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Femtosecond puls€390 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 unigue to femtosecond pulses is realized at laser intensities below the
dielectric breakdown thresholtk< 5 10'3W/cn?. A steady state of the long-lived triplet excimers

He,* (3a) (lowest Rydberg stajeis established; the concentration decays between laser pulses
through diffusion-controlled bimolecular annihilation+al0'2cm™2 at a laser repetition rate of 500

Hz. The triplet population is amplified with each pulse in a sequence that invglyaenization of

the Rydberg electron of H& via complete Coulomb barrier suppressid@) 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 ‘Heations

to form electron “bubble” and Hg" “snowball” states;(4) recombination of these elementary
charge carriers to form H&. The amplification factor for the triplets! =2™ characterizes the
excitation sequencem is the number of generations in the cascade=6 at |=4.5

x 10**W/cn?), 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 A; a cloud of electrons surrounding the clump at the electron
thermalization length- 10° A; and interclump separation dictated by the concentration of th& He
precursors~10*A. © 1999 American Institute of Physid$0021-96069)01202-7

I. INTRODUCTION fraction from the motion, remains the basis of most demon-
strations of superfluidity. The microscopic version of this

experiment was most convincingly accomplished recently by
Toennies and co-workers, in OCS-doped He clustansth

éhe substitution of the molecular rotor for the disk stack, they

past few years. A rather thorough review of the experimentaYVere able to spectroscopically observe that the molecule

and theoretical progress in the field was recently presente‘ﬁfou_Id ;matel in the superfluid dl;oplet &Ie while it WOUIS
by Whaley!? A variety of motivations has propelled the re- not in *He clusters. Moreover, by addirftrle atoms to the

3 . .
cent activity. Due to its unique properties such as chemicalgg C;‘:s;?g’ tshjrrrgl'j?\tcljzn tlrsmeOtJirie;)r:J/ﬁ?yWZE?azl:zzﬁqrgmaatﬁilétrg-o

inertness, low temperature, and high thermal conductivity, | o
superfluid helium represents an ideal matrix environfhentSCOPIC scale for the onset of superfluidity. _
for stabilizing weakly bound species and for observing un-  NOt withstanding the elegance of these experiments,
usual reaction&®° Perhaps more tantalizing is the prospectf'n'te's'ge effects due to density gra@ents associated with the
that such studies may lead to a microscopic understanding g,lurfacé. are a source, of concern in these clusters of very
superfluidity. The unusual properties of the superfluid phasé?road size distribution’ Moreover, it is virtually impossible
hallmarks of which include its vanishing viscosity discov- to control the thermodynamic variables of the clusteth
ered by Kapitza? extreme thermal conductivity, thermome- Pressure and temperatirbence, the scrutiny of observables
chanical effect, and second souffdare successfully ex- IS limited to a single point on théHe phase diagram, t®
plained by the phenomenological two-fluid model which was=0-38 K (Ref. 20 determined by evaporative cooling of the
advanced by TisZdand Landad® The classic experiment of cluster?* Analogous measurements of the fluid response to
Andronikashvilil” in which a stack of disks held by a torsion molecular motions, such as vibration, rotation, or electronic
balance was used to observe the decoupling of the superfluRKkcitation, in bulk helium and as a function of temperature,
pressure, and phase, are expected to provide broader insights

regarding the manifestations of superfluidity on the micro-

Atomic and molecular spectroscopy in superfluid he-
lium, and in particular, the spectroscopy of impurities iso-
lated in the liquid phas&;® and in large superfluid helium
droplets?~*has become the subject of active research in th

dpermanent address: Instituir fixperimentalphysik, Freie UniversitBer-

lin, Arnimallee 14, D-14195 Berlin, Germany. SCOpI(_: _Scale-_ ) ) ) o
DElectronic mail: aapkaria@uci.edu Difficulty in implanting the foreign species in liquid he-
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lium has limited studies in the bulk to spectroscopy of metalcarriers. In its ground state, the electron is trapped in a large
atoms dispersed in the liquid by laser ablattoh?® Fre-  bubble of radius~17 A32*3¢ which is formed due to the
guency domain spectra have invariably involved electronicstrictly repulsive interaction between the electron and He,
excitations that are strongly coupled to the medium, yieldingand the weak interaction between He atoms. This electron-
broadbands with very little information content. Under thesebubble state has been characterized spectroscopiafly.
conditions, time domain studies can be expected to be sigvlost recently, there have been theoretical treatments of the
nificantly more incisive, as has been demonstrated by oudynamics of bubble formatiotY, predicting time scales for
group in other studies of impurities isolated in condensedhe full relaxation from 3.9 to 8.5 ps. Mobility measurements
media?® Time-resolved studies of molecular probes in bulkindicate that the positive charge carrier in He is also heavy
superfluid He is our main aim. To this end, instead of inject{with an effective mass of some 30 He atoiifigef. 40],
ing foreign molecular species, we rely on intense femtosecdepicting the picture of a “snowball” formed by the aggre-
ond pulses to prepare the microscopic probes in the negation of He atoms around the charge center. The core of the
fluid. Femtosecond laser-induced ionization of liquid heliumsnowball when fully vibrationally relaxed may be identified
and the subsequent preparation of;Hexcimers in super- as Hg" from the experiments in He molecular bedfnand
fluid He are the subjects of this paper. We follow this with aaccording to recent theoretical simulations of hole migration
report of time-resolved measurements of the response of tt&nd self-trapping in small He clustets.
guantum solvent to electronic excitations using th@(?ﬂj Recombination of the thermal ions leads to the final
chromophore. product of the excitation sequence, molecular Rydberg exci-

Motivated by both fundamental considerations and pracmer states Hg, which lie in the windowless UV range
tical applications such as the generation of very highabove 18 eV, the lowest excited electronic state being the
harmonicé*?®and the production of attosecond puléethe  triplet excimer, He(3a). The existence of these neutral mo-
strong field-induced ionization of atomic He with intense lecular excitations in liquid He was discovered by Surko and
ultrashort laser pulses has been extensively studied. The traReif.*” These states have been prepared in the liquid phase
sition of the process from the multiphoton regime to tunnel-through a-particle and electron-beam bombardment, and
ing ionization?®~?%and eventually to the complete Coulomb their spectroscopy and kinetics have been characterized
barrier suppression limf€ as a function of radiation inten- through both emission and absorption spectroscopy in the IR,
sity is well characterized by both experiment and theory. Invisible, and vacuum ultraviolefvUV) regions}*~*" which
the case of condensed media, and in particular, in the case Bfas recently supplemented by studies in clusters using syn-
rare-gas clusters where the same physics has been pursuedFBEOtron radiatiorf’ A good summary of the early work can
a potential means for the generation of coherent x¥faysd ~ be found in the monograph by Schwentner, Jortner, and
highly ionized states of mattét, the process is less well Koch® It was estgblished.thqt, similar to thg elgctrpn—_bubble
understood. Due mainly to its high ionization limit, liquid He State, the Hgexcimers exist in stable cavities in liquid he-
enables detailed insights into the photophysics of strong fiel§um. with the bubble configuration coordinate responsible
ionization in condensed media. We demonstrate that the iorfo" the observed moderate spectral sr71ifts and broadening of
ization of the liquid proceeds via cascade impact ionizatiorfransitions within the triplet manifolf. Such transitions,
of the ground-state He atoms by electrons accelerated in iffperefore, constitute useful probes for time-dependent studies
intense laser field. Unique to the use of ultrashort pulses is afif the response of the quantum solvent. _ _
excitation regime at which a controllable ionization cascade ~ 1h€ organization of this paper is as follows. Section Il is
of the liquid can be maintained, below laser breakdowrd€voted to the experimental approach, and in Sec. Il the
threshold. The controllability of the cascade allows it to be€XPerimental observations are described and analyzed. In
quantitatively characterized both spatially and temporally up>€C: |V we provide a detailed model for the cascade ioniza-
to the onset of catastrophic breakdown. A novel mechanisi{O" Mechanism and show that it quantitatively reproduces
of subcritical (underdevelopedelectron avalanche is ad- all of the rele\_/ant _experlmental measurements. Concluding
vanced based on these observations. remarks are given in Sec. V.

The controlled ionization provides a convenient access
to a rich variety of electronic excitations in liquid helium and Il. EXPERIMENTAL SETUP
may prove useful for probing microscopic dynamics in the  The experiments are conducted in a helium cryo$at
time domain. The solvation of the nascent ions on picosecford) equipped with a set of optical windows. The cold shaft
ond time scales—thermalization of “hot” quasifree elec- of the cryostat is filled with liquid helium and pumped down
trons to form the bubble state and charge localization antb reach a base temperature of H4B05 K. A wire heater
trapping of the parent He cation to form the snowball with feedback control allows operation at higher tempera-
state—present valuable models of many-body nonadiabatittire. Most measurements were conducted at base tempera-
dynamics’223A significant body of work has been dedicated ture where the best thermal stability is achievidctuations
to studies of the thermal ions in superfluid He. The pioneerfess than 0.01 K Temperature is measured with a rhodium
ing studies of the mobilities of the excess electron and posiiron resistor, which was calibrated against the vapor pressure
tive ion®* showed a surprisingly slow motion of the ions in above the liquid.
external electric field, indicating a large effective size. These Femtosecond laser pulses were generated by a laser sys-
were followed by theoretical calculations which charactertem consisting of a Ti:sapphire oscillator pumped by an
ized the microscopic structure of these elementary chargargon-ion laser, followed by a stretcher, regenerative ampli-
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fier pumped by a YAG laser, and compressor. The maximum
output energy at 790 nm is 50@J in 80 fs pulses, at a He(@P-2°S) jp  HewD.2%P)
variable repetition rate between 1 kHz and 1 Hz. A few
measurements were performed using the second harmonic of
the laser at 395 nm. The laser beam is focused in the liquid
helium using a single lens, focal lengthl.)=9in. The spa-

tial profile of the excitation volume was characterized to ex-
tract absolute photoefficiencies. The beam waist was mea-
sured in air, in front of the cryostat, using a An pinhole

on anX-Y-Z translation stage, and determined as the full

width at half maximum(FWHM) of d=45+5 um and a 1B oo He,(d0)
length ofl =1 cm. Thus, the excitation volume can be es- . He,(hb) He(3°s-2°P)
timated as 1.510 °cn’. He,(i-3)

For time-resolved pump—probe experiments, the femto-
second laser beam was split into two by a 30%—70% single-
stack beamsplitter, passed through a variable delay line, and
recombined collinearly using anoth&0%—-50% beamsplit-
ter before the focusing len#& 1 m translation stage with a
corner cube reflector was used to generate optical delays of
*2ns. 1c

To measure lifetimes of long-lived excited states gener-
ated by the fs laser, a nanosecond dye laser pumped by a
XeCl 308 nm excimer lasefLambda Physik EMG 101
MSC/FL 2002 was used. An electronic delay generator is
used to control the timing between fs pump and ns probe |/, 00— L T
pulses, and the two beams are combined collinearly using a 300 400 500 600 700 800
dichroic mirror and focused using the same lens. The time nm
resolution in these measurements is limited to 10 ns by theig 1. Emission spectra from liquid helium excited by femtosecond laser
pulse width of the dye laser. pulses.(a) Top three traces: laser intensity above breakdown thresihold:

Fluorescence was collected from the focal spot at a right7.5< 10" W/en; 5.9 10 W/cn; 5.2x 10 Wi/cn?, bottom two traces:

. . L . . Jq= 3 . 3 eal

angle using two collection lensed£ 2 in., f.1.=5in.), dis-  Pelow breakdown:l =4.8<10Wfen?; 4.4x 10" *Wjen?. (b) Emission
. sg:ctrum from the liquid helium boiling around the breakdown spot. Broad
persed throth a 1/4 m monochromator, and detected USINGr&ures of spectra ifia) have been subtractedi=8x 103 W/cn?, laser

photomultiplier tube (PMT). The photon collection effi- repetition rate is 500 HZc) Emissions from fs laser breakdown in cold He
ciency for the arrangement is estimated as °lOwith the  gas(above the surface of the liquid
PMT amplification of 10, this translates into~10? elec-
trons at the anode for every emitted visible photon.

To detect VUV fluorescence from the excitation volume, tween the electrodes is 1 cm. The laser is focused midgap,
a gold photocathode with a copper mesh-collecting electrodgherefore,~0.5 cm from either electrode. A sweeping volt-
was fabricated. Given the work function of gold of 4.5 eV, age in the range 100—-500 V is applied to the lower electrode,
this detector responds to all photons shorter than 275 nmand the current measurement is made between the upper
The photocathode was & cm square gold foil, spaced by electrode and ground using either a picoamperenéter
0.4 cm behind the collector. The assembly was situateghley model 48%in cw regime, or a current amplifiétthaco
above the surface of the liquid, 5 cm from the focal spot ofmodel 1211 for resolving the current wave in time.
the laser. The collection efficiency of this assembly, as de-
termined by the solid angle spanned by the photocathode, is
~1.3x102. Normally, a positive voltage of+300 V iS ||l RESULTS AND ANALYSIS
applied to the collector, and current is measured at the gold . I .
electrode using a picoamperemetéeithley model 48% A. Two distinct excitation regimes
Based on a photoelectron ejection probability of 0.06 for  Femtosecond laser pulses focused in liquid helium prove
gold>® and an estimated electron sweep efficiency of 0.20 be efficient in producing electronic excitations which
(variation of the sweeping voltage from 50 to 500 V resultedmanifest themselves in a variety of ways. Specific to the use
in @ monotonic increase of the registered current, indicatingf ultrashort pulses are two distinct excitation regimes with
that saturation is not reached, i.e., not all photoejected eledhe demarcation defined by the threshold for dielectric break-
trons are collected the overall efficiency of~2x 104 col-  down. While breakdown can be induced with long pulse la-
lected electrons per emitted VUV photon is estimated. sers as well, the regime below breakdown is unique to fem-

For detection of ions generated by the femtosecond extosecond excitation. We are mainly interested in the
citation in liquid helium, we used an assembly of two paral-photophysics in this “low-intensity” regime as a means for
lel stainless-steel electrodes immersed in the liquid. Eackontrollable preparation of ionic and neutral excited states in
electrode is a 2.5cmw2.5cm square and the separation be-liquid helium. Nevertheless, it is useful to contrast observa-

l He, (E-A)
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TABLE |. Fluorescence spectrum of liquid helium excited by femtosecond laser pulses in the high- and
low-intensity regimes: observed bands and their assignments.

Observed transitioné\, nm) Assignment
Low intensity High intensity Atomic Molecular
728 nf 3s's-2ptp
707 nf 3s3s-2p P
670 m HD—-2plP
660 nf D(3s0'3,)—B(2pm'Il,),(0—0)
640 &€ 640 € d(3se°3 ) —b(2p7°Il,),(0—0)
616 w F(3ds'A,)—B(2pw'Ily)
612 w
610 w
597 wf 598 nf f(3de®s ) —b(2p7°Il,),(0—0)
586 W 586 m/$§ f(3d@°Il,)—b(2p7°Ily),(0—0)
575 nf 576 m/$§ f(3d6%A,) —b(2p3Il,) (0—0)
537 w X*—b(1-0)?
518 m E(3pm'lly) —A(2s0'S )
505 m P P-2s!s
494 w %*—b(2—0)?
470 m 470 mis e(3pmiIly) —a(2s0’s)
460 s h(4se°3 ;) —b(2p7°Il,),(0—0)
450 m 2h(4s0°S ) —b(2p7iI1y)?
440 s, broad  4d°D—2p°P
404 m/s m(5da®s ) 3, , 6%A,) —b(2pm3Il,)
400 m/s
395 s
395 s, broad p3P—2s3s
371s i(4pmiIly)—a(2s0°3,)
357 w ?2P(6p7illy) —A(2s0'S])?
352 w
346 w
339 m I(5p7iIly)—a(2s0°s)
324 m p(6p7T3Hg)—>a(ZSO'BEJ)
315w r(7pmlly)—a(2ses )

2Atomic 31S—2 P and 3°S—2 2P, and moleculatD (v =0)—'B(v=0) and®d(v=0)—3b(v=0) transi-
tions have been previously characterized in liquid helium excited by electron-beam bombardment by Fitzsim-
mons and co-worker&Refs. 43 and 44

bAtomic 33P—23S, 43D—2 3P transitions were observed from the gas-phase plasma bubble formed by
pulsed electrical discharge in liquid heliufRef. 51).

®Molecular3f —3b, 3g—3a and®h— 3b transitions, previously identified in the gas ph4Bef. 69, have not
been reported in the liquid.

tions with those associated with breakdown, which we suction of the plasma responsible for the strong nonlinear
cinctly relate prior to detailing the measurements of interestoptical response occurs within the laser pulse width.

A sharp intensity threshold for dielectric breakdown is The emission signal obtained above breakdown is very
observed at~5x 103 W/cn? for 790 nm pulse$60 uJ per  noisy, with a shot-to-shot rms noise of 100%, to be com-
pulse, 80 fs FWHM, 45 mm beam wajisThis threshold, to pared with a rms laser intensity jitter of 3%. Characteristic of
within 10%, is independent of temperature acrossMipeint  this regime is a rich spectrum, which contains atomi¢ He
for the measured range, from 1.45 to 2.8 K. The breakdowtines, and both singlet and triplet emissions of,Hexci-
can be visually identified as a bright spark in the focal vol-mers. An illustrative set of spectra is provided in Fig. 1.
ume of the pump beam and is accompanied(byefficient ~ Beside the white light, the spectrum is dominated by the
generation of white light centered on the excitation lasetbroad emissions at 395 and 445 nm, which can be assigned
wavelength see the spectrum in Fig(d)]; (b) self-scattering to 3°P—23S and 4°D—2 3P atomic Rydberg transitions
of the pump beam(c) third-harmonic generation at 264 nm, which are Stark broadened in the high-density plasha.
which propagates collinearly with the pump beam; &dd Similar emissions are obtained from transient plasma
cavitation and generation of macroscopic bubbles, which ocbubbles created by high-voltage pulsed discharge in liquid
curs after a time delay of100 us, as established by scat- helium® Sharper spectroscopic signatures, which include
tering of a counterpropagating He—Ne laser focused into thether atomic lines and vibrationally relaxed lines of both
excitation volume. At yet higher intensities, boiling of the singlet and triplet Hg excimers, appear when cavitation
liquid around the focal spot can be seen, with ensuing agitaand gaseous bubbles resulting from breakdown at high rep-
tion that subsides on a time scale of 0.1 s. The third<tition rates persidisee Fig. 1b)]. The same linegalthough
harmonic generation and self-scattering indicate that formasomewhat narrower due to the lower plasma depaity also
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conductivity upon phase transition, leading to convection
currents that disrupt the steady-state population of excimers
(vide infra). Thus, experimentally, it is found that the con-
trollable excitation below breakdown can only be achieved
in the superfluid phase.

Based on the spectral signatures al¢c@mpare spectra
in Figs. 1 and 2 it is clear that different channels prevail in
the access of the fluorescing states above and below break-
ab down. Moreover, we establish experimentally that the low-
intensity regime is specific to femtosecond excitation. To this
end, we used &-switched pulsed YAG laser of 5 ns pulse
Tg’znn"r‘nfis“ width, which was focused in the liquid through a 20 cm lens.

The general characteristics of uncontrollable dielectric break-

down induced by the ns laser are similar to that of the fs
laser. The emission spectrum obtained from the ns break-
down in the liquid is identical to that in dense He d&%g.
FIG. 2. (a) Fluorescence from liquid helium excited by 790 nm fs laser 1(C)]. Despite the available dynamic range in detection, no
pulses below breakdown. Laser intensity 4 10**W/cn¥, repetition rate emission could be produced below the sharp breakdown

is 500 Hz.(b) Fluorescence induced by 462 nm ns probe laser focused int ; : ; A ; _
the excitation volume in liquid helium and delayed 400 ns from the 790 nm({hreShOId' Dielectric breakdown induced in liquid helium us

fs pump lasergeneratiol, which operates at 500 Hz repetition rate:4 ~ 1NJ & ns Ruby I?‘ser has %reViOUSIY been repottédin con-
x 10" Wicn?. trast with the first report we observe no temperature de-

pendence of the intensity threshold in the range between 1.45
and 4 K. Since the role of impurities in the nanosecond
preakdown experiments is well documentedhis discrep-
ancy may be attributed to the higher purity of liquid helium
in our experiments.

Hej triplet manifold d-b

790 nm fs

Fluorescence intensity (arb.)

350 400 450 500 550 600 650 700 750
nm

observed when breakdown is induced in the cold He vapo
just above the liquid leve|Fig. 1(c)]. The assignment of
lines observed above breakdown are collected in Table I.
The observed visible emission spectra correspond to
transitions within the excited Rydberg manifold of atomic B. LIF spectroscopy below breakdown
and molecular He, among states that lie above 18 eV from”
ground. It is well established that in the liquid phase, visible  All three of the lines observed in the spectrum below
fluorescence constitutes a minor fraction; 3910 4, of the  breakdown, Fig. 2, can be assigned to vibrationally relaxed
overall emission intensity, and that the main relaxation chantransitions of the Hg triplet manifold. The strongest band is
nel is due to radiation from the lowest singlet excited stated(3str323)—>b(2prr3ﬂg), (0—0), at 640 nm; the two
the He(A—X) transition, in the 60-100 nm spectral weaker bands are a triplet(3do>2 ) ,3d#°%I1,,3d6%A )
region?®>? The number of VUV photons is, therefore, a —b(0—0) at 597, 586, and 575 nm, ane(3p=°Ily)
good estimate of the total number of excimers created in the-a(2sc®3)(0—0) transition at 470 nm. Only thé—b
liquid. Using the gold foil photocathode assembly describedransition has been observed previously in the lidfditlo-
in Sec. Il, a photocurrent of 40 pA is measured for excitationtable is the absence of the singlet emissions of*Hevhich
at a repetition rate of 1 kHz and energy of 1@0/pulse, i.e., were readily observed in experiments utilizing particle
2.5x 10° electrons are collected per pulse. Based on the edsombardmenf and electric dischargé.The most intense of
timated collection efficiency, this translates intd0° VUV the observed lines, the— b transition, is centered at 639.5
photons emitted per laser pulse, indicating an excimer conam, redshifted by 2.1 nm relative to the gas phase, and con-
centration of 1&°-~10"cm™2 created in the focal volume. sists of a line of FWHM=2.5 nm riding over a broad pedes-
This is ~100 times larger than the total number of visible tal. These spectral features have previously been interpreted
photons emitted, the latter being an estimate based on chasy Denniset al*® as unresolved rotational structure mani-
acteristics of the PMT and collection efficiency of the setup.festing the bubble state nature of flein liquid helium
It is useful to note that one VUV photon is generated per 4(L-He). We will make extensive use of the—b fluores-
X 10° incoming IR photons, i.e., energy conversion effi- cence in our characterization of excitation mechanisms.
ciency is rather high, of the order of 16, The d—b fluorescence decays with a time constant of
At laser intensities below breakdown, a faint fluores-25 ns, which corresponds to the radiative lifetime of the
cence appears as a red filament in the liquid. All characterstate in the gas phas&éThe f ande states decay within the
istics of above-breakdown excitation vanish, and the fluoresdetector response time of 10 ns, faster than their gas-phase
cence spectrum collapses to only three relatively narrowadiative lifetimes of 20 and 60 ns, respectivéiyThe three
bands as illustrated in Fig. 2. The fluorescence intensity i®mitting states are nested within one,Heibrational level
noticeably more stable, with a shot-to-shot rms noise of 20%eis 1110 cm* aboved, and the three substates of fretate
(laser noise of 3% As the temperature of the liquid is raised are 1150, 1380, and 1820 cthaboved), and are separated
above then point (T,=2.17 K), the fluorescence intensity from the lowerc triplet excimer state by 1.2 eV. The ob-
drops by~1 order of magnitude. This behavior may be at-served lifetimes imply electronic relaxation on a time scale
tributed to thermal instabilities caused by the drop in thermal.< 10 ns from thes andf states to thel state, with the latter
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FIG. 3. Intensity of the 640 nm Hg&(d—b) fluorescence band excited by F|G. 5. Intensity of the 640 nm H&(d—b) fluorescence induced by 462

790 nm fs pulses vs fs laser repetition rate. Laser intensity below breakdowAm ns probe laser vs delay between fs pufgpneration and ns probe

| =4x10"W/en?. T=1.45K. pulses. Intensity of the fs pump laser is below breakddin1.45 K. Solid
line: fit to Eq. (1).

acting as a bottleneck in the electronic cascade. Indeed, fast

collisionally induced excitation transfer, with gas kinetic rate . . .
constants of the order of 18°cms, is observed among vives between laser pulses. The only candidate is the lowest

. . 3 . . . . . .
these three states in the gas ph¥sEhe important implica- triplet excimer state Hg¢"a), the lifetime of which in liquid

tion of the fast interconversion is that the three observeﬁ_e“u:n ISI knowr)h_tlot_be determined by diffusion-controlled
fluorescence bands may originate from a single excitatio imolecufar annihiiation

transition. He,* (a) + Hey* (a) — He* +2He

with a bimolecular rate constant &f=5.5x10 °cm’s at
C. Kinetics T=1.45K as determined by Fitzsimmons and co-work&rs.

. . 3
The intensity of the entire fluorescence spectrum belowl WO-Photon excitation of Hga) at 790 nm would lead to
breakdown is inversely proportional to the repetition periodthe observed.se't of triplet states, as |Ilgstrated in Fig. 4
of the laser. This is demonstrated in Fig. 3 for the 640 nmResonant excitation of the steady-state triplet would explain
emission. Between repetition rates of 1 kHz and 100 Hz thdhe absence of the single states in the fluorescence spectrum
fluorescence intensity decreases by a factord0. This N Fig. 2.

immediately suggests that the fluorescence results from reso- 1€ suggested mechanism of fluorescence excitation is

nant excitation of a steady state of an intermediate that sudiréctly verified by pump—probe experiments, where the fs
laser is used to generate excimers, and a 10 ns dye laser is

tuned to the®e«—3a transition at 462 nm to probe the
He,(3a) population(see the energy-level diagram in Fig. 4

dﬁi)&fif“” As expected, due to the fast interconversion fréento 3f
:_\\;;_\_f(Au I, s and 3d states, the fluorescence spectra obtained using this
N e(11,) N femtosec_ond pump-nanosecond probe schifig 2(b)]
Y d f R are identical to those from 790 nm femtosecond pulses alone
(=) (the e—a emission is masked by the probe Igsdthe fluo-

rescence intensity was verified to be linear with the probe
intensity, demonstrating one-photon excitation. The laser-
induced fluorescencéLIF) intensity (640 nn) exhibits the

cv=1) expected bimolecular decay as a function of the delay be-
c(z}) tween the femtosecond pump and nanosecond probe pulses.
This is shown in Fig. 5 by the fit of the data &t 1.45K to
b(rT, ) the form:
g
I(t) C(t 1
o_cw_ 1 "
lo Cp 1+KCpt
a(sy ) —— in which I, andC, designate, respectively, the fluorescence

intensity and Hg(®a) concentration at= 0. This experiment
definest=0 within the probe pulse width of 10 ns; the ab-
FIG. 4. Energy-level diagram of He triplet manifold. sence of a rise in the data establishes that the formation of

790 nm fs probe 462 nm ns probe
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FIG. 6. Temperature dependence of the decay rate determined from the fit 0 50 100 150 200

of the fs pump—ns probe kinetics in Fig. 5. Solid line: results of Fitzsim-

monset al. (Ref. 44. Pump-probe delay (ps)

FIG. 7. Generation dynamics of the ji¢®a) excimers: pump—probe 790
+790 nm induced fluorescen¢€40 nm, Hg*(d—b)] as a function of
delay between generation W, =50uJ/pulse) and probe VY,

3 . - . B - . .
He,(*a) is completed in this time period. Using the bimo- — 25 uJlpulse) pulses.

lecular annihilation constar of Fitzsimmonset al,** an
initial concentration ofC,~10"cm™3 is extracted from the

fit. ponents. The broad spectral profiles of the fs ld§&WHM
The temperature dependence of the measured rate col-jg nm and absorption lines in liquid He, the large transi-
stant is shown in Fig. 6. The data are in good agreement withop dipoles involved, and the high intensities of the excita-

those of Fitzsimmonst al.™* (solid line in Fig. 6. The rate  jon pulses, assure an efficient resonant two-photon excita-
constant exhibits the characteristic inverted Arrhenius temggn.

perature dependence with an activation energy of 8.3 K, cor-
responding to the roton minimum in the dispersion curve. . o
This dependence below thepoint is expected, since diffu- D- Excimer formation time

sion of impurities through the superfluid is hindered only by utilizing the two-photon fluorescence excitation scheme
scattering on the thermal population of rotons. The agreeof the He(%a) excimers, their formation dynamics were
ment of our data with the prior measurements further impliesnonitored in real time with femtosecond resolution in a
that the femtosecond excitation is “gentle” and does notsingle-color 790 nm-790 nm pump—probe experiment. The
significantly affect the temperature and transport propertiefirst pulse (nonresonantly starts the generation dynamics,
of the fluid in the excitation volume. and the second, delayed pulse, probes the produced concen-
The same bimolecular kinetics reproduces the repetitiofiration of the lowest state triplets kéa), as pictured in Fig.
rate dependence of the fluorescence induced by the femt@: The 640 nm §—b) fluorescence intensity was recorded
second laser alone, as demonstrated in Fig. 3. The secongs a function of pump—probe delay and is characterized by a
order curve calculated usin@, extracted from the fs fast initial rise on the 100—200 ps time scale, which is shown
pump—ns probe kinetics is represented by the solid curve ifh Fig. 7. This is followed by a slower growth which contin-
Fig. 3 and shows excellent agreement with the data. Slowinges for several nanoseconds. Quantitative studies of this ki-
down of the diffusion at higher temperature implies thatnetic stage are complicated by the beam walk-off problems

more triplets will survive and be available for reexcitation. agssociated with the long optical delay. Finally, v 2 ns
This is indeed observed: as the temperature is increased from

T=15K to T=2.1K, the steady-state fluorescence at 500
Hz increases by a factor of2.

The observed kinetics and the absence of the singlet
He,* emission lines imply that the fluorescenceoisly the
result of excitation of the excimers which survive from the
prior pulse, which after a time delay 6f=1-2 ms reach a
concentration ofC(t;)=10"%cm 3. To access the coupled
manifold of He(d,e,f) states, two photons at 790 nm are
required, which are illustrated in Fig. 4. A near-resonant real
intermediate can be assigned to this two-photon excitation by 2
noting that the +-0 vibrational band of tha:(3pcr3Eg+)
—a(2s0®s ) transition is centered at 805 nm with a 10"
FWHM of 10 nm in LHe*"**The second photon would then
overlap thed(3sa®S, ,v=3)«c(v=1) transition, which
is centered at 780 nm in the gas phase, and the nddtby time

=2)«—c(v=1) transitions which in the gas pha+se Occur atgg, g, Evolution of the concentration of Ke3a) excimers in the steady-
803 and 817 nm for th&(3d#>I1,) andf(3do®S ) com-  state regime realized at laser repetition rate 500 Hz below breakdown.

1013

centration (cm™®)

Co

Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 110, No. 3, 15 January 1999 Benderskii et al. 1549

3T T T

i ] TK
[ LHelevel 1 25T, 2 18 16 15
¥ | 5 ] -
[ Laser - L ] > 02r
T 2r ) ] =
5 [ V a ] 15— L 011 =
= [ ] : = 0.08f
1 i o 1 : = 0061
E15¢ 7 ‘ 2 o
(6] - 1 1F E
1 g - E 1 1 1 1
: o s 05 055 06 065 07
; 3 osf 1T (1/K)
05 % ]
: o ]
o - R R PR S B 0 L
0 100 200 300 400 500 0 5 o 15 20 25
t (ms)
Voltage (V)

o ) ] ) FIG. 10. Time-resolved current wave and temperature dependence of the
FIG. 9. Photocurrent through liquid helium excited by fs laser induced bymopility for the negative charge carrier. Solid line: data of Mayer and Reif
applied voltage. Inset: experimental geometry. for the mobility of electron in L-He(Ref. 34.

. . - to nanoampere range is detected on the upper electrode. Cur-
time delay between pulses, it is verified that the dependencgynt js detected at laser intensities both above and below

of the fluorescence intensity on the probe power is q”adraticbreakdown. At a fixed laser power, the current increases

monotonically with applied voltage, up to 500 V/cm, as
E. Steady state of He ,(%a) excimers shown in Fig. 9. The absence of saturation in lth&/ curve

The schematic reconstruction of the experimentally delindicates that only a small fraction of the charges produced

termined concentration profi€(t) is shown in Fig. 8. Dur- by the laser is extracted. Consistent with this, the applied
ing the dark time between laser pulggs: 2 ms for the typi- voltage does not modify the fluorescence intensity. Based on
cally used 500 Hz repetition frequency, the excimers decay“e signal-to-noise ratio of fluorescence, we can establish an

according to Eq(1), from the initial concentratio©, gen-  UPPEr limit for the fraction of extracted ions as 3%. Further,
erated within seve'ral ns of the laser pulse,Gg=C,/(1 this observation establishes that the excitation mechanism

+KCyty). BecauseC, is of the order of 1&cm 2 and K does not involve preexisting ions, since such would be swept

=5.5x10 ¥cmis at T=1.45K, KCot;>1 for t,=1ms, away by the applied voltage.

and concentratio€; of triplets surviving until the next laser Time-resolved measurements of the current wave yield
pulse is a robust numbe€;~1/Kt,=10cm~2 indepen- the mobility of the charge carriers and their identification as

dent of C,. Thus, the bimolecular decay acts as a noisghe thermal electron bubble and the positively charged snow-

reduction mechanism for the steady-state concentratiorp@!- The current wave was recorded with the laser operating
Since the formation time of the excimer is much longer tharft 30 Hz to extend the time scale 180 ms. In Fig. 10 we
the pulse width of the laser, the fluorescence intensity fronphOW the time-resolved current wave for the negative charge
the single pump beam measures the concentraionf ex-  Carmers at two dlff_erent_temperatu_res. The arrlva_l time of the
cimers generated by the previous pump pulse, whereas fludeak of the wave is a linear function of the applied voltage.

rescence induced by a probe pulse delayed-3yns from  1he width of the wave is equal to the peak arrival time,
the generation pump pulse detects concentrafigrereated indicating that the collected charge cloud expands to a diam-

by the pump. To maintain the steady state, the pump puIs@ter comparable with the travel length mm). The average

must amplify the excimer population fro@, to C,. The drift velocity can be calculated from the peak arrival time

rest of the measurements are aimed at characterization of t2#0 ¢M/s at 1.55 K and 50 cm/s at 1.9 K for the traces in
mechanism involved in this process. Fig. 10. The extracted mobility of the charge carriers as a

function of temperature between 1.5 and 2.2 K is presented
in Fig. 10. Below the\ point, the data are well described by
an inverse Arrhenius law with an activation energy of 8.38

Given the fact that radiation far from resonance is usedt0.10K, in accordance with the general mechanism of dif-
to prepare the observed excimer states, it may be suspectétsion and mobility in superfluid helium. The data are in
that ionization is the first step in the process. While ioniza-excellent agreement with the experiments of Mayer and
tion is self-evident above breakdown, by direct measureReif** (solid line in Fig. 10 who have previously measured
ments of photocurrent we establish that ionization occursnobilities of the thermalized charge carriers in liquid helium.
below breakdown as well.

When the femtosecond laser operating at 1 kHz is fo
cused between two parallel electrodes separated by 1 cm,
a sweeping voltage of a few hundred volts applied to the  The most important data regarding the photogeneration
lower electrodgsee the inset in Fig.)9current in the pico- mechanism is provided by the power dependence of photo-

F. Photocurrent measurements

G. Power dependence of the fluorescence and
%I{uotocurrent
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] 200 change either the fluorescence intensity, or photocurrent.
This behavior is a signature of a controlled field-induced
] avalanche ionizatiorisee the discussion sectiprand sug-
1150 gests that we dismiss from consideration any multiphoton
process in the generation mechanism.

The above data allow the characterization of the photo-
physics once the triplet steady state is reached. The number
of pulses required to reach the steady state at a given repeti-
tion rate is an inherently difficult determination since it re-
quires single-shot measurements. We could establish that at a
repetition rate of 500 Hz, and at a laser intensityl 6f4.5
X 108 W/cn?, the steady state is reached within five pulses.

100

(vd) wauny

50

Fluorescence intensity (arb. units)

Laser power ( pJd/pulse) IV. DISCUSSION

FIG. 11. Power dependence of the 640 nm,’{d—Db) fluorescence and : - _
photocurrent:(@) open triangles, fluorescence from pump beam aldbg; The presented eXpe”mental observations cIearIy demon

open circles, fluorescence from 790 nm probe pulg € 26 uJ/pulse) asa  Strate that femtosecond laser excitation of liquid helium, far
function of the pump pulse power; arid) filled squares, photocurrent as a from any resonances, enables efficient access of neutral and
function of pump pulse power. ionic states that lie at energies above 18 eV. The regime of
controllable excitation, which is realized at intensities below
laser breakdown, occurs in the superfluid phase when irradi-
current and fluorescence, which we carry out simultaneouslhated at sufficiently high repetition rates to establish a steady-
The results of this measurement at a laser repetition frestate concentration of the triplet excimer, £f&). The ex-
quency of 500 Hz are collected in Fig. 11. Fluorescence igperimentally determined time profile of théa excimer
measured under two different modes of excitation: concentration was illustrated in Fig. 8. The concentration
(a) The open triangles in Fig. 11 show fluorescence dualecays via diffusion-controlled self-annihilation @, and
to the pump beam alone, which measures the concentratida amplified by a factor o/~10 by the laser pulse to reach
C, of the He* (*a) excimers that survive from the previous Cy. The data in Fig. 11 established that the power depen-
pulse(see Fig. 8. dence of the photogeneration of excimers and that of photo-
(b) The open circlegFig. 11) represent fluorescence in- current are identical. This naturally leads to the conclusion
duced by a 790 nm probe pulse of fixed intenglgser en-  that laser-induced ionization followed by recombination of
ergy per pulseN=26 uJ/pulse) delayed by-2 ns from the ion pairs is the mechanism of excimer formation. Below, we
790 nm pump pulse of varying intensity. According to the develop a model for autocatalytic amplification of the exci-
He,* (3a) formation kinetics described in Sec. 11l D, this de- mer concentration by a laser-driven electron avalanche ion-
lay ensures that the probe pulse measures the populdgon ization. Consecutive steps of the mechanism are detailed in
of the excimers created by the 790 nm pump pulse. the sections that follow: initial ionization of preexisting ex-
Note, in both case@ump alone and pumpprobe), the fluo- cimers, controlled electron avalanche, and thermalization
rescence signal decreases above the breakdown thresheldd recombination of the generated ions. The model
(marked by an arrojvdue to laser scattering from the uniquely allows us to quantitatively reproduce all relevant
plasma. experimental observables in this controlled excitation re-
The current recorded simultaneously with the pump-gime.
probe fluorescence intensity is shown by filled squares in
Fig. 11. Below break(_jown_, the power dgpendence currenA. lonization of excimers via Coulomb barrier
and fluorescence are identical, which indicates that the Pr%yppression
duction of spatially separated ions is a key step in the triplet
generation mechanism. Just below breakdown, at a laser in- The relatively weak power dependence of photocurrent
tensity ofl =4x 102 W/cn?, 10° charges are extracted with observed in Fig. 11, rules out photoionization of ground-state
an applied voltage of 200 V. Comparison of this numberHe atoms. At the intensities used in our experiments, laser
with the excimer concentration, which was independently eslonization of ground-state helium would be expected to be in
timated from the fluorescence signal intensity and from théhe multiphoton regime(~16 photons at 790 nmhv
bimolecular kinetics a€,~ 10t3cm 2 in an excitation vol-  =1.55€V)?’ The transition from the perturbative multipho-
ume of 2 10~%cn?, gives the probability of ion separation ton picture to tunneling ionization is determined by the
by the external electric field d#~5x 103, This in turn has  Keldysh adiabaticity paramefér
important implications regarding the initial separation of the P\ 2 I.P. 12
ion pairs produced by the generation pulse. y=(U— - (Z_FW)
The power dependence of the generation step was fur- P € FoleMew
ther characterized by stretching the pulse width of the pumpvhere I.P=24.6 eV is the ionization limit of He, and, is
laser. Stretching the pulse from 80+®50 fs, while keeping the ponderomotive potential of an electron in the laser elec-
the total energy per pulse constant,Vet=50uJ, does not tric field F=F;cosfgt). For atomic He, the switch over
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from the multiphoton ¢<1) to the tunneling > 1) regime F
occurs at field intensities of 2x 10'*W/cn?, which is an 6
order of magnitude higher than our experimental intensities. :
Indeed, extrapolation of the He ionization probability by 5t
femtosecond laser pulses measured in the gas Phaseur .
range of intensities predicts that ionization probability
changes by-4 orders of magnitude for a twofold increase in
laser intensity. We would not expect a dramatic change in
this behavior from gas to liquid. Therefore, the observed E
weak dependence of photocurrent on laser intensity canno 2r
be ascribed to photoionization of ground-state He. .
Consider instead the H@a) excimers, which are 1
present at concentratioB; ~10?cm 3 in the focal volume s
at the time a laser pulse arrives. The applied laser intensities 0 ——mm '
are now sufficient to completely suppress the Coulombic po- 0 10 20 30 40 50 60
tential that binds the Rydberg electron. Complete suppres- E(eV)
sion of the Coulomb barrier occurs above the critical electriG g 12 () scattering cross sections of an electron on a He a@n;
field®® electron impact ionization cross section of He.

IS

o

o (A2

(1.P)?
th=—4e2 )
which in the case of H&(%a), with 1.P.=4.26 eV, would the He |0n|za_t|on potential. The secondafipw-energy .
; . electrons are in turn accelerated by the same mechanism,
correspond to a laser intensity thresholéy,~1.5 X L . )
> . . . . leading to the ionization cascade. Scrutiny of the dynamics
X 10*?W/cr?. Since the experiments are carried out at in- . .
- . : ) of these processes, presented below, will allow comparison
tensities which are an order of magnitude above this thresh-. :
. with the experimentally measured power dependences of the

old, within the laser pulse, the Rydberg electron is “quaS|—fluorescence and photocurretfEig. 11) and implications
free.” Equivalently, the ionization probability of H¢’a) is about the initial spatial distribution of the generated ions.

~1 even at the lowest laser intensity used in the experiments, : ; .
. . The classical expression for the rate of energy gain by an
therefore, in effect independent of laser power. ; A
electron in the radiation field

lonization of the excimer is not sufficient to account for
the steady-state kinetics, nor is it sufficient to account for the de ez,:(z) wg
intensity dependence of the photocurrent. The radiation must K (e) Veol=Up—27——2 Vealls
now amplify the number of ions produced by ionization of @5 Vol
excimers that survives from the prior pulse. Collision- 2
as_sisted energization of quasifree electrons_in_liqui_d heliunyescribes the average energy transferred from radiation to
driven by thg ponder_omotl\{e force of the radiation field, andg|ectron per collision, times the collision frequeneyy,
subsequent impact ionization of ground-state He atoms byote that we use the space-averaged value of the field inten-
the energized electrons, can lead to an ionization cascade Tgpty F,). The picture is one of elastic collisions that random-
which the initial excimer concentration is multiplied, as we jze the direction of the electron momentum, and therefore, its
describe next. projection on the field direction, leading to a random walk in
three-dimensional momentum space, with the step size of the
walk determined by the laser intensity. The root-mean-
momentum (p?))¥2 gain is proportional to the square root

The mechanism of cascade electron impact ionizationof the number of collisions, and therefore, the energy gain is
responsible for the extensively studied nanosecond brealproportional to the number of collisions. The high density of
down in dense gas and condensed media, was first propostte liquid and the absence of energy-loss channels for elec-
in a theoretical paper by Zel'dovich and Rais&iThe for-  trons below 20 eV provide favorable conditions for fast en-
mulation has been shown to provide a quantitative descripergization. At a laser intensity =4x10"Wi/cn?, i.e.,
tion of nanosecond breakdown in dense helium gas and caspace-averaged electric-fify=1.2 V/A, the amplitude of
be adapted to the present ca@&riefly, electrons are accel- e~ oscillation isx,=eFy/(2mew3)=3.7 A, which is com-
erated by the electric field and gain kinetic energy in colli-parable to the interatomic separation in L-He. These condi-
sions with He atoms. The collisions are necessary for théions are different from the case of dense helium gas, which
simultaneous conservation of energy and momentum. Bewas originally considered by Zel'dovich and Raizen their
cause of the mass asymmetry between electron and atom, tteser breakdown theory. In the liquid, the electron collision
elastic collisional energy loss is small and can be neglecteftequency may be comparable or even higher than the light
in the description of the processnergization of the elec- frequencyw,=2.4X10°s 1. As a consequence, the average
trons may occur at field amplitudes abova (° Vicm,%%i.e.,  energy gain per collision may be less than the ponderomotive
for laser intensities>10° W/cn?). Electron impact ioniza- potential, which is reflected by the factar/(w3+ v2,) in
tion occurs when the electrons reach a kinetic energy abovig. (2).

T dt 2my(w3+ vy

B. Controlled electron avalanche ionization
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FIG. 14. Time evolution of the electron energy distribution functi¢a,t)
FIG. 13. Energy-gain dynamics of an electron in liquid helium in a laserduring the laser pulse: numerical solution of E&). Laser pulse of
field: numerical solution of Eq2) using scattering cross-section(e) from FWHM=80 fs and peak intensity=3x 103 W/cn? is centered at=0.
Eq. (4).

The collision frequency is a function of the kinetic en- maximum of 3.75% 10 *"cn¥ at 105 eV. The experimental

ergy, since it is determined by the electron veloaityand  results at low energies, recently summarized by S#tadi,*
the mean-free path of the electrbn are shown in Fig. 1) and can be represented using a func-

tional form
[2€
Veoi=Vellls(€) =nag(€) m ©) 1
¢ oi(e)= (A%, ®)
. : 14.63
The momentum scattering cross section of low-energy elec- 0.029+ Je
trons on Heog(€), which was measured as a function of 24.6

energy in the gas pha8js shown in Fig. 124). The data where ¢ is in eV, shown by the solid line and used in the

can be fitted to the forrpsolid line in Fig. 12A)] calculations below. The ionization rate is, therefore,
1 2
_ 2 €
o5(€)= 5165+ 0.0056 17 A ) @) Ki(e)=nai(e) - (6)

where e is in eV, which we used in ogr calculations. The The overall dynamics of electrons during the laser pulse

Cross section decreases from (5G1) A* at 0-1 eV t0 2.3 s described in terms of the time evolution of the energy

A% at 25 eV. distribution functionf (e,t), which represents the number of
If we substitute Eq(3) into Eq.(2) and solve the result-  glectrons with kinetic energy betweenand e+de.%® The

ing differential equation, we obtain a kinetic-energy gainfynction obeys the Fokker—Planck equafibn
curve for a quasifree electron in L-He in a laser field. The

results of numerical integration using the fitted experimental iflet) 9 K.(&)f(et)—D(e) f(e,1) FS(e)
dependencéd) for o4(€) are shown in Fig. 13. The curve is at de de
superlinear in the beginning, reflecting the increasing colli- (7)

sion frequency as the electron is accelerated. In spite of somgith the diffusion coefficient along the energy axi e)
complicating detaildvide infra), Eq. (2) and the dynamics determined by the “step Sizevupwg/(wSJrvgo”) and fre-
pictured in Fig. 13 demonstrate the most important physicajuency of “jumps” v, . The source and sink terB(e,t) is
features of the model. The energy gain rate, which detergiven by

mines the number of generations in the cascade developed

during the laser pulse, is proportional to the ponderomotive S(e,)=—Ki(e)f(e,1) +4K(2e+1.P)f(2e+1.P. 1),

potential, which in turn is proportional to the laser intensity:j.e., each electron disappearing at energy-2.P. produces

I (Wicm?) two electrons ak. Note that the total number of electrons,
U, (e\/)=2x—1013—. calculated as an integral of the distribution function over

energy, is not conserved because the model describes multi-
(for a 790 nm wavelengjhThus, as illustrated in Fig. 13, it plication of the electron population.
takes four times longer to reach energy above théHd).at Equation(7) was solved numerically using the coeffi-
| =1x 10" Wi/cn? than at 4x 10" W/cn?. cientsK (e) andK;(e€) calculated from the fitted experimen-
Above 25 eV, an electron ionizes the He atom with atal dependences af(e) and oi(€), Egs.(4) and (5). The
finite probability determined by the impact ionization cross-Gaussian laser pulse profile was introduced via time-
sectiono(€). The latter increases sharply from 0 at I.P. to adependent ponderomotive potentidl, in expressions for
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K.(e) andD(€). An example of the dynamical evolution of multiplication factorM and the decay constaKt Since the

the distribution function is shown in Fig. 14, for a pulse with decay constant is well established independefitthe mul-

peak intensity of = 3x 10**W/cn? and FWHM of 80 fs. At tiplication factor can be uniquely determined from the mea-
the front edge of the laser pulse, the electron distributionsured power dependences of the fluorescence and photocur-
initially a &-function at 0 eV, starts spreading to higher en-rent on the laser poweW using independently adjusted
ergies due to laser heating. When the edge of the distributiopump and probe lasers, data of Fig. 11.

reaches above 24.6 eV, the low-energy end of the distribu- We recognize that the fluorescence intensity obtained
tion function starts to fill in due to impact ionization. Be- from the pump beam along,(W,,) [Fig. 11@)] is deter-
cause oi(e)<og(e), an electron will undergo several mined by the concentration of triplets that survived from the
energy-gaining collisions above the KIRe) before ionizing.  previous pulseC; and the fluorescence excitation efficiency
Thus, at peak laser intensities, a tail of the distribution func-w(Wp,):

tion extends somewhat beyond 25 eV, which decays rapidly

at the end of the pulse. Note that most of the cascade elec- S1(Spw) =
trons are produced in the second half of the laser pulse. Kty M(Wpl)

The model predicts that the laser pulse multiplies then the case of fluorescence in pump—probe measurements we
number of ions byM =2", wherem is the number of gen-  myst include the production of excimers by both pump and
erations in the electron cascade developed during the Iasgfobe pulses. This changes expressid@ for C; andC; in
pulse. As expected from the general physical features of th@hich the multiplication factorM is now substituted by
model, the numerical solution of E¢7) shows thatm is M(W,)M(W,). The pump-probe fluorescence signal
proportional to the energy-gain rat@), which is propor- s,(w) [Fig. 11(b)] arises from the freshly generated exci-
tional to the laser intenSity, and to the time during which themersy 1 ns after the generation pu|Se’ i_e.’ reflects concentra-
laser acts on the system. Thus, overall, the number of prajon C, (the fluorescence excitation efficiency factor in this
duced ions is determined simply by the total energy per lasegase is determined by the probe intensity, i.e., is a constant
pulseW (intensity integrated over the temporal profile of the 3nd also includes the sign@lthough smajl from the con-
pulse:** m=W/W,, and centrationC, excited by the pump:

M = 2W/IWa2, (8)

The characteristic laser power at which the number of ions
doubles is predicted to bé/,=13*2 uJ/pulse, i.e., inten-
sity 1,=(1.0=0.2)x 10"3*W/cn? for 790 nm pulses of tem- I ]

poral width t,=80fs and focal area of (160.3) i M (Wp) M (W) (Wou - (12

X 10~ ° cn* [the main sources of error in the estimate are the=y; the experimentally realized cas&(W,,), M(W,)>1
experimentally measured beam waist and uncertainties ifbee below; and S,(Wp,) M (W,,). P P

oy(€), oi(e)]. A cascade time constant may be defined The current (W,,) [Fig. 11(c)] measures the number of

- 3 ;
such tham=to/7;. At 110" chmz-, it takes on the av-  yroquced ions, which is proportional to concentraty of
erager.=80fs for an electron to gain energy and ionize aine generated excimers

He atom. The constant decreases inversely proportional to
the laser intensity, and &t 4.5x 103 W/cn? 7.=16fs, i.e.,
the cascade consists of five generations.

LMW1 )

1 1
SZ(Wpu) = K_tlHM (Wpu)_ m a’(Wpr)

1

[M (Wpu) M (Wpr) - 1]2
M(Wp)M(Wp)

1. Power dependence of current and fluorescence and, like the pump—probe fluorescence signal, is approxi-
With the identification of the initial concentration of Mmately proportional tavi(Wp,).

quasifree electrons as the surviving concentration of triplet  Recall that the 790 nm induced fluorescence from the

excimers,C,, and under the assumption that the ion pairstriplet excimer is a two-photon process, therefore, the fluo-

generated through the cascade recombine to form the tripléescence excitation efficiency is quadratic in laser power:

excimer, the source term in the excimer steady i 8  @(W)=W?. According to Eq.(8), the multiplication of the
becomes triplets by the electron avalanche ionization is exponential in

laser power. With the substitution of this functional form in
Co=MCy, © Egs.(11)—(13), the experimental power dependence of Fig.
combining this with the bimolecular decay expressidih 11 can be reproduced, as shown by the solid curves in Fig.
expressions for the H&(*a) concentrations characterizing 11. The values ofM(W,), «(W,,) for the probe pulse,

H(Wpy)ee (13

the steady state are easily obtained which enter Egs(12) and (13) for S,(W) andi(W) are
1 obtained by substituting the probe pulse power into the op-
Co=—(M—1), timized M(W) and «(W) dependences, and provide a self-
Kty consistency check of the fit.
1 M—=1 The best fit of the experimental data is achieved for the
Cl:ﬁ VI (100  value of characteristic laser pow&¥,=12uJ/pulse, i.e.,
1 I,=0.9x 10" W/cn?, in excellent agreement with the theo-

to show that at a 1{ repetition rate of excitation, the triplet retically estimated values. The corresponding cascade time
concentration at any time is defined by two parameters: theonstant is7,=18fs at 4< 10**W/cn?. We note that the
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cascade ionization model described in the previous section The thermalization length of the “hot” quasifree elec-
does not have any adjustable parameters. The experimetmbns is determined by the number of elastic collisions with
implies that at a laser intensity=4.5x 1013W/cn?, just be-  He atoms(the only mechanism of energy loss for electrons
low the breakdown threshold, the multiplication factodMs  below 20 eVl. The energy transfer efficiency isy
=30, the characteristic time for the impact ionizationris  =2m./M.=2.7X 10 * per collision. The number of colli-
=16fs, and the cascade consistanof 5 generations. sions necessary to dissipate kinetic energy frqnto e; is

An additional test of the proposed mechanism is pro-given as
vided by the measurements with stretched pulses. The ex-
periments indicate that the signal does not change when the p= ~
laser pulse is stretched while maintaining the total energy per IN[1/(1-v)]

pulseW constant. Indeed, from the discussion beforeBf. and is quite insensitive to the assumed initial and final en-
it follows that if the pulse width, is increased and at the ergy. For an electron to trap, it must slow down such that its
same time the peak intensitys decreased by the same fac- kinetic energy falls below the potential barrier for passing
tor, the multiplication factor will remain exactly the same. through the cells of the liquid. Using the electron—He
This is a Unique feature of the electron avalanche mU'tip”-pseudopotentia| given by Jortngra|_735 we can estimate the
cation mechanism, which distinguishes it from multiphotonpotential corrugation felt by an electron in L-He to be of
processes. order 0.2 eV. The average initial kinetic energy of electrons

Finally, we may comment on the laser wavelength de4s calculated from the electron energy distribution at the end
pendence of the process. Experimentally, when using thef the pulse(see Fig. 14

second harmonic of the fs laser at 395 nm, it is observed that
the low-intensity excitation regime is compressed, such that ()= | ef(e,t=x)de=10.4 eV. (15)
fluorescence is only detected near the breakdown threshold.
The model predicts that at 395 nm, the electron multiplica-The distribution functionf(e,t=), and thereforee; , is

tion time is four times longer. The reason for this is that thenearly independent of the laser intensity. Substituting these
ponderomotive potentidl , in Eq. (2) is inversely propor-  yalues ofe; and ; in Eq. (14), we determine the average
tional to the square of the light frequency, i.e., at a givennumper of collisions to be of the order of-10*, and cor-
intensity the energy gain is four times slower for the secongesponding migration length for the nascent electron

e =L nta e, .

harmonic.
li=1n?2~10° A, (16)
C. lon recombination in which the average scattering lendt 10 A is used. The
1. Spatial distribution of the ions created by the trapped electron thermalizes at the same position as the well-
cascade known bubble state, on the time scale estimated by Rosenblit

The cascade ionization model allows detailed tempora/@"d Jortner as 4-8 ﬁ%.Thg thermal electron bubbles are,
spatial, and energetic characterization of the electrons andg€refore, distributed in a diffuse cloud at a distance0® A
ions prepared by the laser pulse. The average separation g&ound the positive ion clump.
tween the generated positive ions is equal to the displace-
ment of an electron between the ionization events. Assuming
random walk motion of the electron during acceleration, thez, Charge separation by external electric field

spatial cascade length, is determined by the scattering ) ) .
length |, and the number of collisions, suffered during The extraction of charge carriers from the excitation vol-

energy gain and impact ionization. From the numerical solu¥Me by a weak external field confirms the picture of spatially
tion of Eq.(2), we obtain the characteristic cascade length af€Parated positive and negative ions described above. We

which secondaries are generated established that the collected charge corresponds to 0.5% of
the generated excimer concentration. Under the assumption
I;=60A, that all recombined ion pairs form excimers, we may con-

independent of laser intensity. The multiplication proceedsC'U.de that this fraction_ corr_esponds to ions created at a sepa-
around the primary center, and thus creates a clumplof ation where the dc field imposed by the electrodes,,
positive ions separated on the averagel py The distance €xceeds the Coulombic attraction between ions:

between clumps is determined by the average separation be- e

tween the Hg* (3a) precursors, which, at concentrati@h Ryj_=1-—",

~10%cm % is 10*A. The nascent He ion undergoes an A4m€oF ext

ultrafast dimerization reaction(also known as charge i.e., the photocurrent yield probes the outer tail of the elec-
localizatiort?), to form He™, on the time scale of 20—200 tron cloud (, distribution. Under the operating conditions of
fs,2% and subsequently, relaxes vibrationally in collinear col-F4,=200 V/cm, we calculat®k,,_=2.7x10°A. Based on
lisions with He atoms to form a thermal “snowball” state the Gaussian distribution of charge separation lenbths-

with a Hg" core. The associated length scale of the holgposed by the random scattering events, the measured fraction
hopping before localization can be estimated~a20 A°  of extractable charges implies an initial ion separation dis-
and therefore, inhomogeneous spatial distribution will retance such that 4erf(R,_/)=0.005, i.e.,l;~10°A, in

main after spreading during thermalization. agreement with the theoretically estimated valle).

Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 110, No. 3, 15 January 1999 Benderskii et al. 1555

3. Recombination time scale cimers. The requisite steps, and where applicable their time
The internuclear separation of the Heion (1.08 A) and length scales, are given below for a laser intensity of
) — 3 H H .
(Ref. 69 is very close to that of the HE& excimer(1.05 A). ~ =4-5X 10W/cn?, ie., just below breakdown:

Recombination with the thermalized electron is, therefore, (1) The radiation SUPPTESSEs the Coulomb barrier for the
expected to populate the Rydberg,Ketates rather than the Rydberg electron of thg He(a) excimer rendering it into a
ground electronic state because of the better Franck—Conddyasifree state at0 eV:

overlap. The observed formation kinetics of the excimers  He*(3a)+hy—He,"+e (e~0 eV).

(Fig. 7), determines a 100 ps time scale for ion recombina- . ]
tion, which confirms that the produced ions are initially in- ~ (2) During the laser pulse, the quasifree electrons are

homogeneously distributed, as described above. Indeed, hgonderomotively accelerated, and gain kinetic energy in col-
mogeneous recombination at an initial concentratiodiSions with the He atoms of the liquid:

~10"cm 3 is expected for the 10@s time scale, based on e (e~0 eV)+hv—e (e~25 eV), t.=16 fs,

the diffusion coefficient for the positive and negative ions

estimated using the Nernst—Einstein relation. The process |c=60 A,

consists of two stages: diffusional drift of the ions in the
attractive Coulomb field and contact recombination which
populates the H& (%a) state. Due to the strong fieldf the
order of 16 V/cm for separations less than®A), the drift e (e~25 eV)+He—He +2e (e~0 eV).

velocity of the ions may approach the Landau limit_ ( Thjs autocatalytic cycle repeats within the laser pulse, mul-

~60m/s), above which the mobility drastically reduéé_s. tiplying the quasifree electron concentration by a factor of
This limits the estimated drift time from the initial separation s = om \yherem is the number of cycles.

distance of 18A to ~1 ns. An initial rapid expansion of the 3) Upon termination of the laser pulse, the “hot” qua-

positive ion clump due to Coulombic repulsion may facilitate gjfree electrons slow down and are eventually trapped in den-
the kinetics. Further experiments are needed to elucidate th;‘?ty minima of the liquid, then fully thermalize and form the

Iimitin'g process which determines the observed overall re=p nhple” state due to the repulsive exchange interaction
combination time scale. with the surrounding ground-state He aton€

e (quasifreg—e (€<0.2 eV, trappefl

electrons with energg=24.6 eV ionize He atoms and gen-
erate secondaries:

4. Breakdown

With regard to breakdown, the signatures of which were  t;~10-20 ps, li~10° A,
described in Sec. Il A, two important observations can be
made by inspecting the data in Fig. 11. First, the photocur-
rent curve as a function of intensity shows no discontinuitieswhere the bubble formation time scale is from the theoretical
implying that there is no abrupt change in the extractableanalysis of Rosenblit and Jortn€rand assumes an initial
number of photogenerated ions, as would be expected in thermal electron.
runaway avalanche. The second important observation is that (4) The dimerization of the positive helium ion
the (LIF) signal degrades at breakdown, both for pump alone
and pump-—probe signals, implying that laser scattering oc-
curs within the pulse width of 80 fs, and therefore, break-  t=100-500 fs, 1~20 A,
down is sensed optically on that time scale. Consistent with _ . . o .
this, we note that white-light generation from the laser track$'0c€€ds via hole hopping until localization through vibra-
the intensity of emissions attributed to breakdown. Thesdlonal relaxation +°f g]e dimer ion via formation of a linear
observations allow insights into the microscopics of the ini-ntermediate He;"].™ The length scale associated with this

tiation of breakdown. With 30—40 ions created on a lengthPrOCess is that of hole migration, modeled theoretiCatyd
scale of 60 A just below breakdown, clearly, the new gen-

recently determined experimentally in He clust&dfter
eration of electrons can now be expected to be trapped by trﬁé)mplete vibrational relaxation, the_triqtomic ion is stabi-
positively charged clump. Light scattering and white-light 12€d as the core of the gnowbé’rl,whu?h is created by the
generation within the pulse can be understood in terms ofarge-induced polarization of the neighboring shells,
radiation cqupled to inter_acting ele_ctron—ion pa_irs_, i.e., ac-  He,"(v)+He,— (Hes Ngnowban  t~5 PS
celerated dipoles supporting a continuum of radiative states. . . o
The Coulombically trapped electron—ion pairs constitute d/vhgre the time §cale is that of complete thermallzatlon of the
plasma that can be strongly heated by the radiation field®Nic core, and is estimated from simulations. _
Evidently, breakdown, and the subsequent Coulomb explo- () The thermalized ions recombine, forming the vibra-
sion, which leads to cavitation and bubble formation, is ini-tionally relaxed triplet exciplex as a major channel:
tiated in clumps containing a total of 30—40 ion pairs. (Hessnowbairt (€ Dpuspie—Hex(?a), t~100 ps.

e (0 eV,trapped— (e )pyppler t=3-8 ps,

He*+He—He,"(v) + He—He," (v=0),

The time scale is that observed experimentaftyrmation
dynamics in Fig. V.

Based on the above discussion, we can reconstruct the Once the steady-state concentration of the triplet exci-
mechanism for maintenance of the steady state in triplet exmers is established, it is maintained in the sequence of pro-

D. Overall mechanism for excimer multiplication
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cessesl)—(5). The initial buildup of the steady-state concen- to provide a rigorous test for the existing semiclassical treat-
tration, however, requires an initial finite concentration of ments due to the highly quantum nature of He motions. The
seed electrons. Experimentally, we could only establish thatubsequent recombination of the thermalized ions presents a
near-breakdown threshold, at=4.5x10"Wi/cn?, the considerable interest as a prototype electron transfer system
steady statgS9 is reached in less than five pulses. Thein a nonpolar solvent. Finally, the neutral }&a) excimers
required seed concentrati@y to reach the SS concentration generated in the liquid are a convenient spectroscopic probe.
of Cy in n pulses can be obtained by noting th@t Impulsive electronic excitation of these Rydberg molecules,
=M"C,=2M""C,, wheremis the number of generations in which allows us to follow the motions of the surrounding
the cascade, in each pulse. Near breakdown, wimer®&, a  superfluid in real time, will be presented in a separate report.
seed concentration of 3cm™2 is sufficient to reach the
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