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We report on pump-probe measurements of reflectivity and transmissivity of a plasma produced in
transparent solid materials. The plasma is created by irradiating uncoated transparent planar glass tar-
gets with 1.0-ps FWHM laser pulses at a peak intensity of 2.0X 10'> W/cm?. Time-resolved measure-
ments using a probe light pulse incident from the backside are presented, revealing two competing mech-
anisms: one is highly absorptive due to a bulk underdense plasma formed behind the target surface, and
the other is highly reflective due to an overdense plasma layer at the surface. A simple self-consistent
and analytical model, similar to the avalanche model, is proposed, leading to both time-dependent and
time-integrated solutions to the evolution of plasma density profiles and characteristics of high-
intensity-laser-pulse propagation and absorption in the transparent material. Calculations of the probe
light interacting with this plasma show that excellent agreement with experimental measurements can
only be obtained by including a contribution from the bulk plasma formed behind the surface. Experi-
mental measurements with Au-coated targets are also shown to illustrate elimination of the bulk plasma.

PACS number(s): 52.50.Jm, 52.70.Kz, 52.40.Db, 52.65.+z

I. INTRODUCTION

Recent studies of plasmas produced by ultrashort laser
pulses have stimulated great interest in both unexplored
physics of high-density and -temperature plasmas and its
potential applications in the development of x-ray lasers
or x-ray sources of high brightness [1-4]. The plasma
produced by irradiation of a transparent solid target with
an intense ps laser pulse, in several important physical as-
pects, is different from plasmas that are created by laser
pulses of ns duration or longer. For example, transparent
targets eliminate the effect of a laser prepulse that other-
wise may be sufficient to preionize and ablate the target
surface prior to the arrival of the main pulse [5]. Also,
since absorption and electron heating take place within
the short duration of the pulse, there is very little or
greatly reduced effect due to hydrodynamic expansion
into surrounding vacuum during the heating pulse [6-9],
thus allowing us to interrogate or probe the plasma be-
fore its expansion. The scale length of such plasma at the
front target surface is of the order of the optical skin
depth (¢;7,~100 A), much smaller than the laser wave-
length (~5800 A). Hence, this lessens the complications
due to nonlinear processes such as stimulated Brillouin
and Raman scatterings, or profile steepening in the laser-
plasma interaction that are all associated with long-
scale-length plasmas [10]. Moreover, the backside prob-
ing in our pump-probe scheme with transparent targets
advantageously avoids these complications altogether.
The reason is that the plasma, as seen from the backside,
is enveloped by a well-defined solid surrounding it and ex-
periences essentially no hydrodynamic expansion. The
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plasma is then allowed to interact with the probe light,
whose intensity is kept below the thresholds for growth
rates of nonlinear processes [10]. Another advantage of
backside probing is that, unlike frontside probing, where
the probe light is reflected off the overdense plasma layer
at the surface and does not sense the ionized region
behind it, backside probing can provide answers as to
how the laser energy is coupled and transported into the
bulk transparent region. These questions are important
in most laser fusion experiments, where laser-plasma cou-
pling and transport mechanisms critically determine both
the plasma conditions and the efficiency of target implo-
sion {11,12].

In this paper, we discuss a pump-probe experiment in
an attempt to characterize the mechanisms accounting
for plasma formation as a result of irradiation of a trans-
parent target surface with a high-intensity (pump) pulse.
Time-resolved measurements of reflectivity and transmis-
sivity in backside probing of this plasma are presented to-
gether with a discussion of a simple self-consistent model.
The model provides both time-dependent and time-
integrated analytical solutions to the evolution of the
plasma density and laser-pulse profile inside the transpar-
ent solid. Characteristics of high-intensity laser-pulse
propagation and absorption are discussed in detail.
Simulation results of the probe light interacting with the
plasma imbedded in the solid show excellent agreement
with experimental data when absorption by the bulk un-
derdense plasma is taken into account to offset the high
reflectivity of the surface overdense plasma. Also, mea-
surements with Au-coated targets are presented, demon-
strating the disappearance of the bulk plasma.
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II. EXPERIMENTAL DETAILS AND SETUP

The laser system consists of a dye oscillator synchro-
nously pumped by a frequency-doubled cw mode-locked
Nd:YAG oscillator operating at a rate of 125 MHz [13].
Dye pulses of about 2-nJ energy from the oscillator are
then amplified by a sequence of three high-gain dye cells
pumped at 10 Hz by a frequency-doubled Q-switched
Nd:YAG laser. The fluence of prepulse accompanying
the main pulse are kept below 0.1 J/cm? to prevent for-
mation of a long-scale-length and low-density plasma be-
fore arrival of the main pulse. The mode-locked dye os-
cillator normally produces a post pulse which accounts
for 10% of the total energy. It has been effectively
suppressed by a factor of =30 by a gain-quenching
scheme implemented at the first dye amplifier cell [14].
The energy per pulse is ~1.5 mJ and the wavelength is
580 nm. Figure 1 shows a measured autocorrelation
trace normalized to peak intensity. It is best fit to a nor-
malized second-order autocorrelation, assuming a sech?
temporal shape with a full width at half maximum
(FWHM) of 1.0 ps.

The experimental setup, as shown in Fig. 2, is housed
inside a vacuum chamber with pressure maintained at
~1073 torr. The laser pulse is divided, by a 1% beam
splitter, into a stronger pump pulse and a weaker probe
pulse. The target is a commercially made glass slide, con-
sisting of 72.6% SiO, and 27.4% impurities [15]. The
mass density is p=2.2 g/cm?® and linear refractive index
is n,=1.52. The focusing spherical lenses are 25- and
7.5-cm focal length for the pump and the probe beam, re-
spectively. The probe is tightly focused to a spot of 25-
um diam and centered on the larger focused pump spot
of 75-um diam. Polarization of the probe is s-polarized,
orthogonal to that of the pump, so that stray diffuse light
from the pump may be rejected using polarizers before
detection. The pump beam is normal to the target with a
peak spatially averaged intensity kept at 2.0X10"
W/cm?. The incidence angle of the probe is 30° to the
normal at the rear surface, corresponding to an internal
angle of 19° at the front surface. This angle fixes the
length of the interaction region at =100 um, much small-
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FIG. 1. Measured autocorrelation trace of the laser-pulse in-
tensity (closed circles) normalized to peak intensity. A laser
pulse with a 1.0-ps FWHM and sech? shape (solid curve) is as-
sumed and yields the best-fit autocorrelation (dashed curve), in
least-square sense, to the measured trace.
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FIG. 2. Details of the pump-probe experiments. Backside
probing of the plasma in a transparent target is studied by
time-resolved measurements of reflectivity and transmissivity
that are simultaneously monitored by p-i-n diodes. Spectral
changes in the reflected probe light are resolved by a spectrome-
ter and an optical multichannel analyzer to infer absolute zero
time of the two pulses.

er than the Rayleigh ranges of the pump (7 mm) and
probe (0.8 mm) beams. The probe intensity is kept at the
level of =~2.0X 10!°® W/cm?, sufficiently low to be nonin-
trusive but still sufficiently high to discriminate the probe
pulse specular reflection from the diffusely scattered light
of the intense pump pulse. Timing of the probe relative
to the pump is varied by a computer-driven delay line
with 1-um accuracy in increments equivalent to 24.5 fs
between laser shots. Velocity nonlinearity and other
inaccuracies in the translation stage are all negligible
compared to the spatial extent of the laser pulse (~300
pum). A mechanical raster system translates the target be-
tween laser pulses so that each laser pulse arrives at a
fresh part of the target. Spatial walkoff between the
pump and probe beams at the target surface is kept below
an acceptable 20 um throughout a temporal scan as fol-
lows: The unamplified transmitted probe beam is viewed
through a damage crater formed previously by the pump
beam as the target is rastered. The horizontal and verti-
cal tilt of the target are adjusted until the probe beam
tracks the crater throughout a 5X 5cm? raster. The walk-
off, translation-stage wobble, and timing errors ( < 100 fs)
due to target-thickness variations are all negligible, thus
ensuring the same conditions of plasma formation and
probing on each laser short. p-i-n diodes are used to
simultaneously monitor incident, specular reflection and
transmission signals of the probe. These signals are
preamplified and sent to gated boxcar integrators inter-
faced with a computer for storage and further data reduc-
tion.

Rough absolute timing to within 20 ps between the
probe and the pump pulses is obtained with a fast photo-
diode. To determine the zero timing between the two ini-
tially counterpropagating pulses with better accuracy, we
have performed induced phase modulation measurements
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[16]. In these spectral measurements, the pump intensity
is reduced to =~1X10'? W/cm?, below the plasma forma-
tion threshold, but still sufficiently strong to induce a
modulation in the refractive index of the glass medium,
which is given by n,(f)=ng, +n,,1(¢t), where ny, and
n,, are the linear and nonlinear refractive indices, respec-
tively, and I (¢) is the instantaneous intensity of the pump
pulse. The spectral shifts of the reflected probe light are
then resolved by a spectrometer interfaced with an opti-
cal multichannel analyzer. The shifts for the return jour-
ney of the reflected probe light are seen to be proportion-
al to the time derivative of the pump intensity. At early
delay time, or during the rising edge of the pump pulse,
the probe suffers a red shift. At late delay time, or during
the falling edge, the probe experiences a blue shift. When
the two pulses are perfectly overlapped in time at the sur-
face, defined as the absolute-zero delay time, there is no
spectral shift observed in the probe light. The above is
generally true for the probe pulse copropagating with the
pump pulse [17]. However, during its arrival to the front
surface, the counterpropagating probe experiences an ad-
ditional shift that is proportional to the accumulation of
phase change as it traverses the pump-pulse profile.
Analysis of the spectral measurements shows that by
correcting the frequency shifts in the probe on its copro-
pagating (return) journey for shifts accumulated during
its counterpropagating (arrival) journey, we can deter-
mine the location of the absolute-zero timing to within
0.2 ps [18].

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 3 shows simultaneous scans of reflectivity and
transmissivity as functions of relative delay time for un-
coated targets. Each experimental data point is a single
shot measurement. The data have been first divided by
the incident energy (3% rms fluctuation). From the
reflection data we then subtracted an average 0.15% of
the incident probe light for diffuse pump light scattered
into the reflection diode (PD1), and 4.0% for the probe
light reflected from the undisturbed backside surface.
The data was then normalized to an absolute value of
3.7% reflectivity for the cold target. Similarly, subtract-
ing an average 14.0% for diffuse pump light scattered
into the transmission diode (PD?2), transmission data was
normalized to a value of 92.3% transmissivity for the
cold target. Absolute-zero-time-delay position is deter-
mined from the induced-phase-modulation experiments
with the same experimental conditions except that the
pump intensity level is attenuated below the plasma for-
mation threshold. Note that zero timing is when the
peaks of two pulses overlap at the front surface.

In both data scans, the plateaus during early or large
negative delay time correspond to values for the undis-
turbed target where the probe arrives prior to the pump.
Following the plateaus, both curves exhibit a transient
fall time of about 2 ps. The decrease in reflection data
occurs about 0.5 ps before the decrease in transmission.
At late delay time, both reflection and transmission of the
probe again show constant levels. The remaining small
fluctuations in the data points are attributed to fluctua-
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FIG. 3. Simultaneous scans of (a) transmission and (b)
reflection taken with uncoated targets (open circles). Solid
curves are from the model discussed in text. Absolute-zero time
is determined from induced phase modulation measurements, as
discussed in text. Arrows mark the beginnings and endings of
the transients corresponding to points of 10% difference from
the plateau levels.

tions in the pump stray light which does not track the
pump energy and to background electronic noise in the
boxcar integrators. At much later delay, many s after
plasma formation when the plasma has completely
recombined leaving the surface annealed, the reflectivity
and transmissivity are found to be similar to that of the
undisturbed target, albeit with some small decrease
(= —0.9% in reflection and = —7.0% in transmission)
due to asperity of the annealed surface.

The temporal behavior observed in the probe reflection
and transmission can be qualitatively understood by con-
sidering the sequence of events as the pump pulse arrives
at the target surface: At early time or during the leading
edge of the pump pulse, where the intensity at the surface
is low, nearly 96% of the light is transmitted through the
front surface. As the transmitted pump light propagates
into the bulk region, it is absorbed and ionizes the trans-
parent material, resulting in a bulk underdense plasma
behind the surface. Since the density of the undercritical
plasma (<N, =3.3X10?! cm™3) is much below solid
density (N,=6.6X10*2 cm™3), ionization of neutral
atoms is the main contribution to the formation of the
plasma [19,20]. The velocity of the ionization front
should be =~cn,, /ngz, where c is the speed of light, and the
refractive index in the region swept through by the ion-
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ization front is no=~(n;—N,/N.)"*~n,. (N, is the

number density of electrons.) The spatial steepness of the
leading edge of the ionization front depends on the rise
time of the laser profile at the intensity level which pro-
duces such an electron density. At some time ¢, there is
a critical-density plasma layer formed at the surface. As
this plasma layer becomes thick enough (=O0.1 um), it
completely stops further pump-pulse transmission. As a
result, the remaining pump light is kept from further in-
teracting with the bulk region behind the surface plasma
layer, and instead deposits its energy at the surface plas-
ma layer, quickly producing a thin region of highly
reflecting, solid-density plasma [21]. The transmitted
portion of the pump pulse continues deeper into the tar-
get, ionizing until it exits at the rear surface. Thus, at
late time there are two competing mechanisms for the
backside probe pulse: One is highly reflective due to the
formation of a steep overdense layer at the surface, the
other is strongly absorptive due to a bulk underdense
plasma produced behind the surface.

In view of this picture, we explain the temporal behav-
ior of the probe data as follows. At early delay, prior to
the critical time ¢, there is a small underdense plasma
which causes little absorption in the transmitted probe
during its incoming journey to the front surface. The
probe light reflected from the surface, however, will
copropagate with the ionization front and hence suffer
additional absorption over a maximum interaction length
of 100 pm on its return journey. This accounts for the
earlier decrease in the reflected light. Thus the time at
which the reflection transient begins should determine,
after convolution with the probe-pulse profile, the time at
which a plasma of an appreciable density is formed by the
leading edge of the ionization front. As will be seen later,
this density of about 10'® cm ™3 reduces probe reflection
by 10% from the value of the cold target. At the critical
time ¢, the probe transmission is completely turned off
by formation of a critical-density plasma and subsequent-
ly a surface overdense layer. By contrast, the probe
reflection may be enhanced by the surface plasma layer,
only to be heavily absorbed again by the bulk plasma on
its return journey. At the start of the reflection transient,
it is the trailing edge of the probe pulse that is absorbed
appreciably. The end of the transmission transient
occurs when the leading edge of the probe pulse sees the
surface critical plasma. Therefore, the time lag of =~2.5
ps between the beginning of reflection transient and the
end of the transmission transient is the estimate of the
time lapse, convolved by the probe pulse length, between
the formation at the surface of an appreciable density
plasma and critical plasma, and this time lapse, as will be
shown later, is about 0.14 ps. Since the time scales for
cooling and hence recombination in the underdense plas-
ma by electron-atom and electron-ion collisions are > 100
ps [19,20,22], these processes can be neglected on the
few-ps time scale of Fig. 3. Also, measurements with
Au-coated targets described below (Fig. 4) confirm that
surface plasma reflectivity remains approximately un-
changed over the time scale of few ps. For these reasons,
the final reflection and transmission levels of the probe
light should also remain approximately constant, as is ob-
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FIG. 4. Simultaneous scans of reflectivity (closed circles) and
transmissivity (open circles) for Au-coated targets. Unlike un-
coated targets, reflection enhancement is seen as an indication
of elimination of absorption by an underdense plasma.

served.

Specifically, to isolate the effects of such a highly
reflecting surface overdense plasma, we have performed
the same experiments with the glass targets overcoated
with an absorptive gold film of 300-A thickness at the
front surface. The target was also antireflection coated
on its rear surface to enhance the contrast in the
reflection data between early and late time delay. The
use of the Au coating is to promote larger absorption of
the intense pump pulse at the surface, leading to an ear-
lier formation of a surface overdense plasma, hence
preventing formation of the bulk underdense plasma
behind the coating. An estimate of the critical intensity
level at which the Au region reaches critical density gives
a value of =4X 10" W/cm? As will be seen later, the
bulk plasma produced in the glass by the transmitted
pump pulse at this intensity level is of negligible density.
The absorption of the cold Au layer is ~12%, inferred
from values of 64% reflectivity and 24% transmissivity
that are measured by the probe. The data, as displayed in
Fig. 4, taken in the same manner described above were
normalized to reflectivity and transmissivity of the cold
target. The data shows a transmission transient time of
2.0 ps, about the same as that of uncoated targets. At the
same time delay, however, there is a reflection enhance-
ment of nearly 10% of about 2.0-ps duration. Following
the reflection enhancement is a long reflection decrease
with 1/e decay time of about 8.0 ps. This behavior
proves that with Au-coated targets we have succeeded in
isolating the highly reflective surface overdense plasma
layer from large absorption by a bulk underdense plasma.
Further detailed discussion of measurements and calcula-
tions for Au-coated targets, taking into account the
effects of thermal heat wave propagation [8,20] to explain
the slow decay in reflectivity, will be given in a future
publication.

IV. THEORETICAL MODEL AND CALCULATIONS

In order to model self-consistently the time evolution
of the bulk underdense plasma in space as described
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above, we propose the following equations (in cgs units):

A dl(x,1) | Al(x1) _

—N,o (%, D (x,1)

Vg at ox
=—bN,(x,0)I(x,t) , (1)
an, aT,
(E;+3KT,)— = +3kN, = = =N, 0 (x,01 (x,1)

+[—~DVAN,3kT,)
—3KN (T, =T, Weq .

(2)
Equation (1) is the transport equation for a wave pack-
et of laser photons traveling in a transparent medium
with a group velocity v,~c/n, and an absorption
coefficient « equal to the product N,o,. N, is number
density of neutral atoms. o, is the cross section for free-
free absorption of a photon during an electron-atom col-
lision and is linearly proportional to electron density [19],
0,=bN,/N,, where b is defined as the cross section at
solid density. Equation (1) describes characteristics of
laser-pulse propagation and absorption in the transparent
medium: as it propagates it is absorbed and attenuated,
imparting energy to heating of the free electrons. Conse-
quently, deformation of the pulse profile occurs. Early
during the leading edge of the pulse when the electron
density is still low, the effect on the profile is small. At
later time, the increasing-density plasma has a greater
effect on the profile. More details on the characteristics
of the laser-pulse propagation are given in the Appendix.
Similar to the initiation of breakdown in solid materi-
als by an avalanche process [23-26], creation of electron
density begins with a small number N,, of free electrons
that are generated by multiphoton processes or by readily
ionized impurity atoms. When these initial electrons gain
sufficient kinetic energy 3kT, /2 from the laser field, they
collide with nearby atoms to produce a cascade of secon-
dary electrons. Equation (2), similar to that of the Har-
rach model [27], describes the evolution of electron plas-
ma with E; as ionization energy except for an additional
term due to spatial diffusion of electrons out of the in-
teraction region. On the few-ps time scale, energy losses
due to ambipolar diffusion (=100 ps for a diffusion scale
of 1000 A), lateral electron thermal conduction or free
streaming diffusion (=100 ps) [19], and the radiative
cooling time (=100 ns) [22] can be all safely ignored.
The second term in the bracket for energy exchange in
direct electron-atom collisions can also be neglected by
virtue of the long characteristic time (=1 ns) for appre-
ciable energy transfer in electron-atom collisions.
According to Harrach’s model, the plasma formation
and heating process reveal two distinct stages [27,28].
The first stage is the heating of initially free electrons to
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some high characteristic temperature, followed by a stage
of ionization growth in which collisions between hot elec-
trons and atoms prevent further temperature change.
The model gives an estimate of =10 fs for the charac-
teristic heating time and the characteristic temperature
of =~1.0 eV at 10!'* W/cm? intensity. For our experimen-
tal conditions we therefore neglect the term in 97, /3¢,
and assume a maximum final temperature of 1.0 eV that
is given by the Saha equation for E;=9 eV, N, <N_ and
N_,=N,/20. Another way to justify omission of this
term is by examining Eq. (2) without terms in the brack-
et. The electron density grows exponentially with a
growth rate proportional to the intensity, whereas tem-
perature only increases as some power of intensity, and
this power dependence is less than one, since ionization
competes with the heating process. A physical implica-
tion of this approximation is analogous to that given by
Newstein [28]: Under the influence of the laser field, at
some characteristic time the free electrons gain as much
energy from the field as they lose to many cold electrons
that are bound to the nearby atoms. Thus there is a
steady state in which further heating is balanced by the
rate of energy lost to ionizing neutral atoms. As a result,
energy absorbed during the subsequently arriving pump
pulse does not give rise to any further significant temper-
ature increase, but instead goes toward the predominant
ionization of atoms. For these reasons we can also then
neglect the temperature dependence of the electron-atom
collision cross section.

Equation (2) preserves the exponential nature of the
avalanche model, where the ionization rate coefficient is
linearly proportional to the laser intensity and electron
density is a steeply rising function of intensity. There-
fore, the critical threshold I, =1(0,¢..) and critical time
t., are weakly dependent or essentially independent of the
initial condition N,y(x). Hence, early during the leading
edge of the laser pulse, details of any ionization process
other than collisional ionization, such as multiphoton,
photoionization of impurities, or F-center formation, are
unimportant and just serve to produce a number of
“priming” electrons N,y(x), initiating the subsequent cas-
cade processes in the interaction region [23,25,26].

Interestingly, Eq. (2) with the terms discussed above
neglected together with Eq. (1) are analogous to those of
Frantz and Nodvik [29] for laser amplification, except we
describe here propagation of high-intensity laser pulse in
an absorptive medium, with an absorption that depends
exponentially on the laser intensity. Solving the two
equations by the method of characteristics with an input
laser pulse 1,(¢)=1(0,¢) at the surface and an initial elec-
tron density N,y(x)=N,(x,— o), time-dependent solu-
tions to the electron-density evolution and laser pulse
propagation are, with I (¢ =¢_), set to O to simulate for-
mation of the surface critical plasma, given by

I [t — %
Vg
I(x’t): t—x/vg x
1+ exp afi Iy(t")dt' | |exp beNeO(x')dx']—l}

, (19
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N,o(x)
N,(x,t)= - <0 = ) (2)
1+exp |—b fo Noo(x")dx' | |exp |—a [ “Io(t")dt’ ]—1 ]

where the proportionality constant a =b /(E; +3kT,).

The time evolution, from —3.0 to +3.0 ps, of electron
density normalized to the critical density is shown in Fig.
5. The pump pulse (not shown in the figure) is incident
onto the target surface (x =0) from the left. Note that
zero time refers to the time when the peak of the pulse ar-
rives at the surface. Parameters used for the calculation
are the following: peak intensity I, =2.0X 10"
W/cm? with a sech? profile and FWHM=1.2 ps; T,=1.0
eV; b =1.2X10"17 cm? Ionization energy is taken as
the energy gap (=9 eV) between the valence and conduc-
tion bands of the insulator material. We take N,,= 108
cm 3, a typical value often used in previous works on
laser-induced damage [26,30]. This number corresponds
to = ten initial electrons in the interaction volume of
~1077cm 3.

The critical plasma layer formed at the surface takes
place during the leading edge of the pulse, at ¢, = —0.46
ps and I, =1.3X 10" W/cm?. The calculation shows the
time lapse for the density growth at the surface from a
density of 10'® cm ™3 to N, is Az =0.14 ps. Prior to the
critical time ¢, the plasma-buildup rate is given by Eq.
(2), N,/N,=al (x,t), an increasing function of time up to
a maximum at ¢, which sets an upper limit for the peak
intensity of the transmitted pump pulse. At time t>¢_
an underdense plasma plateau of ~10' cm™* begins to
develop inside the bulk region as the transmitted pump
continues to the rear surface (x =1000 um). The average
plateau density is about 330 times below the critical den-
sity and about 6000 times less than the solid density.

Comparisons of ionization rates with previous mea-
surements obtained from the laser-induced damage stud-
ies on NaCl crystals by laser pulses of 20 ps and longer
duration are plotted in Fig. 6 against the critical or
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FIG. 5. Evolution of electron density behind the transparent
target surface. Negative (positive) time is when the leading
(trailing) edge of the pump pulse arrives at the surface (x =0).
Zero time corresponds to the peak of the pulse at the surface.

[

threshold electric field [23,24]. The experimental data
(open circles) together with the semiempirical calcula-
tions (dashed curve) are taken from Bloembergen [24].
The curve was derived with an assumption that the free-
electron mobility is independent of the electric field, and
it shows the ionization process is neither strictly intensity
dependent nor strictly energy-fluence dependent. The
solid line, results from averaging al(x, tcr) over the in-
teraction length for I, =2.0X 10'* W/cm? and various
pulse lengths, is energy-fluence dependent only and is
asymptotically a limiting case to the semiempirical curve
in the region of short-pulse duration. This is because un-
der the influence of laser pulses of duration comparable
with the time between electron-atom collisions, the elec-
tron drift velocity is strictly linearly proportional to the
laser field. Our maximum ionization rate at 7. (closed
circles) corresponding to the current experimental condi-
tions is 4.3 X 10'3/s.

In Fig. 7 we display in greater detail snapshots of elec-
tron density at times t, (solid curve) and ¢, +0.5 ps
(dashed curve) in the bulk region (x >0.1 um). The sur-
face overdense layer region (not shown in the figure), not
treated by the model after it is formed, is thought to be of
order 0.1 um, which is many optical skin depths. At ¢,
the thickness of the bulk plasma region ( >10'® cm™3) at
the surface is =Atv, =28 um. The shoulders in the den-
sity curves correspond to the moving ionization front
whose time-dependent slope is sensitive to the pulse rise
time near the critical threshold. Also shown are curves
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FIG. 6. Ionization rates as a function of critical or break-
down threshold field. Experimental points (open circles) and
semiempirical calculation (dashed curve) are taken from Bloem-
bergen [24] for comparison with the spatially averaged rates
(solid line) given by Eq. (2). The solid circle corresponds to cal-
culation based on the current experimental conditions. (See
Bloembergen [24] for a more detailed discussion of the sem-
iempirical curve.)
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FIG. 7. Shown in greater detail, electron density profiles and
cumulative optical depths as functions of position at times ¢,
(solid curves) and at ¢, +0.5 ps (dashed curves).

for the cumulative optical depth [defined as f “k(x")dx'],
describing the spatial distribution of the bulk absorption.

The profile of the calculated transmitted pulse (dashed
curve) exiting at the rear surface plotted in Fig. 8 is com-
pared to that of the input pulse (solid curve) at the front
surface, showing clearly the timing of maximum absorp-
tion of the transmitted pump energy. Note the zero-
intensity point in the transmitted pump pulse occurs
about 0.05 ps prior to ... The sudden decrease in the
transmitted pump pulse profile due to the rapid buildup
of plasma density has been observed previously and used
to determine breakdown threshold electric fields with
pulses of many ps [24,25]. At ¢, decoupling of the
transmitted and reflected pump pulses should be complet-
ed by the surface overdense plasma, and subsequently,
the pump reflection should be increased strongly, which
forms the basis of the plasma mirror effects [31]. We
note that for Au-coated targets the intensity for critical
plasma formation (I, ~4X10'' W/cm?) occurs about 1
ps earlier and at an intensity about 30 times lower than
that in uncoated targets. Hence, bulk absorption at this
level, as is shown in Fig. 8, is indeed negligible.

We now model the probe-pulse absorption. Absorp-
tion of the probe light is by e-atom inverse bremsstrah-
lung and obeys Beer’s law. Considering a §-like slice of
the probe pulse entering the interaction region and reach-
ing the front surface at time ¢ prior to the critical time,
t<t., the probe time-dependent transmission and
reflection are given by

Li

T(1)=T, exp —f K(x,t—nox/c)dx] s
0 ‘ 3)
Li

R (1)=R, exp _fo K(x,t —ngx /c)dx

>

Li
_fo K(x,t +ngx /c)dx

where T, and R, are the transmissivity and reflectivity of
the cold glass target, and L, =100 um is the interaction
length. The second exponential term in R accounts for

FIG. 8. Profile of the input pump pulse at the surface (solid
curve) taken as sech? with 1.2-ps. FWHM, and profile of the
transmitted pulse at the rear surface (dashed curve) resulting in
shorter FWHM and lower peak intensity. Note the zero point
in transmitted pump profile occurs about 0.05 ps prior to the
critical time ¢, = —0.46 ps.

additional absorption by the reflected probe pulse during
its return journey.

For time ¢ 2 ¢ transmission of the probe is stopped,
and probe reflection is modified by the formation of the
surface plasma layer:

T=0,

Li
R (t)=R, exp —fo k(x,t —ngx /c)dx

Li
—fo Kk(x,t +nyx/cdx |,

where R is the reflectivity of the surface overdense plas-
ma layer. Previous experimental measurements of
reflectivity with sub-ps pulses have shown that surface
reflectivity range from 35% to 85% is possible [1,32].
Our estimates from Fresnel calculations of the surface
reflectivity give a value of =40% for R, which will be
treated as a constant in a time scale of few ps, as was seen
with Au-coated targets in Fig. 4. The above expressions
are for instantaneous values, which are then convolved
over the finite duration of the probe pulse.

To obtain least-square best fits to the data for uncoated
targets, shown as solid curves in Fig. 3, we have used a
pulse length of 1.2-ps FWHM, 0.2 ps longer than the
recorded autocorrelation shown in Fig. 1. The most
probable justification for this discrepancy is ascribed to
variations in the pump-pulse intensity across the focal di-
ameter, which translates into a range of critical times
across the diameter of the plasma (see the Appendix).
This spatial dependence of intensity was not accounted
for by the model. The competition between the bulk
plasma and the surface plasma is characterized by a rela-
tion between values of b and R, that produce best fits to
the experimental data. In Fig. 9 calculated values of b
are plotted as a function of R, (open-square curve) which
give us estimates for the lower and upper limits of the
cross section b for photon absorption. We note that
values of. b range within a factor of 3 for a reasonable
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FIG. 9. Correlated values of surface overdense plasma

reflectivity and solid density cross section (square-circle curve)
that give best fits to the experimental reflectivity and transmis-
sivity data. Also plotted are the corresponding absorption
coefficient at ¢, (open-circle curve) and at z > ¢, +0.5 ps (close-
circle curve).

range in R; (10-70%). The average value of b of
~1.0X 10717 cm? is about five times lower than that pre-
dicted by Browne’s formula, where it was derived for
plasma formation in gas [19]. We attribute this reduction
to the band structure and quantum transport effects in
SiO, solid [33]. Also, the absorption coefficients of the
bulk plasma, averaged over the interaction length, are
plotted on the right scale against the values of b
at time t, (open-circle curve) and at time
t=t,.+L;ny/c=t,+0.5 ps, the time when the density
plateau begins to extend beyond the interaction region
(closed-circle).

Another demonstration of the absorptive effect of the
bulk underdense plasma on the measured reflection and
transmission of the probe light can be shown by repeating
the calculations without a bulk plasma. As one would ex-
pect from this calculation, there is no time lag between
the transients of the reflectivity and transmissivity, and,
more importantly, there is a reflectivity enhancement
rather than a decrease as was observed. Thus, had the
bulk plasma not been produced in uncoated targets, we
would have seen a large reflection enhancement, as was
shown with Au-coated targets in Fig. 4.

V. CONCLUSION

We have reported time-resolved measurements of the
reflectivity and transmissivity of plasmas produced by in-
tense ps-laser-pulse irradiation of initially transparent
targets. The results demonstrate that before the peak of
the pulse, there is a large underdense plasma formed in
the bulk glass region which gives rise to absorption of the
probe light. At subsequent times there is also an over-
dense plasma layer formed at the surface which prevents
further transmission of the laser light and thus any subse-
quent increase in the plasma density and temperature in
the bulk region. The data show competition of two op-
posing mechanisms: one is reflection by the surface over-
dense plasma, the other is absorption by the bulk under-
dense plasma. Experimental results for targets overcoat-
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ed with a gold thin film showed that the bulk plasma can
be eliminated as predicted. Moreover, related to the un-
solved issues of previous works on laser-induced break-
down of optical materials [34], our experimental findings
of the underdense plasma imbedded in the solid may very
well be the direct evidence for avalanche buildup of
charge in the bulk region. Time-resolved studies of the
surface plasma and the bulk plasma provide dynamical
pictures for different processes that lead to surface and
bulk damages that have been seen in wide variety of opti-
cal materials [26,34].

We also have presented a model for plasma evolution
in transparent materials with laser pulses of arbitrary
shape. The model omits several physical processes, as
were justified by their characteristic times that are ir-
relevant to the time scale of the experiment. These omis-
sions are necessary to render simplicity and analyticity of
the model, and at the same time, to retain the physical
features similar to some previous models and preserve the
characteristics of the well-known avalanche model.
Moreover, unlike others, our model supplementally and
self-consistently describes the characteristics of the high-
intensity laser-pulse propagation in the target medium as
it is absorbed by e-atom inverse bremsstrahlung, and it
determines the growth rate, size, and absorptivity of the
bulk plasma produced by the laser pulse. Also, it esti-
mates the maximum amount of laser energy that can be
transmitted through a transparent medium (see the Ap-
pendix), which is critical in studies of optical breakdown
and the technology of high-power propagation in optical
materials. The simplicity of the model allows one to per-
form rapid simulations on personal computers, and opens
up ways for both time-resolved and integrated predic-
tions of plasma dynamics in transparent solid materials.
In particular, the model is useful for predicting the for-
mation of relativistic underdense ionization fronts, which
are of current interest for frequency upshifting [35,36].

Calculations of the reflected pump energy and pulse
profile can also be obtained by energy conservation, but
they will be somewhat overestimated, since the model
does not include absorption of the pump energy by the
overdense plasma layer at the front surface and its subse-
quent expansion into vacuum. These calculations, never-
theless, prove the possibilities for further investigation of
time-resolved breakdown or plasma formation in trans-
parent materials. All of these calculated parameters for
the pump pulse, except .., can be directly obtained from
experiments. Information about the critical time, howev-
er, can be determined from comparison of the transmit-
ted and reflected pulse profile with the incident pump; for
example, by high-order autocorrelators. Concerning
plasma mirror effects, the above calculations show that
recording of the energy and profile of the transmitted
pump pulse rather than the reflected pump pulse is more
meaningful in that they are devoid of complications due
to the effects of hydrodynamic expansion at the front sur-
face. Furthermore, since most of the laser absorption is
predicted to occur 0.14 ps prior to the critical time, the
transmitted pump profile should allow us to determine
the critical time and intensity threshold with an accuracy
better than half of the laser pulse FWHM.
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APPENDIX: CHARACTERISTICS
OF PUMP LASER PULSES

By time integrating Egs. (1) and (2) and employing the
relations I (+ o )=0 we obtain the time-integrated solu-
tion for the transmitted pump fluence:

—_..l —_ o ’ ’
e(x)= > In exp[ beNeo(x )dx ]

X[ exp(—ag,)—1]+1|, (A1)

where E(x)ZfJ_er(x,t’)dt’ is the transmitted energy

fluence and g, = fl_"wI(O,t')dt is the input fluence up to
t., at the surface.

The critical time as the function of the peak intensity
of the input pump pulse is plotted in Fig. 10. This curve
is analytically obtained by setting the solution (2') at the
target surface, N,(0,¢..)=N,. As expected, when the
peak intensity is lowered, formation of the overdense
plasma layer takes place progressively later along the
pulse profile. This dependence is, though pulse-shape
dependent, similar to the result from the avalanche mod-
el, where the breakdown intensity threshold is propor-
tional to reciprocal of the laser pulselength [24,25]. At
peak intensities <6X10'> W/cm? critical plasma is
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FIG. 10. Calculated critical time .. (solid curve), transmis-
sivity T (dashed curve), and experimentally measured transmis-
sivity (open-circle curve) of the pump pulse as functions of input
peak intensity. Negative (positive) time corresponds to leading
(trailing) edge of the pulse. Zero time is when the peak arrives
at the surface.

formed during the trailing edge of the pulse and a small
fluctuation in the intensity will result in a large change in
the critical time, leading to large fluctuations in probe
data. At higher intensities, by contrast, critical time
occurs during the leading edge and a small peak intensity
fluctuation leads to only a small change in the critical
time, as is the case seen in Figs. 3 and 4. Figure 10 also
shows calculated and measured transmitted pump ener-
gies as functions of incident peak intensity. The mea-
sured values each are averaged from 100 laser shots. The
calculated values have been averaged over a factor of 4 in
intensity to simulate transverse variations in the pump in-
tensity. As is expected, when the peak intensity is low,
most of the energy during the pulse is transmitted and lit-
tle is reflected, and conversely when the peak intensity is
high enough, the overdense plasma layer occurs early
during the leading edge, allowing little light to pass.
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