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ABSTRACT 

We report on the development of a suite of novel techniques to measure important characteristics in intense ultrashort 
laser solid target experiments such as critical surface displacement, ablation depth, and plasma characteristics. 
Measurement of these important characteristics on an ultrafast (-50 fs) time scale is important in understanding the 
primary event mechanisms in laser ablation of metal targets. Unlike traditional methods that infer these characteristics 
from spectral power shifts, phase shifts in frequency domain interferometry (FDI) or laser breakthrough studies of 
multiple shots on bulk materials, these techniques directly measure these characteristics from a single ultrafast heating 
pulse. These techniques are based on absolute displacement interferometry and nanotopographic applications of 
wavefront sensors. By applying all these femtosecond time-resolved techniques to a range of materials (AI, Au, and Au 
on plastic) over a range of pulse energies (10” to 10l6 W/cm2) and pulse durations (50 to 700 fs), greater insight into the 
ablation mechanism and its pulse parameter dependencies can be determined. Comparison of these results with 
hydrocode software programs also reveals the applicability of hydrocode models. 

Keywords: interferometry, Hartmann-Shack, plasma expansion, hydrodynamics, ultrafast lasers 

1 INTRODUCTION 

The diagnosis of ultrafast microscale events continues to be an active research topic. This is especially true of 
intense laser-matter interactions where properties of “microexplosions” from laser-produced plasmas, shocks, ablation, 
and hydrodynamic motion include diagnosing time-resolved surface motion and perturbationsI4. In this paper we 
report on the development of several novel techniques to measure the critical surface displacement in intense, ultrashort, 
laser-solid target experiments. Determination of the critical surface position is important for understanding near solid 
density plasma dynamics and transport from warm dense matter systems, and for diagnosing short scale length (L << A) 
plasma expansion and hydrodynamic surface motion from short pulse laser-heated solid targets. Instead of inferring 
critical surface motion from spectral power Doppler shifts using a time-delayed probe pulse’ or from phase shifts using 
ultrafast pump-probe Frequency-domain interferometry (FDI) or spectral interferometry (SI)697, these techniques 
directly measures surface displacement using an ultrafast laser pulse both with and without the need for a separate 
interacting probe pulse. Interpretation of complicated spectral power or phase shifts reflected off of dynamically 
changing plasma temperature and density gradients are difficult at best, especially when WIU3 phase approximations 
break down and the laser field reflection point becomes a delocalized8‘’0 during the pumping period. Motivated by such 
issues, we present a suite of critical surface displacement diagnostics that are complementary to previous established 
techniques. However, in this case, we highlight the ability of these techniques to resolve surface displacement and 
expansion occurring during the laser pump pulse and with a capability to study the dynamic heat pumping process by 
varying the pump laser pulse width. By varying the pump laser pulse width (50 fs - 500 fs), we explore the dependence 
of the deposition process and the subsequently measured displacement over a range of plasma scale lengths (N200 < L 
< N4). 



1.1 Single Shot AD1 

The first technique of the suite, which we call absolute displacement interferometry (ADI), is based on Fourier 
plane spatial imaging. It operates by measuring surface displacement using a single laser pulse that ablates a target, 
reflects of the expanding surface, and is sent to a self-referencing double pinhole interferometer that measures the 
wavefront phase change at the pinhole input plane. The resulting diffraction and interference image at the Fourier plane 
is recorded and correlated to surface displacement at the target. Borrowing concepts from stellar interferometry, our 
technique applies a Michelson Stellar interferometer to microscopic rather than stellar scales, and we report plasma and 
hydrodynamic scale length motion as small as 
a few nanometers. The function of a stellar 
interferometer is to measure small angular 
dimensions of remote astronomical bodies by 
collecting parallel rays that emanate from a 
distance source and splitting the optical path 
of those rays using two telescopes that each 
effectively serve as apertures”. Interference 
from this two-aperture system is then 
achieved in an image plane by wavefront 
division as in the classic Young’s double slit 
experiment. 

In Figure 1 we illustrate the operating 
principle of the ADI. Laser light is focused to 
small “infinitesimal” spot A on the target for 
heating and ablation of the surface. The 
divergent rays reflected off from point A are 
collimated with a collection lens and sent to a 
double pinhole aperture system and a 
“reference” interference pattern from the two 
Airy diffraction disks after the pinholes is set 
up at the image plane. However, if the 
heating laser pulse is of sufficiently high 
enough intensity to cause surface expansion, 
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Figure 1. Illustrative ray diagram showing the relevant pathlengths and 
angles used in the absolute displacement interferometer (ADI). The camera 
image plane for the interference pattern is located 8 meters beyond the 
double pinhole aperture mask. 

displacement motion in the target by an amount A causes the rays, initially at point A, to be reflected from point B 
(assuming normal direction displacement). The change in the reflection position from point A to point B manifests 
itself as a small lateral displacement, h, on the collection lens and as an angular deviation, y, on the double pinhole input 
mask. The pathlength difference, w, at the input plane of the double pinhole aperture mask is related to the deviation 
angle, y, and pinhole separation, d, by w =d siny. If the waves add coherently when w equals an integer number of 
wavelengths, A, then an interference fringe is generated. Using geometry, the displacement distance required to 
generate a fringe, Af,, can be expressed in terms of the incidence angle, Bi, wavelength, and collection lens f-number, 

Afr =- 
2 sin Si 

Although Equation 1 demonstrates that best resolution for the AD1 is achieved when low f-number collection optics are 
used, it assumes the spot is infinitesimally small, and implementation with a finite spot size produces an extended 
source. This serves to reduce the fringe visibility and complicate direct data interpretation using Equation 1. 
Nonetheless, under the assumption that we have spatial and temporal coherence, the AD1 responds by a shifting of the 
fringe pattern position and produces a “dynamic” fringe shift as the surface expands. In this paper, we apply our single 
shot AD1 as a diagnostic for studying target motion in laser-heated surface/plasma expansion experiments with a goal of 
evaluating the usefulness of this diagnostic for ultrashort laser ablation experiments. We find that our ADI, with a 



typical resolution of 50 nm per fringe, that detailed ultrafast motion in laser-heated targets down to several nm can be 
measured. By varying the pulse duration of the laser between 50 fs and 700 fs, the heating and expansion period can be 
changed to study single pulse dynamics without complications introduced by the addition of a “probe” pulse. Varying 
the pulse deposition energy also allows for study of fluence effects on the heat release mechanisms. We compare our 
results with calculations of surface motion based on ultrashort pulse laser-matter hydrodynamic simulations 
incorporating an electromagnetic field wave solver. 

1.2 Pump-Probe AD1 

The second technique is an extension of the single shot AD1 concept, coupling AD1 displacement measurements 
with pump-probe temporal resolution techniques. Single shot AD1 measures the cumulative displacement of the target 
surface over the entire pulse duration. The integrating nature of the CCD camera complicates the analysis and temporal 
information is limited to the heating pulse duration, limiting the temporal and/or energy range to be studied. In pump- 
probe ADI, the laser heating pulse is separate from the displacement measuring probe pulse. This allows for completely 
independent variation of the pump energy and pump pulse duration from the probe pulse duration. It also extends the 
temporal scale of AD1 to times after the pump pulse, while maintaining a short probe pulse for maximum 
temporalhpatial resolution. In our pump-probe AD1 arrangement we use a frequency doubled heating pulse (at 400 nm) 
and maintain the AD1 displacement measurement using a weak time-delayed 800-nm 50-fs probe pulse. The pump- 
probe AD1 arrangement allows for femtosecond time-resolved dynamics out to pump-probe delays of tens of 
picoseconds. However, a drawback of this method is that the target must be scanned to a fresh non-ablated position 
between successive time delay points. 

1.3 Pump-Probe Hartmann Shack 

At the heart of our third technique, an 
ultrafast topographical imager, is the Shack- 
Harhnann (SH) lenticular array and CCD 
imaging sensor. Shown as a cartoon in Figure 
2, our imaging technique is based on Fourier 
plane of an illuminating probe 
laser beam on the sample. As the sample 
undergoes rapid loading from an intense laser 
or shockwave, thermal and pressure forces 
induce a material phase change and/or 
hydrodynamic expansion of the free surface. 
Microscopic imaging of the probe laser beam 
reflected off the surface is performed by 
recording the image on a CCD camera. 
However, instead of direct imaging as in an 
optical microscope or interferometric 
microscope, Fourier plane imaging is done by 
passing the probe beam thru a SH lenticular 
array before recording on the CCD camera. 
The SH 128 X 128 lens array transforms the 
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Figure 2. Topography of surface expansion is encoded in the probe 
wavefront and detected by the Hartman Shack wavefront sensor 

image in the Fourier plane as an array of diffraction spots whose positions on the recording CCD are measures of the 
local near-field wavefront gradients coming from the imaged spot in the far field. The diffraction spots are fitted to 
Zernike polynomials, and an inverse Fourier transform algorithm is used to recover the intensity and phase of the image. 
The imager performs topological surface measurements by detecting changes in the probe laser beam optical wavefront, 
and area coverage is achieved by changing spot size magnification with the focusing and collection optics. In order to 
detect dynamic changes in the topography of the surface, reference and dynamic probe beams are simultaneously 
recorded. 

Temporal resolution of the imager is determined by combining the SH imager with femtosecond laser technology. 
As a consequence, time gated images are determined by the laser pulse width, not camera integration times. With a 
capability of 50 fs laser pulses in our laboratory, probing details of material dynamics is achieved taking several 50-fs 
snapshots of the surface by multiplexing several probe pulses and recording on the same CCD frame. Inter-pulse 



optical delay timing of each multiplexed probe pulse is controllable from 10 fs to 100 ps, thus achieving a versatility to 
study temporally evolving topographical surface features. 

Ultimately, spatial resolution in the SH Fourier plane imaging sensor is limited by the fact that each lenslet aperture 
in the SH lenticular array measures wavefront tilt. If an aberrated beam produces a local gradient in the phase, V#, 
across each of the lenslets, the corresponding displacement, s, on the CCD array from each lenslet is given by s = 

(V&(f.l.)1/2n, where f.1. is the focal length of the lenticular array to CCD array detector and h the wavelength of light. 
Therefore the SH array measures the wavefront gradient with a spatial resolution that is equal to the subaperture size. A 
quad cell is required to measure 2D wavefront tilt, therefore the ultimate resolution of the SH sensor on the detector is 
one-half that of interferometry since at least four CCD pixels are required for each lenslet. With interferometric 
methods achieving well below M O O  displacement sensitivity, similar resolution is expected with SH Fourier plane 
imaging sensors. SH sensors are reported to measure very small phase changes in the wavefront, from 1/20 to M O O  
depending on the exact configuration of lenslets and focal lengthsI4. 

Shack-Hartmann wavefront imagers are used in a number of fields including optics testing, metrology, 
ophthalmology, non-destructive evaluation, and adaptive optics for astronomy. However, the union of ultrafast laser 
technology with SH image sensing provides for a novel and intriguing time-resolved imaging possibility that goes 
beyond the current state-of-the-art and carries with it several advantages over other methods of ultrafast time-resolved 
imaging, notably interferometric imagers. First, SH imagers extract both the intensity and phase (interferometers 
measure phase only) of the imaging beam, allowing for imaging through turbid media where intensity and phase may be 
necessary to distinguish between multiple or complex materials”. They also do not suffer from a 2n phase change 
ambiguity when large changes in displacements or density profiles may lead to indiscernible jumps between 
interference fringes. SH imagers also can operate with broadband or low coherence light, and they require fewer optical 
components than are required in interferometry or even moirk deflectometry. 

Shack-Hartmann detectors have been used in CW (“continuous wave” or non-time resolved) mode for 
nanotopographic studies of human eyes, high resolution optics, and the semiconductor industryI6. Using a 50-fs 800-nm 
pulsed laser beam as the probe, a longitudinal or z-displacement resolution in the range of tens of nm is attained for our 
imager. 

2 EXPERIMENTAL 

2.1 Single Shot AD1 
Pulses from an amplified 0.5 TW 

Ti:sapphire laser system are sent to a target 
chamber for production of a plasma off a 
solid target surface. The laser operates at 800 
nm and produces 50-fs 25-mJ pulses at a 10 
Hz repetition rate. An f/10 gold parabolic 
concave mirror with a focal length of 25 mm 
is used to focus an approximately 1-cm 
diameter laser beam down to 60 pm in 
diameter to produce a maximum peak focal 
intensity of 10l6 W/cm2 on the target. 
Polarization switching is used to insure that 
the pulse intensity contrast ratio is 10s:l so 
that target heating from the temporal wings of 
the laser pulse is minimized. 

Our experimental optical layout is shown 
in Figure 3. The laser beam strikes the target 
with s-polarized light at a 45-degree 
incidence angle. After interaction with the 
target, a 1-inch diameter hsed silica singlet 

Ti-Sapphire Laser 
.800 iun, 25 m.T, 

Piiiholes Ream 

Figure 3. Experimental optical setup for single shot AD1 



lens collects and collimates the specularly 
reflected light off the target and sends it to the 
AD1 located outside a vacuum target 
chamber. The collection and collimation lens 
has a focal length of 38 mm and provides a 
1.5X magnification factor to the exiting beam. 
Care is taken to insure that the exiting beam is 
well collimated, since the AD1 spatial 
resolution is affected by ray parallelism. The 
AD1 operates by taking collimated light from 
an extended “point-source” which is the finite 
spot on the target. Located 1-m outside the 
target chamber, a pair of 500 pm pinholes 
separated by 1 cm intercepts the exit beam to 
generate Airy diffraction patterns from each 
pinhole. After the pinholes, each diffracted 
beam is sent to a piezo-mounted mirror to 
control temporal and spatial overlap of the 
beams at the image plane located 3.5 meters 
behind the pinholes. A fringe pattern is 
generated after crossing diffracted beams at 
the image plane and only after each 
pathlength is adjusted for temporal delay. 
This also allows for discrimination against 
incoherent sources of light such as plasma 
self emission. Images are recorded using a 
shuttered 16-bit CCD camera. Since this is a 

Figure 4. Fringe patterns from a low power reference shot (a) and high 
power dynamic shot (c), and line outs of those fringe patterns (b) and (d). 

single pulse experiment, all of the fringe information is contained and recorded in a single pump laser shot without the 
need for a pump-probe apparatus. Also, since the camera is recording light from the laser pump pulse, the AD1 
measures ultrafast displacement occurring only during the pulse duration period. Dynamic information can be obtained 
by varying the laser pulse width. To make a displacement measurement, a reference low power fringe pattern must be 
recorded followed by a high power dynamic shot. 

In Figure 4 we demonstrate our fringe pattern image quality by showing the results for such a set of images taken 
for an aluminum target at two intensities: (a) the reference intensity of IO” W/cm2 and (b) the dynamic intensity of 10’’ 
W/cm2. For these images the laser pulsewidth was set at 500-fs. Care is taken to insure that the reference shot is taken 
well below the threshold for nonlinear absorption mechanisms, typically at 10” W/cm2. The fringe shift recorded 
between the low and high power shot is then computer processed to yield a normal displacement in the surface 
expansion away from the bulk. Static displacement to fringe calibration is performed by manually translating the target 
surface and then measuring the fringe shift on the camera. A typical static displacement calibration is 50 nm per fringe 
with a camera pixel calibration of 1.56 nm per pixel. Additionally, care must also be taken in interpreting the shifted 
fringe position in the dynamic image since fringe motion is occurring during the laser pulse causing the dynamic image 
to not only shift multiple fringes, but smear as well, thus reducing the fringe visibility or contrast ratio. We therefore 
analyze the data by fitting the “dynamic” fringe data to an analytic form of the 1-D double pinhole 
diffractiodinterference intensity pattern equation’ I ,  

Z(x, t )  = 41, exp( - 4 ln2 (t/At)2) sinc2[k, (m( t  - t o )  + x ) ]  cos2[k,, (m(t - t o )  + x ) ] ,  

with the total time-integrated camera signal pattern, Z&), given by, 



The exponential factor accounts for the pulse temporal intensity profile with pulse width At. The sine' factor is the 
Franhofer diffraction pattern contribution to the intensity pattern, and the cos2 factor is the interference pattern 
contribution from the two pinholes. I, is the single pinhole intensity flux distribution constant; t is time, and m(t-t,) 
describes the time-dependent motion of the intensity pattern observed at the camera image plane beginning at some 
critical time to during the laser pulse. The diffraction and interference argument factors, k, and kd, are given by, 

k, -(E) and kd =($), (4) 

where a is the pinhole diameter; d is the pinhole spacing, and 1 is the distance from the pinhole aperture mask to camera 
image plane (1 >> d). Dynamic motion is applied to the fringes by introduction of a motion term, m(t), in the arguments 
of both the diffraction and interference factors in Equation 2. Spatio-temporal motion of the fringes during the laser 
pulse is treated by fitting that dynamic image data to Equation 2 where m(t) is described by a three term polynomial 
expansion, 

( 5 )  
m(t)=co+c, ( t - t , ) + c 2 ( t - t o )  2 . 

The coefficients, ci, are found by a least squares fit to the dynamic fringe data images using Equations 2 and 3. From 
m(t), unambiguous determination of displacement is extracted even if the surface moves multiple 27rphase shifts. Small 
phase shifts less than 27r are tracked by the fringe position, and large phase shifts greater than 27r are aided by tracking 
the Airy disc diffraction pattern position on the camera image plane. 

2.2 Pump-Probe AD1 

Pump pulses are produced by the same amplified 0.5 TW Ti:A1203 laser system used in single shot ADI. The pump 
laser operates at 800 nm and produces 25-mJ pulses with pulse durations of 50 to 500 fs at a 10 Hz repetition rate. The 
pump beam can be doubled by a KDP crystal to produce 10 mJ of 400 nm with pulse durations of 50 to 500fs. An f710 
silver UV protected parabolic concave mirror with a focal length of 38 mm is used to focus an approximately I-cm 
diameter laser beam down to 60 pm in diameter to produce a maximum peak focal intensity of 10l6 W/cm2 on the target. 
Polarization switching is again used to insure that the pulse intensity contrast ratio is lo5: 1 so that target heating from 
the temporal wings of the laser pulse is 
minimized. The pump beam strikes the target 
with s-polarized light at normal incidence 
angle. The most important changes in the 
optical setup between SS-AD1 and PP-AD1 
can be seen by comparing Figure 3 and 
Figure 5. 

Probe pulses are taken from a 
regenerative amplifier and compressed in a 
separate compressor. Probe pulses are 800 
nm, 100 nJ, 50fs pulses. The probe beam is 
spatially filtered by a pinhole to produce a 
clean, well defined wavefront. The probe 
beam is focused on the target by 50 mm focal 
length fused silica lens, and collected and 
collimated by a 150 mm focal length fused 
silica lens, provides a 3.0X magnification 
factor to the exiting beam. Care is taken to 
insure that the exiting beam is well 
collimated. The probe pulse can be delayed 

I PUl l l  p 

Figure 5: Experimental optical setup for Pump-Probe ADI. 



relative to the pump pulse by a .5 meter delay stage out to up to about 1 ps. Two successive pulses of the probe pulse 
train are used as a reference (before the pump) and data (after the pump). Images are captured on a Photometrics 
CoolSnap HQ camera with the DIF (dual image format) feature that allows for rapid capture (1 kHz) of two images. 

Since the probe pulses are kept as short as possible, the motion of the target during the probe pulse is negligible, 
and the fringe shifts can be used directly, without the fitting analysis used in the single shot ADI, to calculate 
displacements. Fringe shift to displacement calibrations are made by translating the target with precision stepper 
motors. 

0 0 0 0  

0 0 0 0  

0 0 0 0  

0 0 0 0  

2.3 Pump-Probe HS 

The Hartmann-Shack experiments are 
performed using a 0.5 TW Ti:A1203 laser 
pumped regenerative amplifier/secondary 
multipass amplifier system producing 50 fs 
probe and independently variable 50 fs to 200 
ps laser driver (pump) pulses at repetition 
rates from single shot to 10 Hz with 
measurements of the surface topography done 
in a pump-probe arrangement. For 
nanotopographic studies, a probe beam 
interrogates the target surface at either normal 
incidence or 45 degrees. The topography of 
the surface is imprinted on the phase map of 
the wavefront, and the phase map detected by 
the SH lenticular array and CCD detector. A 
figure showing this arrangement is shown in 
Figure 6(a). The x-y dimensions of the probe 
beam determine the lateral scaling, and are 
controlled by the focusing and microscopic 
collection optics in the imaging beam path 
train. For example, if the focal spot is 10 pm 
in diameter, and the recording CCD contains 
1K X 1K pixels, 10 nm per pixel in the 
transverse coordinate is obtained. The z- 
dimensional resolution is controlled by the 
selection of the lenticular array size and focal 
length, with a tradeoff between dynamic 
range and resolution. A series of arrays with 
sensitivities ranging from 8 nm to 40 nm are 
used in this experiment to increase the range 
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Figure 6: CCD images, experimental geometry and timing diagrams for 
phases one and two of proposal. In (a) the single probe pulse image maps 
the surface dynamics as the pump-probe delay is varied. In (b) & (c) Pulse 
multiplexing allows for recording multiple time delayed pulses on a single 
camera frame for cinematographic “movies” in a single shot. 

of applicabiligof the sensor. Time resolutin is controlled by varying the delay between high power driver laser pulse 
and the low power probe pulse with the requirement of rastering the target to a fresh undamaged position between 
successive pump pulses. 

Phase aberrations in the optical train of the experiment also express themselves in the phase image measured by the 
SH sensor. We use a high-speed camera with a duel framing image feature to take SH images of two successive shots 
of the probe laser reflected off the surface: one, a reference shot before the pump beam, and the second the data shot 
after the pump beam. Using the reference shot in the SH calculations effectively removes all static optics from the 
calculation, leaving only the changes caused by the pump beam on the target surface. Recorded images are Fourier 
transformed using the Complete Light Analysis System (CLAS-2D) software package from Wavefront Sciences, Inc. in 
Albuquerque, New Mexico for 3-D image recon~truction’~. 



3 RESULTS 

c 
E .  
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3.1 Single Shot AD1 

Using the fitting procedure described in section 2.1, we benchmark our technique using aluminum targets irradiated 
over a laser intensity range of loi3 to 10l6 W/cm2 and apply a 1-D lagrangian hydrodynamic model (HYADES) that 
incorporates a Helmholtz wave equation solver to describe the laser interaction and subsequent motion of the expanding 
plasma created on the surface. Details of our hydrodynamic model and comparisons with several metal and metal- 
plastic target plasmas will be presented elsewhere’’. Here we present the salient features of the AD1 for an expanding 
aluminum plasma. Figure 7 shows a multipanel plot of HYADES hydrodynamic calculations for an aluminum target 
compared to experimental AD1 data extracted from a calibrated m(t) fit to a dynamic displacement camera image using 
Equations 2 and 3. The results are for a At = 50-fs pulse at lOI4 and 1015 W/cm2 in which only the laser pulse energy is 
varied. The calculations show only a small portion of the total Lagrangian mesh points that span 5 nm in from the free 
surface. However, as the surface is heated with the 50-fs pulse, the mesh points have moved several nm at t = 100 fs 
(where peak intensity is at t = 50 fs) for 1014 W/cm*. At 10’’ W/cm2 the mesh points have moved approximately 10 nm 
at t = 100 fs. Although not shown, the critical density surface layer is located several mesh positions behind the first 
mesh point, and the plots show that both calculations and data are qualitatively in agreement. 
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Figure 7 HYADES hydrodynamic calculations for an aluminum target irradiated by a 50-fs pulse at (a) lOI4 W/cm* and (b) lo’’ 
W/cm2 showing the time evolution and surface expansion of the first 5 nm mesh positions. The graphs in (c) and (d) are the 
corresponding AD1 measured surface displacement data for 1 014 and 10’’ W/cm2, respectively. 



In addition to varying the laser pulse energy, variation of the laser heating period is also accomplished by 
adjusting the laser pulse width from 50 fs to 700 fs. Varying both the laser pulse duration and pulse energy explores the 
surface expansion dependence on energy deposited and peak intensity. It also gives insight on to the linearity of the 
initial expansion, since a longer pulse records the expansion over a longer period of time. Figure 8(a) shows an example 
displacement plot versus time for a At = 100 fs pulse at 8 ~ 1 0 ' ~  W/cm2. The experimental surface displacement data is 
extracted from a calibrated m(t) fit to a dynamic displacement camera image using Equations 2 and 3. 

For comparison with our hydrodynamic model, we also plot the computed critical density (nc,.,, = 1 . 8 ~ 1 0 ~ ' c m - ~  at 
800 nm) position versus time for a couple of intensities, 8 ~ 1 0 ' ~  W/cm2 and IxlO'' W/cm*. Given the complicated 
nature of ultrafast laser heating of an expanding dense plasma, agreement between critical density position calculations 
and surface displacement data is reasonable. This is also despite the fact that the reflection point of the laser electric 
field may not be localized to the critical density position as electron collision are dominant during the initial heating 
phase of the surface. Proceeding further in our AD1 data comparison with calculations, we measure our total 
displacement for a given intensity by taking the value obtained at the l/e2 trailing edge time point in the laser intensity 
temporal profile. This is indicated by an arrow in Figure 8(a) which shows an m(t)  data displacement of 21 nm for a 
100-fs 8 ~ 1 0 ' ~  W/cm2. Using this method, we plot in Figure 8(b) the tlIe2 displacement data versus intensity for a series 
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Figure 8: (a) Experimental displacement data (line + symbol) versus time for a 100-fs pulse at 8 ~ 1 0 ' ~  W/cmZ intensity on an 
aluminum target. We also show HYADES hydrodynamic calculation results for 100-fs pulses at 8 ~ 1 0 ' ~  W/cm2 (thin line) 
and IxlO" W/cm2 (thick line). The HYADES calculations are plots of the critical density position versus time. (b) 
Experimental measurements of the surface displacement data versus intensity for a series of pulsewidths: 50 fs (triangles), 
100 fs (squares), and 700 fs (circles). The solid lines are the corresponding HYADES calculated critical density position 
values versus intensity. All displacement values are taken at the tlle2 trailing edge point in the laser intensity temporal profile 
as indicated in (a). 

of pulse widths: 50 fs, 100 fs, and 700 fs, and compare them with the hydro-model using the critical density position 
also at the tlIe2 displacement time position. Although there are slight deviations with the data, there is reasonable 
agreement between the data and model, and detailed interpretation of the dominant expansion mechanisms are beyond 
the scope of this paper. However, the results demonstrate that increasing laser intensity or pulse duration increases the 
amount of surface expansion as the electrons gain enough kinetic energy to be ejected from the surface in the form of a 
plasma plume. If indeed the laser reflection position is located near the critical density surface, the results here 
demonstrate that plasma motion begins to occur during the laser heating period, even for pulses as short as 50 fs, and 
that most of the energy deposition is occurring in the build up of small scale length (L << A) plasma near this critical 

As the pulse width is increased, collisions increase expansion and the density gradient scale length. 
Nonetheless, the AD1 measurements presented here demonstrate its ability to resolve expansion dynamics occurring 
during the heating phase, details of which will presented in a future publication". Here we show that preliminary 
results for the AD1 as a new surface displacement diagnostic for ultrafast laser-produced plasmas from solid targets look 
promising. 



The results here demonstrate the utility of AD1 as a complementary diagnostic measure of plasma expansion from 
intense laser-matter target experiments using a single ultrafast pump pulse. Dynamics of these dense plasmas are 
currently being studied using a pump-probe variant of this technique. Extension of this l-D technique to multi- 
dimensional imaging is also being investigated with multiple aperture pinhole and lens array masks as real-time 
microscopic imaging may find other uses in areas such as micro-machining or laser shock dynamics. 

3.2 Hartman-Shack 

In Figure 9, we show an example of the intensity and phase 
information retrieval that is possible with the Hartman Shack 
wavefront sensor. This image is taken with a CW laser beam 
from a HeNe laser system, and show a calibration target image 
of a series of lines. The lines are vertical line spacing is about 
10 pm, and the lines themselves are about 150 nm “high” above 
the substrate surface. 

4 FUTURE DIRECTIONS 
Using the multiplexing advantage of the SH sen~or’~ ,  a 

single-shot self-referencing TRN system will then be 
developed. Rather than using two different shots of the probe 
laser as reference and dynamic data shots, a single pulse will be 

splitter and delay lines, the temporal spacing between the two 
probe pulses can be controlled, and the two pulses can be 
focused onto the target through the same optics but with a slight 
angular difference (-1 degree of angular separation). This 
angular difference expresses itself as two sets of subimages on 
the CCD array. By carehl parsing and masking of the CDD 
image, the reference and data shots can be separated, and then 
processed. This is shown diagrammatically in Figure 6(b). 
Time-resolution using multiple shots and variable delays 
depends on the reproducibility of the event being studied. 
Laser ablation and shock initiated damage processes that are 
stochastic in nature maybe better studied using this single-shot 
multiplexing technique rather than multiple “shot-averaged” 
experiments. Here, the multiplexing advantage of the SH 
sensor can let us take multiple images of a single event. Using 
the experience of the single-shot self-referencing multiplexed 
TRN, the system will be expanded to have not two but four multiplexed beams. Each beam will have an independent 
delay line, allowing multiple delays with consistent or variable temporal spacing. This is shown in Figure 6(c). A short 
cinematographic “movie” of the time evolution of a single pump induced event will be produced from the multiplexed 
SH image. 

split into the reference and dynamic data shots. Using a beam Phase Intensity 

Figure 9: Preliminary imaging data with CW source, 
showing retention of BOTH phase and intensity data. 

5 CONCLUSIONS 

Single shot AD1 has been shown to be a sensitive technique for measuring small displacements of the critical 
density front during ultrashort laser-driven plasma expansions. The single shot technique is most effective with small 
(less than 1 n phase shifts) displacements. The pump-probe AD1 technique greatly expands the range of the AD1 and 
allows direct measurement of displacements of greater than 1 n phase shift without a fitting step and provides better 
temporal resolution. Hartmann-Shack wavefront sensors should allow for greater spatial control and the ability to 
image the plasma expansion front. HS wavefront sensors also have other advantages such as the ability to multiplex 



signals which should further expand the range of measurements that can be performed with the HS sensor in a pump- 
probe ultrafast experiment. 
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