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ABSTRACT
We present time-resolved measurements of" reflectivity, tvansmissivity and
frequency shifts of probe light interacting with the rear of a disk-like plasma produced
by irradiation of a transparent solid target with 0.1ps FWHM laser pulses at peak
intensity 5xl014W/cm 2. Experimental results show a large increase in reflection,
revealing rapid formation of a steep gradient and overdense surface plasma layer
during the first picosecond after irradiation. Frequency shifts due to a moving
ionization created by thermal conduction into the solid target are recorded.
Calculations using a nonlinear thermal heat wave model show good agreement with
the measured frequency shifts, further confirming the strong thermal transport effect.
INTRODUCTION

;

'
,

Recent developments in the generation of high power femtosecond laser
pulses offer new possibilities in the studies of ultrafast phenomena that are unresolved
in the past. For example, time-resolved reflectivity, transmissivity and frequency shift
measurements of the probe light interacting with laser-produced plasmas provide
time-resolved information on laser absorption, plasma formation and energy t4"ansport
mechanisms. 1'2 Particularly, in irradiation of a solid target with a high intensity
(>1012W/cm 2) and ultrashort (<10-12s) laser pulse, a high temperature and solid
density plasma layer is quickly formed at the target surface during the rising edge of
the laser pulse. 1 As a result, the remainder of the laser pulse is shielded from the bulk
region behind the critical density surface (3xl021/cm 3) where the plasma frequency is
greater than the laser frequency. The remainder of the pulse however continues to
interact with the surface plasma and deposit its energy at and above the critical
density. 3 The energy thus absorbed at the surface is then transported into the bulk
regton via electron thermal conduction super-sonically until expansion of the surface
plasma becomes important and the resultant rarefaction shock wave overtakes the
thermal wave. 4'5
In this paper we report high temporal resolution (-0.1ps) probing of the
electron thermal transport in a plasma produced by pump laser irradiation of a
transparent target. Measurements of reflectivity, transmissivity and frequency shifts
of a probe pulse are recorded as functions of the relative time delay between the pump
and probe pulse. The probe pulse interacting with the plasma at the frontside
(vacuum-surface side) determine characteristic time scales for formation of the
overdense plasma layer at the surface and its subsequent expansion into the .
surrounding vacuum. The backside probe pulse light, on the other hand, interacts with
a thermal wave supported by electron conduction into the solid target. Frontside and
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backside probing allows us to encompass the totality of the plasma evolution and
provides different but complementary
information
about energy transport
mechanisms.
EXPERIMENTAL RESULTS & CALCULATIONS

'

A similar detailed schematic of the pump-probe experiment has been
described elsewhere.1 The laser system 6 now includes a colliding pulse, mode locked
ring oscillator producing low energy 0.1ps pulses at a center wavelength _, = 616rim
and a repetition rate of 90MHz. The pulses are selected for amplification at 10Hz in a
series of a six-pass bowtie amplifier and two Bethune amplifiers. The 2mJ, 0.1ps
amplified pulses are then directed into a vacuum spatial filter to improve beam
transverse mode quality and focusability, and are split into a strong pump and a
weaker probe pulse. The pump pulse is normally incident onto the front surface of a
target with a peak intensity of 5x l()14W/cm 2 and a focal spot of 751.tm in diameter.
The probe pulse focal spot is 251amwith an intensity of 2xl010W/cm 2, sufficiently
low to be non-intrusive but still sufficiently high to discriminate the probe specular
reflection from the diffusely scattered light of the intense pump pulse. Polarization of
the probe is S-polarized, orthogonal to that of the pump, so that diffuse li,!_htof the
pump may be rejected before detection. Energies of the incident, reflected and
transmitted probe are simultaneously monitored by P.I.N. diodes. When the probe is
redirected to probe the plasma from the backside at 30° to the normal a'_the rear
surface of the target, the corresponding internal incident angle is 0 =19 °, fixing the
interaction length at =1001am between the pump and the backside probe paths. In
addition to reflectivity and transmissivity measurements, the backside probe pulse
reflection can also be sent to a grating spectrometer (0.33m, 1200 lines/mm) coupled
to a multichannel analyzer (0.4A/pixel). The transparent fused quartz target is 1.6mm
thick and is coated with an amorphous carbon thin (300,_) film at the front ,surface.
The target is also coated with an anti-reflection film on its rear surface to suppress
probe light reflection from that surface. The measured cold carbon film absorptivity,
reflectivity and transmissivity are 15%, 7% and 78%, respectively. The highly
absorptive film at the surface promotes large laser absorption and confines :_':.aost
of
energy deposition to the surface, thus setting up a high temperature heat source for
subsequent generation and propagation of a thermal wave supported by electron
conduction into the bulk transparent region. The carbon film also eliminates effects of

,

induced phase modulation 7 and formation of an underdense bulk plasma by lowering
the threshold for critical surface plasma formation, hence attenuating the transmitted
pump pulse energy. 1 The target is mounted on a computer-driven translation .,;tageso
that on each shot the laser fires on a fresh part of the target while the _:,verlap
conditions of the two beams are maintained.
Fig. la shows simultaneous scans of the frontside probe reflection and
transmission as function of time delay between the pump and the probe pulses. Zerotime delay is estimated to within +0.05ps by comparison with picosecond
experiments. 1'7 The single shot data has been divided by the incident energy and
normalized to the absolute values of the cold target. In both data scans, the plateaus
during early or negative delay correspond to the values for the undisturbed target
where the probe arrives prior to the pump. At some later delay when an overdense or
super-critical plasma layer is formed at the surface during the onset of the pump
pulse, the probe transmission decreases to zero. At the same time, the pump pulse

,

continues to deposit its energy at the surface plasma. As a result, the surface plasma
becomes hotter, denser and highly reflective like that of metallic mirror, 8 resulting in
an increase in the probe reflection. The 10-90% risctime of the reflection
enhancement is about l ps longer than the decay time of the transmission data.
Following the increase, the probe reflection experiences a slow decay which is due to
increasing absorption by the underdense or sub-critical plasma region as the
overdense surface plasma expands and cools. The 1/e falltime for the reflection is
=6ps. Fig.lb displays the reflection and transmission data for the backside probe
beam, The data again shows a drop in transmission and increase in reflection due to
the formation of a super-critical surface plasma. The reflection increase however is
followed by a much slower decay time of 15ps than for the frontside probe reflection
data. The backside reflection enhancement shows that the plasma as seen from the
rear side also acts as a highly reflective mirror, indicating a steep density gradient at
high density and temperature.
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FIG.l: Simultaneous scans of single-shot reflection (close circles) and transmission
(open circles) of (a) the frontside probe and (b) backside probe pulses are me_ured as
functions of time delay between the strong pump and weak probe pulses.
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of the reflected backside probe are
shown as a function of delay. Each data
point is an average of 90 laser shots and
has a statistical uncertainty of +0.gA.
The shifts AX are proportional to the
velocity v of the thermal wave or
ionization front and are determined by
the Doppler formula:
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nonlinear heat wave model,
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The factor of 2 accounts for reflection, 0 = 19°, no =1.46 is the solid target refractive
index, c is the speed of light. The observed maximum shift of 10,_,corresponds to a
maximum velocity of 1.8xl07cm/s. This is at least about 4 times greater than the
maximum ion sound velocity of the plasma as was inferred from the measured
maximum frequency shifts of 7,_ in the frontside probe light and calculations using
the model for a isothermally expanding plasma. 9 Hence this ionization front is
supersonic and is attributed to a thermal wave.
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FIG.3: (a) Calculated electron temperature profiles at different instants as predicted
by the nonlinear heat wave model. The simple approximate method to the Saha
equations 10is used to estimate (b) the corresponding electron plasma density profiles
in the bulk target.
;

We now calculate the temperature and electron density evolution in the
carbon-coated transparent target during the first few picoseconds. The electron
temperature profile Te and density Ne are approximately given the nonlinear heat
diffusion equation for the electrons (in cgs units) '

Here Nz is the density of ions of charge +Z. The first term is electron thermal energy,
and the second and third terms are energies stored in the plasma ionization states of
oxygen and silicon ions, respectively. The term in the right hand side is the electron
energy flux with Spitzer thermal conductivity 11 k, =2.5xlO-4T_nl

ZelI. The left

boundary condition to the equation is taken to be12 T e (0,t)= To e27r for t < 0, and
cgTe (0,t)/Ox = 0 for t > 0. The right boundary condition is 7"t, (+oo,t)= 0. To is
determined by the total absorbed energy. A pump energy absorption of approximately
56% is inferred from the 36% specular reflection and 8% transmission of the pump
pulse. The level of diffusely scattered light of the pump pulse has been measured by
others 8,13 and is small (<5%) because during the pump pulse there is very little
plasma expansion and the target surface remains optically flat. After the heating (t >
0) there is no heat flux at the surface as described by the left boundary condition for t
>0. With these conditions the solution to eqn.(2) ti)rt < 0 is similar to that of the

4

,

'

Marshak radiation wave 14 and for t >0 the same as that of Zeldovich 15. In the
equation we have ignored plasma expansion because of its long characteristic time as
was shown in the frontside probe data (Fig.la). Also, we have performed the same
backside probe reflection and transmission measurements
with glass targets
containing 27% impurities of readily-ionized materials 16 and found that the reflection
decay time of lps is 15 times faster. Because energies of x-ray photons emitted from
the surface plasma (-40eV) is much greater than the band gap energies (8-9eV)
between the valence and conduction bands for both targets and easily excites the
valence electrons into the conduction bands; had the x-ray contribution been
dominant, we would have expected no significant difference in the reflection data for
both targets. Thus, x-ray preheating of the cold region is negligible, if any
significance. This is as expected since total Bremsstrahlung emission accounts for
less than 1% of the plasma energy; 17and the total thermal radiation emitted from the
surface plasma is negligibly small (=5xl08W/cm2).
Electron density at a given
temperature is obtained by using the Saha equation 10 The use of the Saha equation
may not be completely valid. However, because collisional rates dominate over the
radiative processes, the electron-electron equilization time is <lfs which quickly
results in a Maxwellian electron distribution, and high stage ionization rates are small
for temperatue <100eV, the Saha equation should be a good approximation. Fig.3a
displays calculated snapshots of the temperature distribution at different instants. The
surface temperature from room temperature rises as rapidly as the laser pulse, _,
=1013/s. At the same time, the thermal wave front moves inward supersonically. For t
> 13,the surface temperature relaxes gradually and the thermal wave slows down as
the diffusion of the absorbed energy continues further into the colder region. Fig.3b
shows the evolution of electron density normalized to the critical density
(-3x1021/cm3). As is expected, during the pump pulse the super-critical surface
plasma becomes progressively denser and thicker as a result of thermal transport,
making the plasma more reflective as was observed. At later time, the plasma cools
and its scale length in the bulk region below the critical level increases, leading to
increasing absorption of the probe light. Thus, at late delay there is a competition
between the highly reflecting overdense surface plasma and the increasing absorption
by the underdense region, resulting in the observed long decay in the backside probe
reflection. Further detailed calculations of both frontside and backside reflectivity,
transmissivity by the Helmholtz equation will be given in future publication. The
critical density velocity of the moving mirror-like plasma surface varies as a function
of time, and thus different portions of the probe pulse suffer different amounts of blue
shifts. Fig.2 also displays the calculated profile (solid curve) of the critical density
velocity or wavelength shifts convolved over the finite probe pulse, showing fairly
good agreement with the experimental results. The discrepancy in the data at late
delay td > ().7ps suggests some inhibition of the thermal transport and is probably
attributed to the combined effect of tlm thermal transport and appearance of a
rarefaction wave as plasma expansion becomes significant. 18
CONCLUSION

"

In conclusion we have presented experimental results from both frontside and
backside probing of a plasma produced by high intensity ultrashort laser pulse
irradiation of a transparent target. The frontside probe data determines the
characteristic time constants for rapid formation and subsequent expansion of the

super-critical surface plasma. The plasma as seen from the backside has a steep
gradient as indicated by the reflection enhancement. The measured backside probe
frequency shifts further confirms a highly reflective supersonic ionization front which
is suggestive of a supersonic thermal wave supported by electron conduction. This
together with the good fit by calculations using the nolinear heat wave model suggests
electron conduction is as important as the most effective energy transport mechanism
into the solid during the first picosecond after laser irradiation. Furthermore, the
backside probe data has demonstrated we can successfully isolate thermal transport
effects.
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