
photocurrent

The most important data regarding the photogenera
mechanism is provided by the power dependence of ph

y
FIG. 10. Time-resolved current wave and temperature dependence o
mobility for the negative charge carrier. Solid line: data of Mayer and R
for the mobility of electron in L-He~Ref. 34!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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current and fluorescence, which we carry out simultaneou
The results of this measurement at a laser repetition
quency of 500 Hz are collected in Fig. 11. Fluorescence
measured under two different modes of excitation:

~a! The open triangles in Fig. 11 show fluorescence d
to the pump beam alone, which measures the concentra
C1 of the He2* (3a) excimers that survive from the previou
pulse~see Fig. 8!.

~b! The open circles~Fig. 11! represent fluorescence in
duced by a 790 nm probe pulse of fixed intensity~laser en-
ergy per pulseW526mJ/pulse) delayed by;2 ns from the
790 nm pump pulse of varying intensity. According to t
He2* (3a) formation kinetics described in Sec. III D, this d
lay ensures that the probe pulse measures the populatioC0

of the excimers created by the 790 nm pump pulse.
Note, in both cases~pump alone and pump1probe), the fluo-
rescence signal decreases above the breakdown thre
~marked by an arrow! due to laser scattering from th
plasma.

The current recorded simultaneously with the pum
probe fluorescence intensity is shown by filled squares
Fig. 11. Below breakdown, the power dependence cur
and fluorescence are identical, which indicates that the
duction of spatially separated ions is a key step in the trip
generation mechanism. Just below breakdown, at a lase
tensity ofI 5431013W/cm2, 106 charges are extracted wit
an applied voltage of 200 V. Comparison of this numb
with the excimer concentration, which was independently
timated from the fluorescence signal intensity and from
bimolecular kinetics asC0;1013cm23 in an excitation vol-
ume of 231025 cm3, gives the probability of ion separatio
by the external electric field ofP;531023. This in turn has
important implications regarding the initial separation of t
ion pairs produced by the generation pulse.

The power dependence of the generation step was
ther characterized by stretching the pulse width of the pu
laser. Stretching the pulse from 80 to;250 fs, while keeping
the total energy per pulse constant, atW550mJ, does not

FIG. 11. Power dependence of the 640 nm He2* (d→b) fluorescence and
photocurrent:~a! open triangles, fluorescence from pump beam alone;~b!
open circles, fluorescence from 790 nm probe pulse (Wpr526mJ/pulse) as a
function of the pump pulse power; and~c! filled squares, photocurrent as
function of pump pulse power.
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change either the fluorescence intensity, or photocurr
This behavior is a signature of a controlled field-induc
avalanche ionization~see the discussion section!, and sug-
gests that we dismiss from consideration any multipho
process in the generation mechanism.

The above data allow the characterization of the pho
physics once the triplet steady state is reached. The num
of pulses required to reach the steady state at a given re
tion rate is an inherently difficult determination since it r
quires single-shot measurements. We could establish tha
repetition rate of 500 Hz, and at a laser intensity ofI 54.5
31013W/cm2, the steady state is reached within five puls

IV. DISCUSSION

The presented experimental observations clearly dem
strate that femtosecond laser excitation of liquid helium,
from any resonances, enables efficient access of neutral
ionic states that lie at energies above 18 eV. The regime
controllable excitation, which is realized at intensities belo
laser breakdown, occurs in the superfluid phase when irr
ated at sufficiently high repetition rates to establish a stea
state concentration of the triplet excimer, He2(

3a). The ex-
perimentally determined time profile of the3a excimer
concentration was illustrated in Fig. 8. The concentrat
decays via diffusion-controlled self-annihilation toC1 , and
is amplified by a factor of;10 by the laser pulse to reac
C0 . The data in Fig. 11 established that the power dep
dence of the photogeneration of excimers and that of ph
current are identical. This naturally leads to the conclus
that laser-induced ionization followed by recombination
ion pairs is the mechanism of excimer formation. Below,
develop a model for autocatalytic amplification of the ex
mer concentration by a laser-driven electron avalanche
ization. Consecutive steps of the mechanism are detaile
the sections that follow: initial ionization of preexisting e
cimers, controlled electron avalanche, and thermaliza
and recombination of the generated ions. The mo
uniquely allows us to quantitatively reproduce all releva
experimental observables in this controlled excitation
gime.

A. Ionization of excimers via Coulomb barrier
suppression

The relatively weak power dependence of photocurr
observed in Fig. 11, rules out photoionization of ground-st
He atoms. At the intensities used in our experiments, la
ionization of ground-state helium would be expected to be
the multiphoton regime~;16 photons at 790 nm,hv
51.55 eV).57 The transition from the perturbative multipho
ton picture to tunneling ionization is determined by t
Keldysh adiabaticity parameter58

g5S I.P.

Up
D 1/2

5S I.P.

e2F0
2/2mev

2D 1/2

,

where I.P.524.6 eV is the ionization limit of He, andUp is
the ponderomotive potential of an electron in the laser e
tric field F5F0 cos(v0t). For atomic He, the switch ove
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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from the multiphoton (g!1) to the tunneling (g@1) regime
occurs at field intensities of;231014W/cm2, which is an
order of magnitude higher than our experimental intensit
Indeed, extrapolation of the He ionization probability b
femtosecond laser pulses measured in the gas phase27 to our
range of intensities predicts that ionization probabil
changes by;4 orders of magnitude for a twofold increase
laser intensity. We would not expect a dramatic change
this behavior from gas to liquid. Therefore, the observ
weak dependence of photocurrent on laser intensity ca
be ascribed to photoionization of ground-state He.

Consider instead the He2(
3a) excimers, which are

present at concentrationC1;1012cm23 in the focal volume
at the time a laser pulse arrives. The applied laser intens
are now sufficient to completely suppress the Coulombic
tential that binds the Rydberg electron. Complete supp
sion of the Coulomb barrier occurs above the critical elec
field29

F th5
~ I.P.!2

4e2 ,

which in the case of He2* (3a), with I.P.54.26 eV, would
correspond to a laser intensity thresholdI th'1.5
31012W/cm2. Since the experiments are carried out at
tensities which are an order of magnitude above this thre
old, within the laser pulse, the Rydberg electron is ‘‘qua
free.’’ Equivalently, the ionization probability of He2(

3a) is
;1 even at the lowest laser intensity used in the experime
therefore, in effect independent of laser power.

Ionization of the excimer is not sufficient to account f
the steady-state kinetics, nor is it sufficient to account for
intensity dependence of the photocurrent. The radiation m
now amplify the number of ions produced by ionization
excimers that survives from the prior pulse. Collisio
assisted energization of quasifree electrons in liquid hel
driven by the ponderomotive force of the radiation field, a
subsequent impact ionization of ground-state He atoms
the energized electrons, can lead to an ionization cascad
which the initial excimer concentration is multiplied, as w
describe next.

B. Controlled electron avalanche ionization

The mechanism of cascade electron impact ionizat
responsible for the extensively studied nanosecond br
down in dense gas and condensed media, was first prop
in a theoretical paper by Zel’dovich and Raiser.59 The for-
mulation has been shown to provide a quantitative desc
tion of nanosecond breakdown in dense helium gas and
be adapted to the present case.53 Briefly, electrons are accel
erated by the electric field and gain kinetic energy in co
sions with He atoms. The collisions are necessary for
simultaneous conservation of energy and momentum.
cause of the mass asymmetry between electron and atom
elastic collisional energy loss is small and can be neglec
in the description of the process~energization of the elec
trons may occur at field amplitudes above;106 V/cm,60 i.e.,
for laser intensities.109 W/cm2). Electron impact ioniza-
tion occurs when the electrons reach a kinetic energy ab
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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the He ionization potential. The secondary~low-energy!
electrons are in turn accelerated by the same mechan
leading to the ionization cascade. Scrutiny of the dynam
of these processes, presented below, will allow compari
with the experimentally measured power dependences of
fluorescence and photocurrent~Fig. 11! and implications
about the initial spatial distribution of the generated ions.

The classical expression for the rate of energy gain by
electron in the radiation field

Ke~e!5
de

dt
5

e2F0
2

2me~v0
21ncoll

2 !
ncoll5Up

v0
2

v0
21ncoll

2 ncoll ,

~2!

describes the average energy transferred from radiatio
electron per collision, times the collision frequencyncoll

~note that we use the space-averaged value of the field in
sity F0). The picture is one of elastic collisions that random
ize the direction of the electron momentum, and therefore
projection on the field direction, leading to a random walk
three-dimensional momentum space, with the step size o
walk determined by the laser intensity. The root-mea
momentum (̂p2&)1/2 gain is proportional to the square roo
of the number of collisions, and therefore, the energy gai
proportional to the number of collisions. The high density
the liquid and the absence of energy-loss channels for e
trons below 20 eV provide favorable conditions for fast e
ergization. At a laser intensityI 5431013W/cm2, i.e.,
space-averaged electric-fieldF051.2 V/Å, the amplitude of
e2 oscillation isx05eF0 /(2mev0

2)53.7 Å, which is com-
parable to the interatomic separation in L-He. These con
tions are different from the case of dense helium gas, wh
was originally considered by Zel’dovich and Raizer59 in their
laser breakdown theory. In the liquid, the electron collisi
frequency may be comparable or even higher than the l
frequencyv052.431015s21. As a consequence, the avera
energy gain per collision may be less than the ponderomo
potential, which is reflected by the factorv0

2/(v0
21ncoll

2 ) in
Eq. ~2!.

FIG. 12. ~A! scattering cross sections of an electron on a He atom;~B!
electron impact ionization cross section of He.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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The collision frequency is a function of the kinetic e
ergy, since it is determined by the electron velocityvel and
the mean-free path of the electronl s :

ncoll5vel / l s~e!5nss~e!A2e

me
. ~3!

The momentum scattering cross section of low-energy e
trons on Hess(e), which was measured as a function
energy in the gas phase,61 is shown in Fig. 12~A!. The data
can be fitted to the form@solid line in Fig. 12~A!#

ss~e!5
1

0.16510.0056e1.2119~Å 2!, ~4!

where e is in eV, which we used in our calculations. Th
cross section decreases from (5.560.1) Å2 at 0–1 eV to 2.3
Å2 at 25 eV.

If we substitute Eq.~3! into Eq. ~2! and solve the result
ing differential equation, we obtain a kinetic-energy ga
curve for a quasifree electron in L-He in a laser field. T
results of numerical integration using the fitted experimen
dependence~4! for ss(e) are shown in Fig. 13. The curve i
superlinear in the beginning, reflecting the increasing co
sion frequency as the electron is accelerated. In spite of s
complicating details~vide infra!, Eq. ~2! and the dynamics
pictured in Fig. 13 demonstrate the most important phys
features of the model. The energy gain rate, which de
mines the number of generations in the cascade develo
during the laser pulse, is proportional to the ponderomo
potential, which in turn is proportional to the laser intensi

Up ~eV!5
I ~W/cm2!

231013 .

~for a 790 nm wavelength!. Thus, as illustrated in Fig. 13, i
takes four times longer to reach energy above the I.P.~He! at
I 5131013W/cm2 than at 431013W/cm2.

Above 25 eV, an electron ionizes the He atom with
finite probability determined by the impact ionization cros
sections i(e). The latter increases sharply from 0 at I.P. to

FIG. 13. Energy-gain dynamics of an electron in liquid helium in a la
field: numerical solution of Eq.~2! using scattering cross-sectionss(e) from
Eq. ~4!.
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maximum of 3.75310217cm2 at 105 eV. The experimenta
results at low energies, recently summarized by Shahet al.,62

are shown in Fig. 12~B! and can be represented using a fun
tional form

s i~e!5
1

S 0.0291
14.63

e224.6DAe

~Å 2!, ~5!

wheree is in eV, shown by the solid line and used in th
calculations below. The ionization rate is, therefore,

Ki~e!5ns i~e!A2e

me
. ~6!

The overall dynamics of electrons during the laser pu
is described in terms of the time evolution of the ener
distribution functionf (e,t), which represents the number o
electrons with kinetic energy betweene and e1de.63 The
function obeys the Fokker–Planck equation59

] f ~e,t !

]t
52

]

]e FKe~e! f ~e,t !2D~e!
] f ~e,t !

]e G1S~e,t !

~7!

with the diffusion coefficient along the energy axisD(e)
determined by the ‘‘step size’’Upv0

2/(v0
21ncoll

2 ) and fre-
quency of ‘‘jumps’’ ncoll . The source and sink termS(e,t) is
given by

S~e,t !52Ki~e! f ~e,t !14Ki~2e1I.P.! f ~2e1I.P.,t !,

i.e., each electron disappearing at energy 2e1I.P. produces
two electrons ate. Note that the total number of electron
calculated as an integral of the distribution function ov
energy, is not conserved because the model describes m
plication of the electron population.

Equation ~7! was solved numerically using the coeffi
cientsKe(e) andKi(e) calculated from the fitted experimen
tal dependences ofss(e) and s i(e), Eqs. ~4! and ~5!. The
Gaussian laser pulse profile was introduced via tim
dependent ponderomotive potentialUp in expressions for

r
FIG. 14. Time evolution of the electron energy distribution functionf (e,t)
during the laser pulse: numerical solution of Eq.~5!. Laser pulse of
FWHM580 fs and peak intensityI 5331013 W/cm2 is centered att50.
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Ke(e) andD(e). An example of the dynamical evolution o
the distribution function is shown in Fig. 14, for a pulse wi
peak intensity ofI 5331013W/cm2 and FWHM of 80 fs. At
the front edge of the laser pulse, the electron distributi
initially a d-function at 0 eV, starts spreading to higher e
ergies due to laser heating. When the edge of the distribu
reaches above 24.6 eV, the low-energy end of the distr
tion function starts to fill in due to impact ionization. Be
cause s i(e),ss(e), an electron will undergo severa
energy-gaining collisions above the I.P.~He! before ionizing.
Thus, at peak laser intensities, a tail of the distribution fu
tion extends somewhat beyond 25 eV, which decays rap
at the end of the pulse. Note that most of the cascade e
trons are produced in the second half of the laser pulse.

The model predicts that the laser pulse multiplies
number of ions byM52m, wherem is the number of gen-
erations in the electron cascade developed during the l
pulse. As expected from the general physical features of
model, the numerical solution of Eq.~7! shows thatm is
proportional to the energy-gain rate~2!, which is propor-
tional to the laser intensity, and to the time during which t
laser acts on the system. Thus, overall, the number of
duced ions is determined simply by the total energy per la
pulseW ~intensity integrated over the temporal profile of t
pulse!:64 m5W/W2 , and

M52W/W2. ~8!

The characteristic laser power at which the number of i
doubles is predicted to beW251362 mJ/pulse, i.e., inten-
sity I 25(1.060.2)31013W/cm2 for 790 nm pulses of tem
poral width t0580 fs and focal area of (1.660.3)
31025 cm2 @the main sources of error in the estimate are
experimentally measured beam waist and uncertaintie
ss(e), s i(e)#. A cascade time constanttc may be defined
such thatm5t0 /tc . At 131013W/cm2, it takes on the av-
eragetc580 fs for an electron to gain energy and ionize
He atom. The constant decreases inversely proportiona
the laser intensity, and atI 54.531013W/cm2 tc516 fs, i.e.,
the cascade consists of five generations.

1. Power dependence of current and fluorescence

With the identification of the initial concentration o
quasifree electrons as the surviving concentration of trip
excimers,C1 , and under the assumption that the ion pa
generated through the cascade recombine to form the tr
excimer, the source term in the excimer steady state~Fig. 8!
becomes

C05MC1 , ~9!

combining this with the bimolecular decay expression~1!
expressions for the He2* (3a) concentrations characterizin
the steady state are easily obtained

C05
1

Kt1
~M21!,

C15
1

Kt1

M21

M
, ~10!

to show that at a 1/t1 repetition rate of excitation, the triple
concentration at any time is defined by two parameters:
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multiplication factorM and the decay constantK. Since the
decay constant is well established independently,44 the mul-
tiplication factor can be uniquely determined from the me
sured power dependences of the fluorescence and phot
rent on the laser powerW using independently adjuste
pump and probe lasers, data of Fig. 11.

We recognize that the fluorescence intensity obtain
from the pump beam aloneS1(Wpu) @Fig. 11~a!# is deter-
mined by the concentration of triplets that survived from t
previous pulseC1 and the fluorescence excitation efficien
a(Wpu):

S1~Spu!5
1

Kt1

M ~Wpu!21

M ~Wpu!
a~Wpu!. ~11!

In the case of fluorescence in pump–probe measurement
must include the production of excimers by both pump a
probe pulses. This changes expressions~10! for C0 andC1 in
which the multiplication factorM is now substituted by
M (Wpu)M (Wpr). The pump–probe fluorescence sign
S2(W) @Fig. 11~b!# arises from the freshly generated exc
mers, 1 ns after the generation pulse, i.e., reflects conce
tion C0 ~the fluorescence excitation efficiency factor in th
case is determined by the probe intensity, i.e., is a consta!,
and also includes the signal~although small! from the con-
centrationC1 excited by the pump:

S2~Wpu!5
1

Kt1
H FM ~Wpu!2

1

M ~Wpr!
Ga~Wpr!

1F12
1

M ~Wpu!M ~Wpr!
Ga~Wpu!J . ~12!

For the experimentally realized caseM (Wpu), M (Wpr)@1
~see below!, andS2(Wpu)}M (Wpu).

The currenti (Wpu) @Fig. 11~c!# measures the number o
produced ions, which is proportional to concentrationC0 of
the generated excimers,

i ~Wpu!}
@M ~Wpu!M ~Wpr!21#2

M ~Wpu!M ~Wpr!
, ~13!

and, like the pump–probe fluorescence signal, is appr
mately proportional toM (Wpu).

Recall that the 790 nm induced fluorescence from
triplet excimer is a two-photon process, therefore, the fl
rescence excitation efficiency is quadratic in laser pow
a(W)}W2. According to Eq.~8!, the multiplication of the
triplets by the electron avalanche ionization is exponentia
laser power. With the substitution of this functional form
Eqs. ~11!–~13!, the experimental power dependence of F
11 can be reproduced, as shown by the solid curves in
11. The values ofM (Wpr), a(Wpr) for the probe pulse,
which enter Eqs.~12! and ~13! for S2(W) and i (W) are
obtained by substituting the probe pulse power into the
timized M (W) and a(W) dependences, and provide a se
consistency check of the fit.

The best fit of the experimental data is achieved for
value of characteristic laser powerW2512mJ/pulse, i.e.,
I 250.931013W/cm2, in excellent agreement with the theo
retically estimated values. The corresponding cascade
constant istc518 fs at 431013W/cm2. We note that the
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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cascade ionization model described in the previous sec
does not have any adjustable parameters. The experim
implies that at a laser intensityI 54.531013W/cm2, just be-
low the breakdown threshold, the multiplication factor isM
530, the characteristic time for the impact ionization istc

516 fs, and the cascade consists ofm55 generations.
An additional test of the proposed mechanism is p

vided by the measurements with stretched pulses. The
periments indicate that the signal does not change when
laser pulse is stretched while maintaining the total energy
pulseW constant. Indeed, from the discussion before Eq.~8!
it follows that if the pulse widtht0 is increased and at th
same time the peak intensityI is decreased by the same fa
tor, the multiplication factor will remain exactly the sam
This is a unique feature of the electron avalanche multi
cation mechanism, which distinguishes it from multiphot
processes.

Finally, we may comment on the laser wavelength d
pendence of the process. Experimentally, when using
second harmonic of the fs laser at 395 nm, it is observed
the low-intensity excitation regime is compressed, such
fluorescence is only detected near the breakdown thresh
The model predicts that at 395 nm, the electron multipli
tion time is four times longer. The reason for this is that t
ponderomotive potentialUp in Eq. ~2! is inversely propor-
tional to the square of the light frequency, i.e., at a giv
intensity the energy gain is four times slower for the seco
harmonic.

C. Ion recombination

1. Spatial distribution of the ions created by the
cascade

The cascade ionization model allows detailed tempo
spatial, and energetic characterization of the electrons
ions prepared by the laser pulse. The average separatio
tween the generated positive ions is equal to the displa
ment of an electron between the ionization events. Assum
random walk motion of the electron during acceleration,
spatial cascade lengthl c is determined by the scatterin
length l s and the number of collisionsncoll suffered during
energy gain and impact ionization. From the numerical so
tion of Eq.~2!, we obtain the characteristic cascade length
which secondaries are generated

l c560 Å,

independent of laser intensity. The multiplication procee
around the primary center, and thus creates a clump oM
positive ions separated on the average byl c . The distance
between clumps is determined by the average separation
tween the He2* (3a) precursors, which, at concentrationC1

;1012cm23 is 104 Å. The nascent He1 ion undergoes an
ultrafast dimerization reaction~also known as charge
localization10!, to form He2

1, on the time scale of 20–20
fs,33 and subsequently, relaxes vibrationally in collinear c
lisions with He atoms to form a thermal ‘‘snowball’’ stat
with a He3

1 core. The associated length scale of the h
hopping before localization can be estimated as;20 Å,10

and therefore, inhomogeneous spatial distribution will
main after spreading during thermalization.
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The thermalization length of the ‘‘hot’’ quasifree elec
trons is determined by the number of elastic collisions w
He atoms~the only mechanism of energy loss for electro
below 20 eV!. The energy transfer efficiency isg
52me /MHe52.731024 per collision. The number of colli-
sions necessary to dissipate kinetic energy frome i to e f is
given as

n5
ln~e i /e f !

ln@1/~12g!#
'

1

g
ln~e i /e f !, ~14!

and is quite insensitive to the assumed initial and final
ergy. For an electron to trap, it must slow down such that
kinetic energy falls below the potential barrier for passi
through the cells of the liquid. Using the electron–H
pseudopotential given by Jortneret al.,35 we can estimate the
potential corrugation felt by an electron in L-He to be
order 0.2 eV. The average initial kinetic energy of electro
is calculated from the electron energy distribution at the e
of the pulse~see Fig. 14!

^e&5E e f ~e,t5`!de510.4 eV. ~15!

The distribution functionf (e,t5`), and thereforee i , is
nearly independent of the laser intensity. Substituting th
values ofe i and e f in Eq. ~14!, we determine the averag
number of collisions to be of the order ofn;104, and cor-
responding migration length for the nascent electron

l t5 l sn
1/2;103 Å, ~16!

in which the average scattering lengthl s510 Å is used. The
trapped electron thermalizes at the same position as the w
known bubble state, on the time scale estimated by Rose
and Jortner as 4–8 ps.39 The thermal electron bubbles ar
therefore, distributed in a diffuse cloud at a distance;103 Å
around the positive ion clump.

2. Charge separation by external electric field

The extraction of charge carriers from the excitation v
ume by a weak external field confirms the picture of spatia
separated positive and negative ions described above.
established that the collected charge corresponds to 0.5%
the generated excimer concentration. Under the assump
that all recombined ion pairs form excimers, we may co
clude that this fraction corresponds to ions created at a s
ration where the dc field imposed by the electrodes,Fext,
exceeds the Coulombic attraction between ions:

R1/25A e

4pe0Fext
,

i.e., the photocurrent yield probes the outer tail of the el
tron cloud (l t distribution!. Under the operating conditions o
Fext5200 V/cm, we calculateR1/252.73103 Å. Based on
the Gaussian distribution of charge separation lengthsl t im-
posed by the random scattering events, the measured fra
of extractable charges implies an initial ion separation d
tance such that 12erf(R1/2 /lt)50.005, i.e., l t;103 Å, in
agreement with the theoretically estimated value~16!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3. Recombination time scale

The internuclear separation of the He2
1 ion ~1.08 Å!

~Ref. 65! is very close to that of the He2* excimer~1.05 Å!.
Recombination with the thermalized electron is, therefo
expected to populate the Rydberg He2* states rather than th
ground electronic state because of the better Franck–Con
overlap. The observed formation kinetics of the excim
~Fig. 7!, determines a 100 ps time scale for ion recombi
tion, which confirms that the produced ions are initially i
homogeneously distributed, as described above. Indeed
mogeneous recombination at an initial concentrat
;1013cm23 is expected for the 100ms time scale, based o
the diffusion coefficient for the positive and negative io
estimated using the Nernst–Einstein relation. The proc
consists of two stages: diffusional drift of the ions in t
attractive Coulomb field and contact recombination wh
populates the He2* (3a) state. Due to the strong field~of the
order of 103 V/cm for separations less than 103 Å), the drift
velocity of the ions may approach the Landau limit (nL

'60 m/s), above which the mobility drastically reduces34

This limits the estimated drift time from the initial separatio
distance of 103 Å to ;1 ns. An initial rapid expansion of the
positive ion clump due to Coulombic repulsion may facilita
the kinetics. Further experiments are needed to elucidate
limiting process which determines the observed overall
combination time scale.

4. Breakdown

With regard to breakdown, the signatures of which we
described in Sec. II A, two important observations can
made by inspecting the data in Fig. 11. First, the photoc
rent curve as a function of intensity shows no discontinuiti
implying that there is no abrupt change in the extracta
number of photogenerated ions, as would be expected
runaway avalanche. The second important observation is
the ~LIF! signal degrades at breakdown, both for pump alo
and pump–probe signals, implying that laser scattering
curs within the pulse width of 80 fs, and therefore, brea
down is sensed optically on that time scale. Consistent w
this, we note that white-light generation from the laser tra
the intensity of emissions attributed to breakdown. Th
observations allow insights into the microscopics of the i
tiation of breakdown. With 30–40 ions created on a len
scale of 60 Å just below breakdown, clearly, the new ge
eration of electrons can now be expected to be trapped by
positively charged clump. Light scattering and white-lig
generation within the pulse can be understood in terms
radiation coupled to interacting electron–ion pairs, i.e.,
celerated dipoles supporting a continuum of radiative sta
The Coulombically trapped electron–ion pairs constitute
plasma that can be strongly heated by the radiation fi
Evidently, breakdown, and the subsequent Coulomb ex
sion, which leads to cavitation and bubble formation, is i
tiated in clumps containing a total of 30–40 ion pairs.

D. Overall mechanism for excimer multiplication

Based on the above discussion, we can reconstruct
mechanism for maintenance of the steady state in triplet
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cimers. The requisite steps, and where applicable their t
and length scales, are given below for a laser intensity oI
54.531013W/cm2, i.e., just below breakdown:

~1! The radiation suppresses the Coulomb barrier for
Rydberg electron of the He2* (3a) excimer rendering it into a
quasifree state at;0 eV:

He2* ~3a!1hn→He2
11e2~e;0 eV!.

~2! During the laser pulse, the quasifree electrons
ponderomotively accelerated, and gain kinetic energy in c
lisions with the He atoms of the liquid:

e2~e;0 eV!1hn→e2~e;25 eV!, tc516 fs,

l c560 Å,

electrons with energye>24.6 eV ionize He atoms and gen
erate secondaries:

e2~e;25 eV!1He→He112e2~e;0 eV!.

This autocatalytic cycle repeats within the laser pulse, m
tiplying the quasifree electron concentration by a factor
M52m, wherem is the number of cycles.

~3! Upon termination of the laser pulse, the ‘‘hot’’ qua
sifree electrons slow down and are eventually trapped in d
sity minima of the liquid, then fully thermalize and form th
‘‘bubble’’ state due to the repulsive exchange interacti
with the surrounding ground-state He atoms35,36

e2~quasifree!→e2~e,0.2 eV,trapped!,

t t;10– 20 ps, l t'103 Å,

e2~0 eV,trapped!→~e2!bubble, t53 – 8 ps,

where the bubble formation time scale is from the theoret
analysis of Rosenblit and Jortner,39 and assumes an initia
thermal electron.

~4! The dimerization of the positive helium ion

He11He→He2
1~v !1He→He2

1~v50!,

t5100– 500 fs, l;20 Å,

proceeds via hole hopping until localization through vibr
tional relaxation of the dimer ion via formation of a linea
intermediate@He3

1#.33 The length scale associated with th
process is that of hole migration, modeled theoretically66 and
recently determined experimentally in He clusters.10 After
complete vibrational relaxation, the triatomic ion is stab
lized as the core of the snowball,41 which is created by the
charge-induced polarization of the neighboring shells,

He2
1~v !1Hen→~He3

1!snowball, t;5 ps,

where the time scale is that of complete thermalization of
ionic core, and is estimated from simulations.

~5! The thermalized ions recombine, forming the vibr
tionally relaxed triplet exciplex as a major channel:

~He3
1!snowball1~e2!bubble→He2~

3a!, t;100 ps.

The time scale is that observed experimentally~formation
dynamics in Fig. 7!.

Once the steady-state concentration of the triplet ex
mers is established, it is maintained in the sequence of
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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cesses~1!–~5!. The initial buildup of the steady-state conce
tration, however, requires an initial finite concentration
seed electrons. Experimentally, we could only establish
near-breakdown threshold, atI 54.531013W/cm2, the
steady state~SS! is reached in less than five pulses. T
required seed concentrationCs to reach the SS concentratio
of C0 in n pulses can be obtained by noting thatC0

5MnCs52m1nCs , wherem is the number of generations i
the cascade, in each pulse. Near breakdown, wherem55, a
seed concentration of 1010cm23 is sufficient to reach the
steady state inn55 pulses. Extrapolation of the gas-pha
data on laser ionization of He~Ref. 27! yields an ionization
probability of ;10212 under our conditions. Although ex
tremely small, this is still enough to produce;1010cm23

ions in the excitation volume~the liquid-helium number den
sity is 2.231022cm23), enough to initiate the steady stat
Note, however, that any impurity with I.P.,5 eV can act as a
seed, and the requisite concentration implies that an impu
level of one part in 1012 is sufficient for the task. Thus, it is
difficult to give a unique identity of the seed.

V. CONCLUDING REMARKS

Our experimental results demonstrate controlled exc
tion of the superfluid helium that may be achieved us
intense femtosecond laser pulses. Ionization of the liq
which constitutes the main step in the excitation sequenc
accomplished below the laser breakdown threshold by a
critical electron avalanche. Only up to five generations
ionizing electrons develop, owing to the ultrashort pu
width, high ionization potential of He, and the absence
energy levels below 18 eV. This situation is to be contras
to the usually observed laser breakdown induced by lon
pulses and/or in media with a narrower band gap, which
characterized by a runaway fully developed avalanche w
up to 30 generations. Shot-to-shot irreproducibility of t
number of produced ions in this regime, together with
onset of strong optical nonlinearities in the generated de
plasma, renders spectroscopic studies impossible. As a
sequence, the laser breakdown studies usually provide
one experimental observable, that is, the threshold inten
thus limiting the possibility of comparing predictions of th
avalanche ionization model with experiment. Laser-induc
breakdown has many important applications in areas ran
from remote chemical sensing to eye surgery.67,68 Femtosec-
ond ionization cascade in liquid helium is a unique test
ground, which provides detailed characterization of the on
of the breakdown via an experimentally measured numbe
produced ions as a function of laser intensity. Our res
provide a microscopic picture of the cascade developm
indicating that the breakdown is initiated in tight clumps
;30–40 ions with an interionic separation of;60 Å dictated
by the characteristic travel distance required for an elec
to reach a kinetic energy of I.P.525 eV.

The described excitation mechanism allows sudden
cess to a variety of excited states, whose time-resolved s
troscopy may provide significant insights into the micr
scopic dynamics of the superfluid helium. Initi
thermalization of the nascent excess electron and positive
involve ultrafast nonadiabatic dynamics, which are expec
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to provide a rigorous test for the existing semiclassical tre
ments due to the highly quantum nature of He motions. T
subsequent recombination of the thermalized ions presen
considerable interest as a prototype electron transfer sys
in a nonpolar solvent. Finally, the neutral He2(

3a) excimers
generated in the liquid are a convenient spectroscopic pr
Impulsive electronic excitation of these Rydberg molecul
which allows us to follow the motions of the surroundin
superfluid in real time, will be presented in a separate rep
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