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Dielectric breakdown induced in water by Nd:YAG laser pulses is considered experimentally and theoretically.
The effect appears to be due to electron avalanche ionization. The aspects of this process considered here are

the following:

(i) The dependence of the breakdown probability on the laser field. At high fields, electron in-
teraction with molecular (Raman) vibrations or with collective molecular motions occurs.
ing, which contributes to keeping the electron motion in phase with the optical field.

(ii) Bragg scatter-
(iii) The role of the

electron mobility, which contributes to stabilizing the process. (iv) The generation of the electrons that start
the avalanche in relation to different laser-pulse durations and irradiances.

INTRODUCTION

Laser-induced electric breakdown in transparent dielec-
trics has been studied extensively. The importance of
this effect for the production of a laser-induced plasma
and for the propagation of high-irradiance laser beams
through matter was quickly recognized: it is of rele-
vance, for example, for the study of damage of laser mate-
rials and optical components in large systems used for the
generation of high-power laser pulses. Since it is pro-
duced by a beam with high irradiance, this effect is com-
plicated because several nonlinear-optical effects can
occur. Experimental investigations have been performed
mainly for gases and in solids: several reviews have been
published.™* For liquids the investigation has been
devoted mainly to the analysis of sparks and shock
waves.>

The occurrence of electric breakdown in liquids, as pro-
duced by short laser pulses with high irradiance, has be-
come of interest in the past few years in connection with
medical applications of lasers such as for ophthalmic micro-
surgery’™ and, more recently, stone fragmentation.”” In
the former case, laser pulses generated by a @-switched
or, less frequently, mode-locked Nd:YAG laser are focused
inside the vitreous of the eye to disrupt vitreal strands or
membranes or, more commonly, on the posterior wall of
the capsule in the presence of a secondary cataract. Me-
chanical disruption is due to a shock wave generated in
the expansion of the absorbing plasma created by the
focused laser pulses. Absorption by the plasma also par-
tially shields the fundus of the eye from the incoming laser
energy. Studies performed in vitro, on eye models, and
in vivo have shown that breakdown under laser irradiation
is a probabilistic event and that the degree of probability is
related to the beam irradiance. The aim of these studies
was to find the minimum value of beam irradiance that
ensures 100% probability of breakdown. The interpreta-
tion of the basic effects, however, has been referred to the
existing literature on breakdown in gases and solids."

Laser-induced breakdown in the liquids of interest for
the ophthalmic applications has been studied by measur-
ing the probability of its occurrence at different values of
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the laser irradiance. This has been done by changing the
laser power, the focusing optics, and the pulse dura-
tion.'»® It has been found, in particular, that the break-
down probability has a dependence on the laser field
similar to that found in solids.** Furthermore, also in
this case, the threshold obtained with optical fields is of
the same order of magnitude as that obtained with dc
fields. These data suggest that the main mechanism re-
sponsible for the occurrence of breakdown in liquids is
electron avalanche ionization, as in solids.

Here I report on new experimental results and discuss
some basic physical aspects of the electric breakdown in-
duced in water samples with different degrees of purity by
laser pulses generated by a Nd:YAG laser. In order to
clarify the experimental results, the following aspects are
considered: (i) The dependence of the logarithm of the
breakdown probability on the reciprocal laser field. This
dependence is linear at low fields and parabolic at high
fields, where electron scattering by optical phonons oc-
curs. (ii) The mechanism that keeps the electrons in
phase with the optical field, allowing them to gain energy.
(iii) The importance of the electron mobility in dense
water vapor, which has a stabilizing role in the process.
(iv) The generation of the initial electrons that start the
avalanche, in relation to the laser-pulse irradiance and
duration.

EXPERIMENTAL APPARATUS

The experimental apparatus has already been described
in detail.’*® Two Nd:YAG laser sources, operating at
1.064 um, were used: (i) A passively @-switched laser,
which generated pulses with smooth temporal and spatial
profiles. The pulse duration (FWHM) was 7 or 12 nsec
in two different configurations. The spatial configura-
tion was TEMgy, mode with 10-mJ energy or multimode
with energy as high as 200 mJ. The pulse energy, varied
through a series of calibrated attenuators placed in the
beam path, was measured by a pyroelectric detector. The
beam divergence was 4.5 mrad in the multimode configu-
ration and 1.2 mrad in the TEMq mode. (ii) An actively-
passively mode-locked laser system (Quantel Model 402),
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Fig. 1. Breakdown curves expressed as the logarithm of break-
down probability versus the inverse of the laser electric field.
The spot size (/e of the peak irradiance) was d = 350 um; the
pulse duration was ¢, = 7 nsec. DW, distilled water; S, saline
solution; CV, calf vitreous; Tap W, tap water; M, S, thin (10-xm)
plastic membrane in saline solution.

which generated single pulses with a TEMy, mode. The
pulse duration could be switched between 220 and 30 psec
by changing the resonator length and the driving fre-
quency of the acousto-optic modulator. Pulse energies as
great as 25 mJ with 220-psec pulses and 5 mdJ with 30-
psec pulses were used. The energy, changed by varying
the supply voltage of the flash lamps in the two system
amplifiers, was measured with a calorimeter. The beam
divergence was 0.56 mrad. The irradiance, in the focal
plane of quartz lenses, was calculated by dividing the pulse
energy by the pulse duration and by the area of the focal
spot. The spot diameter was taken at 1/e of the peak
value. This calculation could be affected by nonlinear-
optical effects, whose occurrence was investigated with
nanosecond pulses. Self-focusing and stimulated Raman
scattering were not observed in these experimental con-
ditions. A backscattered beam, attributed to the stimu-
lated Brillouin effect, was indeed observed with a
threshold of 5 GW/cm?, but the associated energy was only
a few percent of the input energy.

The liquids used were (1) double-distilled water (Baxter,
S.p.A., Trieste, Italy), (2) 0.9% saline solution (Baxter,
S.p.A., Trieste, Italy), (3) tap water, (4) high-pressure lig-
uid chromatography (HPLC) water (Aldrich Chemical
Company, Milwaukee). For biomedical purposes fresh
calf vitreous was also tested. Breakdown curves were
obtained 2" by plotting, for each value of the laser irradi-
ance, the probability of occurrence of breakdown, moni-
tored either visually or by a photomultiplier. At least
30 pulses were considered at each irradiance. The pulse
repetition rate was 1 Hz.

RESULTS

Typical behavior of the breakdown probability, on a loga-
rithmic scale, versus the reciprocal laser field is repre-
sented in Figs. 1 and 2 for all the liquids examined. This
representation was chosen for comparison with the data
obtained for both crystalline and amorphous solids.* For
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each figure the focusing optics, and therefore the beam
spot size, was fixed. When the focusing optics for a given
material is changed, the data change. Indeed, the thres-
hold irradiance (defined as the minimum irradiance that
gives 100% breakdown probability) increases with the re-
ciprocal spot size of the focused beam, i.e., with the diver-
gence of the input beam and with the power of the focusing
lens. Examples of this behavior have been published.!>!?

The same kinds of measurement were done in distilled
water with single laser pulses of different durations:
7 nsec and 220 and 30 psec. The results are shown in
Fig. 3. Finally, the behavior of the threshold irradiance
for different pulse durations in different samples is shown
in Fig. 4. Measurements in HPLC water were performed
in a nitrogen atmosphere.

DISCUSSION

The data shown in Fig. 1 are similar to those of solids.*
As in this case, the breakdown probability P depends
on the rms laser field, E, through the simple relation P o
exp(— K/E) for values of P ranging from a few percent to
more than 70%. This dependence has been considered**
suggestive for an avalanche-breakdown mechanism be-
cause the dc ionization coefficient that governs avalanche
breakdown in gases and semiconductors depends on the
electric field in the same manner. The physical interpre-
tation' is the same as that given by Shockley for semi-
conductors'® and known as the lucky-electron model.
Shockley observed impact ionization produced by elec-
trons that happened to avoid collision. Here the lucky
electrons are those that undergo favorable elastic colli-
sions that reverse their momentum when the field re-
verses, in order to gain energy from the alternating field.
The probabilistic nature of the effect relies, then, on the
probability of a single electron’s being accelerated to the
ionizing energy e;, and, if the secondary electrons pro-
duced by an ionizing collision have a mean energy much
greater than KT, the avalanche statistics should be gov-
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Fig. 2. Breakdown curves, expressed as the logarithm of break-
down probability versus the inverse of the laser electric field.
The spot size (1/e of the peak irradiance) was d = 15 um;
the pulse duration was ¢; = 12 nsec. DW, distilled water; Tap W,
tap water.
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Fig. 3. Breakdown curves, expressed as the logarithm of break-
down probability versus the inverse of the laser electric field, for
distilled water and different pulse durations. The spot size (1/e
of the peak iraradiance) was d = 50 um. Pulse duration: A,
30 psec; V, 220 psec; ®, 7 nsec.

erned by the first stage of the avalanche itself. Another
important experimental observation, obtained with alkali-
halide crystals,’® is that the rms field strength for laser
breakdown is of the same order as the dc breakdown
strength. This is intuitively clear* if the collision time is
so short as to permit a few lucky collisions in one or a few
light cycles. The model presented is admittedly highly
simplified but gives good agreement with the experimen-
tal results. In his review,* Bloembergen concludes that
laser-induced electron avalanche ionization is usually the
mechanism that determines the breakdown threshold in
pure transparent crystalline or amorphous solids and lig-
uids. This general conclusion is supported by the results
presented here (Fig. 1 and Tables 1 and 2), similar to
those for solids.’* Furthermore, for water the rms field
strength is of the same order of magnitude as that at fre-
quencies of a few megahertz.”” A deeper analysis of the
model, to interpret the experiments, appears worthwhile
and is presented below.

Models of Electron Multiplication in Solids with a

Static Field

The Shockley model®® describes secondary ionization in
semiconductors, given by a dc field, in a phenomenological
way. It contains fitting parameters that represent, in an
average and equivalent way, complex physical processes.
The main point is to consider impact ionization as pro-
duced by electrons that happen to avoid collision, in a sort
of lucky flight (or lucky ballistic motion). An earlier the-
ory, presented by Wolff,’® based on the contribution of
thermalized electrons with a spherical symmetric distri-
bution (rather than peaked in the forward direction as as-
sumed by Shockley), yields an ionization coefficient with a
different dependence on the electric field [exp(—K'/E?)
rather than exp(—K/E)]. A more refined theory was pre-
sented by Baraff,'® who calculated the ionization coeffi-
cient by first computing the hot-electron distribution
numerically from the Boltzmann equation at low tempera-
ture. His results, which have been widely applied to ex-
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periments, give a dependence of the ionization coefficient
on the field strength of roughly exp(—K/E) at low fields
and exp(—K'/E?) at high fields but with significant dif-
ferences from the earlier calculations of Wolff and Shock-
ley. Similar results were obtained by Keldysh,?® who
solved the problem of impact ionization in semiconductors
in analytic form and for arbitrary values of the field E and
of the temperature 7. Then Ridley* used a new ap-
proach to the problem based on the difference between
momentum- and energy-relaxation rates for hot electrons.
The basic mechanism whereby an electron gains suffi-
cient energy to ionize is a lucky drift (rather than a ballis-
tic motion) in which the electrons relax momentum but
not energy. According to this model neither the Shockley
lucky electron nor the Wolff thermalized electron con-
tributes significantly, in agreement with Baraff. The
theory has a wide application to semiconductors with
moderate to large energy gaps because of the predomi-
nance of nonpolar scattering at high energies, but a mean
free path is taken as an average quantity over the relevant
energy range. Finally the model shows why the Wolff-like
mechanism [P « exp(—K'/E?%] dominates at high fields
and the Shockley-like mechanism [P « exp(—K/E)] domi-
nates at low fields. Much earlier, Seitz*® investigated the
theory of the multiplication of electrons in strong electric
fields in crystals. After reviewing previous theories Seitz
faced the problem of investigating whether breakdown
and related properties are determined by the average elec-
tron or by improbable statistical fluctuations in which the
electron makes no collisions, thus anticipating the con-
cepts described later by Wolff and Shockley, respectively.
Seitz derived an expression for the breakdown probability
of the type « exp(—K/E) for the case of fluctuations
and gave the basis for an expression « exp(—K'/E?) for
the average electron. He also gave a semiquantitative
argument to evaluate, in practice, which behavior would
be favored.

Seitz’s treatment is now briefly considered, to clarify
the meaning of a formalism useful in interpreting the ex-
perimental results presented in this paper. An electron
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Fig. 4. Breakdown threshold irradiance versus the laser-pulse
duration for several media. The spot size (1/e of the peak irradi-
ance) wasd = 75 um. DW), distilled water; S, saline solution; CV,
calf vitreous; Tap W, tap water.
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Table 1. Evaluation of Some Physical Parameters Considered in the Text for the Materials Listed®

Material Ey (V/m) K (V/m) 1(4) M a0 ago
Distilled water 1.91 x 10° 7.5 x 10° 87 25 7.85 9.25
Saline solution 1.76 x 10° 5.6 x 10° 116 27 6.15 7.7
Tap water 1.00 x 108 (linear region) 3.1 x 10° 210 48 6.20 7.7
1.09 x 10°® (parabolic region)
Calf vitreous 1.38 x 10° 5.86 x 10° 111 34 8.35 9.8
Membrane in saline solution 0.84 x 10° (linear region) 3.3 x 10° 196 57 7.85 9.1

1.00 x 10°® (parabolic region)

“Laser parameters: pulse duration 7 nsec, spot size d = 350 pm. Tables 1 and 2 refer to two different irradiation cases. The spot size d has been
measured at 1/e of the peak irradiance, and the laser pulse duration is the FWHM. Ey, is the rms field at the center of the focal spot. K is the slope of the
linear region of Fig. 1. ! (A) has been calculated from K = £:/ql, assuming that &; = 6.5 éV. M is the number of half-cycles of the field required for the
electron to reach ¢;: it is calculated from the duration of the ballistic flight (see text). a« = (2K/E) gives the ratio of probabilities of the ballistic flight and
lucky drift. The subscripts 100 and 50 refer to 100% and 50% breakdown probability, respectively.

Table 2. Evaluation of Some Physical Parameters Considered in the Text for the Materials Listed®

Material Ey (V/m) K (V/m) 14 M 00 a5
Distilled water 1.33 x 10° 4.06 x 10° 16 3.6 6.1 7
Tap water 0.54 x 10° (linear region) 2.47 x 10° 26.3 8 9 9.9

0.715 x 10° (parabolic region)
HPLC water 0.182 x 10° (linear region) 2.25 x 10° 29 26.4 24.5 25.3

0.33 X 10° (parabolic region)

“Laser parameters: pulse duration 12 nsec, spot size d = 15 um. The parameters are the same as for Table 1 except that K is the slope of the linear

region of Fig. 2.

(charge e, mass m), which moves in the direction of the
force exerted by the field E, would be accelerated at the
rate eE/m. Hence it would gain energy from the field at
the rate

de/dt = eEv = eE(2s/m)"2,

The probability Py(¢) that it will move for a time ¢, avoid-
ing a momentum-relaxing collision, satisfies the equation
(dP,/d¢) = —pPy, where p = 7,,”! is the reciprocal of the
momentum-relaxation time constant. Since p is a func-
tion of energy, which in turn is a function of time, p may
be regarded as a function of time. Hence "

t &2
_ _ _ _ pde :
Pi¢) = exp( Jopdt) exp( . da/dt)

where ¢; and &, are the initial and final electron energy,
respectively. Assuming that p « ¢, as suggested by
Fig. 2a of Ref. 22 [up to an energy &,, which is an average
of the maximum and minimum energies associated with
the boundaries of the first (conduction) Brillouin zone in
the crystal], we obtain, after simple substitution

2 Ezp(sz)]’
3 eEu(eq)

@

P = exp[— 2)

with the assumption that &,"?p; << £,"%p,. If we assume
that E and v oscillate in phase at optical frequency and
consider the rms field &, Eq. (1) becomes, for &; = ¢; (ion-
ization energy),

P = exp( "”egéz)’ 3

with ¢ = 0.94, I, = v(e;)Tm,, and 7, = 1/p(e;). Equa-
tion (8) coincides with the Shockley expression for P if we

neglect the factor ¢ or if we define a new distance, I’ =
la/¢. Let us consider, on the other hand, an average elec-
tron, which undergoes Brownian motion and possesses a
mobility u = (¢/m)r,. The electron gains energy from
the field at a rate

defdt = (e*/m)E?s,,.

Following Ridley,? if 7, is the energy-relaxation time con-
stant, the probability of an electron’s drifting for a time ¢
and avoiding energy relaxation is

Lt % md
= exp('fo 7) - exp('L _E—_) @

For interaction with phonons of energy #w, we can write
Te/tm = ¢/hw. Then, assuming, as in the previous case,
that 7,”' = p « ¢ and & = (1/2)mv,? we obtain from
Eq. (4)

£ hw .
P, = exp(—-eﬁg eElg) ) (5)

where I; = v,,7m,, as in Eq. (3), and E is the rms field.
Equation (5) coincides with the expression for P at high
fields given by Keldysh.?

The relative importance of the two regimes [ballistic
flight, which leads to Eq. (3), and lucky drift, which leads
to Eq. (5)] has been evaluated by Seitz** for the following
somewhat idealized situation. He assumes that the colli-
sion frequency p is independent of energy (a fair approxi-
mation in ionic crystals) and that the electron loses all its
forward momentum, on the average, each time it makes a
collision with the crystal lattice and starts at rest. The
time interval between collisions,  is assumed sufficiently
long and the applied field sufficiently strong that the colli-
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sions can be regarded as elastic. If the time required for
the electron to reach the ionization energy, ¢;, is ¢;
through the ballistic flight and »n¥ through the lucky drift,
the result is

nf = n'%,.

Seitz then calculates (using a Poissonian distribution) the
probability, A, that the electron will undergo » collisions
in the time Y%, and the probability, B, that the electron
will spend a time ¢, without making a collision in the time
interval n¥%;. The comparison between A and B shows
that, for @ = pt; 2 10, B is larger than 4; i.e., the fluctua-
tions that provide the ballistic flight become dominant (in
this case n'? = 0.3a).

When the experimental results obtained in water are
analyzed, it is immediately clear that the behavior ex-
pressed by both Egs. (3) and (5) is present but that the
former behavior is dominant. Some general aspects
should now be considered.

Mechanism of Lucky Collisions with an Optical Field
When breakdown is produced by an optical field, the bal-
listic flight without collisions must be replaced by a flight
in which lucky collisions reverse the electron momentum
when the field reverses.'* We may wonder whether some
particular effect is responsible for this kind of collision.
As Seitz recognized,” an electron, in the course of being
accelerated, may pass near the boundary of a Brillouin
zone where it has a finite chance of undergoing Laue scat-
tering. Such scattering will alter not the energy of the
electron but rather its direction of motion and hence the
rate at which it gains energy. In liquid water or in dense
vapor, in the presence of large molecular groups, electron
backscattering can occur when the electron wavelength,
A, satisfies the Bragg condition

nA, = 2d,

where d is the intermolecular distance and » is an integer.
The value of A, that satisfies the Bragg condition in liquid
water at room temperature can be deduced from several
scattering experiments. The scattering parameters that
yield the maximum in the angular (here at 6 = 1) distri-
bution of neutron scattering? give (forn = 1) A, = 6.28 A.
On the other hand, from x-ray scattering measurements,**
a molecular structure function for liquid water is obtained
that presents two maxima, at room temperature, at scat-
tering parameter values of 2 and 3, respectively. These
maxima merge into a single maximum at increasing tem-
perature. At 200°C this maximum corresponds to a scat-
‘tering parameter value of 2.44. The corresponding values
of A, are 4.2 and 6.28 A (at 20°C) and 5.2 A (at 200°C).
The molecular correlation function, in turn, peaks at d =
2.8-2.9 A from 4 to 200°C. Similarly, electron scattering
measurements?*?® in liquid water at 5°C give a peak of
scattering efficiency at A, = 5.7-6.3 A. These values of
A, correspond to electrons with energy of ~3.6-4.3 eV. In
all these experiments the scattering intensity distribution
and the molecular structure function present broad
peaks: their widths correspond to electron energies in
the interval 2-8 éV. If we assume an ionization energy
& = 6.5 éV (Refs. 27 and 28) for water, the electrons can
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benefit from Bragg reflection to get the required lucky
collisions for most of their energy range. Of course the
reflection efficiency increases with the number of cells in
the molecular group, and this increase requires the pres-
ence of large groups in the medium, making the reflectiv-
ity bandwidth narrower. The use of a linearly polarized
excitation beam can then induce an anisotropy in the
K space of the generated electrons, as has been observed
in semiconductors. A large fraction of the electrons would
hence already possess the direction of motion favorable for
gaining energy from the field at the time that the elec-
trons are generated.?

Fitting the Experimental Curves of In P versus 1/E

The breakdown-probability curves represented in Figs. 1
and 2 are similar to those obtained in solids."* From
these curves the values of the threshold field (which corre-
sponds to 100% breakdown probability) can be obtained.
Fitting the linear regions to Eq. (3) also gives values of the
slope K and of the characteristic distance ! (see Tables 1
and 2) similar to those of solids.!* As has already been
mentioned, an ionization energy &; = 6.5 €V has been as-
sumed for liquid water. From the duration ¢, = (2me;)%/
gE of ballistic flight, the number M of half-cycles of the
field required for the electron energy to reach ¢; can also
be evaluated.

In solids (alkali halides) the threshold at optical fields
(A = 10.6 pum) is only slightly higher than with dc
fields.'® The latter threshold is, however, somewhat sen-
sitive to the experimental technique used to measure it.
A similar situation is found in water. In fact, the break-
down field in deionized distilled water, with pulses of 2—
10 psec duration, is (2-5) X 107 V/m but exhibits a large
fluctuation.”” This value is lower by a factor of 4-9 than
the value given in Table 1 for distilled water. These data,
in solids, strongly suggest that the breakdown mecha-
nism with optical fields is the same as for dc (or low-
frequency) fields.'®

Also, the parameter a = pt; = (2K/E), introduced by
Seitz?? to evaluate the relative importance of electron
fluctuations, has been calculated (Tables 1 and 2) to deter-
mine its importance in the present experimental situ-
ation. To stay in the region of validity of Eg. (3), I have
evaluated E for 50% breakdown probability. The values
of a should be, in this case, Z10. In spite of the semi-
quantitative character of the criterion, the experimental
situation is reasonably well described by the value of a.
In fact, when « is evaluated for the linear part of the ex-
perimental curves of Figs. 1 and 2, it is ~10 in most of the
cases. When taken at higher probability values (e.g., ex-
trapolating the linear part of the curves at P = 100%), a is
obviously lower.

Some deviation from the linear part, near P = 100%, oc-
curs in almost all the curves. It is interesting that a
parabolic part appears more clearly when « has the lowest
values, i.e., in tap water and saline solution. Fitting
Eq. (5) to the parabolic part of the experimental curves,
with K = ¢;/el being evaluated from the linear part, yields
the phonon energy #w. This, done for the pronounced
case of tap water (Fig. 1), gives iw = 0.45 = 0.05 €V, which
corresponds to the Raman vibration of the water molecule
hw = 0.40-0.43 V. This means that Raman scattering is
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induced by the intense laser pulse, even in its initial stage,
at least in the spontaneous regime. No stimulated
Raman-Stokes scattering has been observed, however, in
the present experiment. HPLC water behaves in a differ-
ent way. Not only is Ey, lower than for the other, less
pure, samples, as discussed below, but also the entire ex-
perimental curve appears different from the others. The
linear region is limited, at least in the experimental condi-
tions discussed, to values of P < 15%, and the parabolic
arc is highly pronounced: it appears at values of the elec-
tric field more than three times lower than for tap water
(Fig. 2), where, in the same experimental conditions, the
Raman vibrations are excited. Fitting the parabolic
curve yields a value of Aw = 0.079 = 0.01 eV, which corre-
sponds to the frequency of the collective mode considered,
for water, by Ascarelli®® (Aw = 0.078 &V, i.e., 630 cm™),
which is equivalent to a longitudinal optical phonon. This
behavior is exhibited only by ultrapure water, which is
likely to possess a more extended local order than the
other water samples. The appearance of this phonon
scattering at relatively low fields is likely to be responsible
for the anomalous value of the a parameter for HPLC
water reported in Tables 1 and 2 and for the low threshold
of this sample, as discussed below.

Early Stage of Plasma Formation: The Importance of
Electron Mobility

The fact that the experimental data are well described by
Eq. (3) for most of the samples deserves a further com-
ment. It means that the material has the same value of /,
and therefore of 7, (v is obviously the same, since it refers
to the end of the ballistic motion), in a large interval of E,
which may change by as much as a factor of 2. This
means a variation by as much as a factor of 4 in the en-
ergy density deposited in the focal volume and a conse-
quent different increase of temperature and expansion in
the initial transient stage of the process. The importance
of the initial stage is verified by many experiments.
Time-resolved studies of Nd:YAG-laser-induced break-
down® show that there is a plasma luminescence at the
beginning of the laser pulse. As for the acoustic tran-
sient, the extrapolation to the breakdown time of the dis-
tance (versus time) traveled by the transient® shows that
the transient already exists at that time. Of course, the
early presence of luminescence and of the acoustic tran-
sient means that the plasma began to be created, to ab-
sorb, and to expand before the breakdown time, at the
beginning of the laser pulse, in a prebreakdown stage that
evolves, presumably, on a subnanosecond time scale. In
solids, measurable currents for fields somewhat lower
than that required to produce breakdown have in fact
been reported.?> These currents are related to break-
down and suggest that electron avalanches are already
present at this stage.

An experimental study of the electron mobility in dense
polar vapors® is useful in explaining how the effects that
occur at the prebreakdown stage can influence the subse-
quent breakdown. The electron mobility has been stud-
ied in supercritical NH; vapors and subcritical H,O
vapors as a function of vapor density and temperature.
The most comprehensive data have been obtained for su-
percritical NH; vapors, but similar behavior is expected
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to hold for supercritical H,O vapor.®*> A schematic draw-
ing of the results is shown represented in Fig. 5, adapted
from Fig. 1 of Ref. 32, for the sake of simplicity in the
following explanation. Recall that the initial part of the
curve (u proportional to 1/n) represents quasi-free or ex-
tended electron states characterized by large mobilities
(210 cm?/V sec in water for n < 10%° cm™2), while the re-
maining part represents localized electron states with
small mobilities (as little as 10~% cm?/V sec in water). A
minimum is presented at ~n./2 (n. is the critical density),
and a maximum at ~2n.. The mobility in the liquid and
its increase at high temperature are also represented:
the lower curve corresponds to a lower temperature.
Electron localization is expected to occur in dense orien-
tational clusters, the dimensions of which can increase
with n to ~n./2, thus decreasing the mobility. In the
range n./2 < n < 2n,, the increase of mobility is caused
by a transition from electrons localized in dense clusters
to electrons localized in cavities (solvated electrons). Ex-
perimental data at higher vapor density are not available
for both NH; and water. Let us suppose now that in the
laser-irradiated region of the liquid, e.g., in the center, a
process, based on electron acceleration by the field and
described by Eq. (3), starts. If some radiation absorption
produces a temperature increase, according to Fig. 5 the
electron mobility u will increase, and so will {, which is
proportional to u. This will increase the probability P of
the process or, for P = 100%, will decrease the value of the
threshold field. The process will thus be enhanced, more
energy will be delivered to the sample, and vapor will be
formed. If the curve u—n follows the dotted curve be-
tween nyq and 2n,, vapor expansion with density decrease
will produce a further increase of u. The process will
continue until the maximum M is reached. Beyond M the

localized

In p (em’V~'sec™)

states
M
3
dense clusters — —\ !
cavities _——’ T}
n liquid
C
! -
. T
In n (cm-3) n. 2n

2
Fig. 5. Electron drift mobility u in dense NH; vapor versus
number density n of the vapor for two temperatures (T1,T3).
This drawing is derived from the data of Krebs (Ref. 32, Fig. 1).
Similar behavior is believed to hold for water vapor. n., critical
density.
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process will go in the opposite way: a further decrease of
density will produce an increase of the threshold. The
process can continue for a while if it starts during the rise
time of the laser pulse, but eventually it will return to M.
The presence of the maximum, therefore, stabilizes the
process. The same mechanism can also produce some
spatial confinement: in fact, around the region of expan-
sion some compression will occur. The consequent den-
sity increase will raise, locally, the threshold of the
process. This would explain the constant value of u, and
therefore of 7, and [, for a given sample to yield the
straight lines observed in the experimental data. Actu-
ally, different temperatures will give a series of maxima,
around M, slightly displaced from one another. This fact
can explain, at least partially, the differences in threshold
and slope of the lines (In P versus 1/E) observed by deliv-
ering different energy densities to the irradiated sample.

Initially Free Electrons and the Effect of Laser

Pulse Duration

In Ref. 14 the following expression was assumed for the
breakdown probability given by an optical field:

P(E) = N(r/rea)™ exp(—si/eEl), (6)

where N is the number of initially free electrons in the
focal volume, 7 is the duration of the laser pulse, fis the
fraction of collisions that contribute to the process (i.e.,
lucky), and M is the number of half-cycles of the field re-
quired for the electron to reach &. The dependence of
P(E) on N and 7, is now considered.

For solids many processes have been invoked to explain
the generation of the initially free electrons*: (i) the ion-
ization of impurities, (ii) the ionization of shallow traps,
and (iii) the direct ionization, by multiphoton absorption,
of the molecule itself. Processes (i) and (ii) are consid-
ered the most likely in liquids also.

The role of impurities appears clearly from the experi-
ments with tap water and with distilled water. In the
latter case the breakdown threshold is higher (Fig. 4),
probably because a lower concentration of impurities gives
a lower concentration of electrons, which take part in the
breakdown process. Furthermore, for N to be indepen-
dent of E, as indicated by the experimental results (Fig. 1),
the process of initial electron generation must be easily
saturated by the laser pulse. According to this interpre-
tation, the breakdown threshold should be even higher in
the highly purified HPLC water. Experimentally this is
not so; the breakdown threshold is, in this case, even
lower in comparison with tap water, as is shown in Fig. 2.
This could be explained by the evolution of excess elec-
trons in water. It has been experimentally shown® that
excess electrons thermalize and reach, in 110 fsec, local-
ized (prehydrated) states in preexisting trapping sites or
molecular clusters. This transient species has a lifetime
of ~240 fsec. Then solvation in deeper traps occurs,
through configurational relaxation of the medium in the
electron field. The fully relaxed electrons, in liquid water
at room temperature, exhibit an optical absorption band
with a peak at ~1.7 €V, which corresponds to the binding
energy of the solvated state?” A steady-state situation
is reached 2 psec after electron injection.?® Within
~300 fsec after injection, the optical field at 1.06 um can
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still make the electron free, through single-photon absorp-
tion, since the prehydrated state absorbs at this wave-
length. After this time, when the solvated state is
reached, creation of a free electron requires two photons
at 1.06 um.

The situation can be quite different in HPLC water.
This medium, owing to its relatively ordered structure,
can be more appropriately treated as a semiconductor®
with an extended conduction band that has an edge at
~1.2 &V below the vacuum level.?” A solvated electron
can be raised to this band by an amount of energy of
~0.5 &V, i.e., in principle through a single-photon process.
A deep trap in ordinary water would thus become a shal-
low trap in HPLC water. This fact, together with a more
efficient Bragg reflection, can contribute to lower the
breakdown threshold of this medium.

The direct ionization of the water molecules them-
selves, by multiphoton absorption, requires intense fields,
which can be obtained with ultrashort laser pulses.
Thus, experimentally, the effect can be studied together
with that of the laser-pulse duration. Experimental re-
sults of In P versus 1/E in distilled water, obtained with
pulses of different duration and with the same focusing
optics, are shown in Fig. 3. An increase of the break-
down threshold and of the slope of the straight lines with
shorter pulses is immediately evident. Equation (6) as-
sumes that P depends linearly on 7, simply because a
longer pulse makes the required sequence of events more
likely to occur. In the present case, this linear relation-
ship is not verified. This is probably because, with in-
tense laser fields, other factors in the expression of P such
as the number N of initially free electrons depend on the
field itself. This would certainly be the case if multipho-
ton ionization of the water molecule should occur. An
estimate of the effectiveness of this process in the present
conditions can be made® by considering the number of
events per unit volume during the pulse duration and
using the theoretical expressions for the ionization rate
given by Keldysh® in the limit of high frequency. An
evaluation for picosecond pulses® generated by a mode-
locked Nd:YAG laser for the case of single molecules
[Eq. (21) of Ref. 36], with ¢; = 12.6 €V, gives an electron
density too low to initiate the breakdown process. How-
ever, a different result is obtained by using the theoretical
expression [Eq. (41) of Ref. 36] that is valid for the cre-
ation of electron-hole pairs in semiconductors and &; =
6.5 eV, appropriate for liquid water.”** In this case, in
fact, with the threshold irradiance values obtained for the
case of distilled water (Table 3), the density of electrons
generated over a time duration of 7,/10 has the following
order of magnitude: N ~ 10" em™® with 7-nsec pulses,
N ~ 10% cm™® with 220-psec pulses, and N ~ 10 cm™
with 30-psec pulses. Since the value of N required for
breakdown® is 10*-10'® cm™3, the occurrence of multipho-
ton ionization can be excluded for @-switched nanosecond
pulses, whereas it is in the range of contributing effects
for 30-psec pulses. This can explain the difference in the
experimental data represented, for these extreme cases,
in Fig. 3. Here the higher slope of curve In P versus 1/E,
obtained with short pulses, could simply represent a
thresholdlike behavior of the multiphoton ionization. The
relevance of a molecular process independent of impurities
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Table 3. Threshold Irradiance for Breakdown
in Distilled Water with Laser Pulses of
Different Durations

Pulse Duration Spot Size Threshold x 10%°
(psec) (nm) (Wem®)
7000 75 3.45
7000 94 3.10
7000 230 1.37
7000 350 1.06

220 37 29.46
220 75 10.81
220 120 3.24
30 37 64.13
30 75 15.22
30 120 4.84

or traps is also evidenced by the fact that the threshold
irradiance, with short pulses, is practically. the same in
tap water, distilled water, and saline solution (Fig. 4). On
the other hand, the lower slope, obtained with nanosecond
pulses, shows the common probabilistic character and
should be due, as already discussed, mainly to ionization
of impurities. The intermediate case, obtained with exci-
tation by 220-psec pulses, shows an intermediate charac-
ter: thresholdlike at lower fields (the same slope as with
30-psec pulses) and probabilistic at higher fields (the same
slope as with 7-nsec pulses). The occurrence of these two
regimes with this sequence has been considered explicitly
in the literature.*

CONCLUSIONS

Experiments on laser-induced breakdown in water show
that the physical mechanism responsible for this effect is,
as in solids, electron avalanche ionization. An extended
analysis of the experimental data allows many aspects of
the process to be clarified.

Several theoretical models, developed for solids in a
static field, predict for the breakdown probability P a de-
pendence on the field as exp(— K/E) when the electrons
avoid collisions in a ballistic flight and exp(— K'/E?) when
the electrons undergo a lucky drift that avoids energy re-
laxation. K is proportional to the ionization energy ¢;; K’
is proportional to ¢; and to the energy of photons that in-
teract with the electrons. When breakdown is produced
by an optical field, another effect must be present in the
electron motion: the occurrence of lucky collisions,
which reverse the electron momentum when the field
reverses, so that the electrons can gain energy from the
field. Bragg backscattering can be responsible for this
effect. In fact, the value of the intermolecular distance in
water, as deduced from scattering experiments, indicates
that the electron wavelength, in the energy range of inter-
est, satisfies the required Bragg condition.

The theoretical model, with the addition of the mecha-
nism for lucky collisions, represents the experimental data
well. The curves (In P versus 1/E), in fact, present a lin-
ear part and a parabolic arc with a relative extension that
depends on the degree of purity of the sample. Fitting
the parabolic arc yields, as mentioned, a phonon energy.
This energy can be evaluated well in the extreme cases of
tap (i.e., impure) water and of HPLC (i.e., ultrapure) water.
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In the former case the frequency of an intermolecular
(Raman) vibration is found; in the latter, the frequency of
a collective dipolar motion.

The linear part of the experimental curves extends over
a large field interval, thus showing stability against the
small density variations of the medium during the initial
transient. This behavior is explained well by the depen-
dence of electron mobility on density in dense vapors.

An important role in the breakdown process is played
by the electrons that initiate the avalanche. Ionization of
impurities certainly provides most of these electrons in
ordinary water. However, the ionization of shallow traps
should also be important in ultrapure water. In this case,
the presence of a conduction band in a semiconductorlike
representation of the medium should make solvated elec-
trons behave as shallow traps, thus possibly contributing
to the process.

Finally, the direct ionization of water molecules by mul-
tiphoton absorption appears a likely process only with the
intense fields of ultrashort pulses. In comparison with
nanosecond excitation, the use of picosecond pulses pro-
duces a substantial increase in the breakdown threshold
and in the slope of the (In P versus 1/E) lines. Owing to
electron generation through multiphoton ionization, the
process seems more thresholdlike than probabilistic. The
two regimes appear with the use of laser pulses of inter-
mediate duration.
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