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Abstract A shock wave is driven by a laser pulse of 1.2 ps duration (FWHM), with the
intensity of ~10™* W/cm? at 785 nm, irradiating a 500 nm thick aluminum foil. A chirped
laser pulse split from the main pulse is used to detect the shock breakout process at the
rear surface of the target based on frequency domain interferometry. The mean shock
velocity determination benefits from the precise synchronization (<100fs resolution) of the
shock pump and probe laser pulses, which is calculated from the time the shock takes to
travel the 500 nm thick aluminum. The released particle velocity determination benefits
from the chirped pulse frequency domain interferometry. The average shock velocity is
15.15 km/s and the shock release particle velocity is 15.24 km/s, and the corresponding
pressure after shock is 3.12 Mbar under our experimental condition.
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Equations of state (EOS) of matter at Mbar pressure are fundamental to numerous
applications such as in astrophysics®, plasma physics', inertial confinement fusion>=¢,
and other related fields. Laser directly and indirectly induced shock wave compression
of materials is an effective way to access these material states. Many recent experiments
have been devoted to the study of laser driven shock waves and their use in the EOS
measurement of strongly compressed materialst.,

It is well known that absolute EOS measurements require the simultaneous meas-
urement of two shock parameterst, such as shock wave velocity (D) and particle veloc-
ity (u) after shock. The first measurement of these two parameters has been performed in
liquid deuterium by Collins et al.2 with a large dimension laser system like Nova. The
shock and particle velocities are deduced from the shock front and interface slope in the
transverse streak transmission radiograph of a D, EOS target with a Be pusher at a laser
intensity of 7.6><10" W/cm?. Another simultaneous measurements of shock and particle
velocity in silica with a small dimension laser was performed by Benuzzi-Mounaix et
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al.2% who used chirped pulse frequency-domain interferometry (FDI).

The natural approach to determining shock wave velocity in an opaque media is to
image the optical flash when the shock wave breaks out of a step-like foil target with a
streak camera (at a resolution of several picoseconds)”*Y. The streak image shows the
shock breakout at two times corresponding to the two-step thickness; the time interval
between the breakouts measures the shock speed in the target, with the shock speed be-
ing assumed constant. The problems associated with interpreting optical flashes that ac-
company the emergence of strong shock wave at the free surface of an opaque metal are
well known'®. At the resolution of several picoseconds, the recorded optical flashes by
the streak camera are from an emitting layer with optical length of about 1 to the vac-
uum boundary®.

The common method for determining particle velocity is the velocity interferometer
system for any reflector (VISAR) design of Barker and Hollenbachi*2. But the time
resolution (>75 ps) is low. Recent work by Evans et al.*2! and Gahagan et al.2*! showed
the possibility of measuring the fluid velocity of shocked aluminum by using the fre-
quency interferometer, and deduced shock velocity by measuring the shock breakout
time with targets of different thickness by assuming that shot to shot energy fluctuations
were negligible. After that, constant efforts are currently devoted to improving their sig-
nal-to-noise level and accuracy.

In this paper, we show the feasibility of simultaneous measurement of shock veloc-
ity and released particle velocity after shock at Mbar pressure with pump-probe and
chirped pulse spectral interferometry technique at one laser pulse. Similar purpose has
been achieved by Benuzzi-Monuaix et al. with a VISAR diagnostic and step targets®.
In our experiment, the shock wave is driven by a laser pulse of 1.2 ps duration (FWHM),
with the intensity of ~10'* W/cm? at 785 nm, irradiating a 500 nm thick aluminum foil.
A chirped laser pulse split from the main pulse is used to detect the shock release proc-
ess at the rear surface of the target based on spectral interferometry. The time interval
between the shock pump and probe pulses is determined precisely at less than 100 fs
resolution, so the mean shock velocity can be calculated from the time the shock takes to
travel the 500 nm thick aluminum. The released particle velocity determination benefits
from the chirped pulse frequency interferometry. The experimental data meet the previ-
ous empirical formula for shock and particle velocities and this indicates that the two
measured parameters are self-consistent.

1 Experimental method

The experiments are performed with a 10-Hz chirped-pulse amplification Ti: sap-
phire laser system, which can deliver laser pulses with a duration of 34 fs and the output
energy as great as 1 J. A linearly positive chirped pulse of 1.2 ps (FWHM) is deliberately
generated from the laser system by slightly shortening the distance between the two
gratings of the pulse compressor.
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The targets used in these experiments are the aluminum layer of 500 nm thickness
coated onto the 1 um thick polythene film substrate. The root mean square roughness of
the aluminum surface is less than 10 nm measured with an AFM. This thickness of alu-
minum is chosen to ensure that the aluminum rear surface will not be perturbed by the
decaying heat conduction wave during the observation time interval and for the laser
irradiances that we have used®3%3l. The polythene film is transparent for the 1.2 ps laser
pulse with the intensity of ~10* W/cm? at 785 nm wavelength and this has been checked
in the experiments. The target is mounted on a translation stage.

The experimental arrangement is shown in Fig. 1. Details of the experimental ap-
proach can also be found in ref. [16]. The synchronization of the pump and the probe
pulses is performed in two steps. First, we synchronize the pump and the probe pulses.
Second, we perform the synchronization of the probe and the reference pulses.

M8 f i [Tcep

|
1.2 ps, 785 nm 1;:\90%35 Spectrometer
laser source T L AN
] N 50%BS2 M4
Zi: N
50%BS1
M2 M1 M5 <\Mé
A
MOF | [dcep
| Bﬁ Spectrometer
M3 Y 1< d50%Bs3 M7
Diit  Polythene/ -
H aluminum  £22.00
foil MI0

Fig. 1. Schematic diagram of the experimental setup. M1-M9, reflector at 45° for 785 nm; M10, reflector at 0° for
785nm; BS, beam splitter; A, 2 mm aperture; B, compensation plate for 50%BS3; C, compensation plate for the
convex lens D. M6 and M7 are mounted on a timing slide. The diagram in solid lines is for shock pump and probe
synchronization purpose. While for shock and released particle velocity experimental operation, C and 50%BS2 are
replaced by D and 90%BS, respectively. 50%BS1 is moved away. M9 and M10 play their roles at this stage (see
dash line).

After passing through 50%BS1, the pulse from the laser system is divided into two
parts by 50%BS2. The reflected part of the laser pulse, served as the pump pulse, after
relayed by M2 and M3, irradiates normally on the polythene/aluminum interface after
passing through the compensation plate C for a convex lens D. The transmitted part from
50%BS2 is relayed by M4-M7, and also irradiates normally on the rear surface of the
aluminum foil after passing through 50%BS3 and a compensation plate B. The two
pulses irradiating normally on the aluminum foil in opposite directions are concentric
with each other.

The pump and the probe pulses reflected by the front and rear surface of aluminum,
respectively, are recollected and collimated by 50%BS1, and sent into the spectrometer
by M8. The two pulses interfere™™=2% in the spectrometer and the interferograms are
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visualized at the output of the spectrometer on a CCD camera interfaced with a micro-
computer. Adjust the translation slide mounted with M6 and M7 until the fringe spacing
covers the size of the CCD detector. The synchronization precision of the pump and the
probe pulses is less than 100 fs involving the angle error of the two pulses.

It is the basic condition for precisely synchronizing the pump and the probe pulses
in this experiment that both the pump and the probe pulses irradiate normally on the
aluminum surfaces in opposite directions and concentrically. In most previous experi-
ments based on FDI technique, the probe pulse irradiated on the target at an oblique an-
gle, so it is difficult for them to synchronize precisely the pump and probe pulses.

After the synchronizing operation of the pump and the probe pulses, 50%BS1 is
moved away, and 50%BS2 is replaced by a 90%BS which reflects 90% of the laser pulse
for shock pump purpose which is blocked at this stage. The weaker part of the laser
pulse, passing through a 2 mm aperture (A in fig. 1) with the energy of ~ 4 wJ, is further
divided by 50%BS3 into two parts which are fed, respectively, into the two arms (M10
and aluminum foil) of a Michelson interferometer as the reference and the probe pulses.
The pulses reflected by the aluminum foil and M10 are sent into the spectrometer by M9,
and they are displaced temporally by 7 that can be changed by adjusting the reference
arm (M10). The area of the target under study is imaged onto the slit (10 um) at the en-
trance of the spectrometer. The spatial resolution along the slit is ~ 15 um (one pixel of
the CCD).

2 Experimental results

For shock pumping-and-probing operation, the compensation plate is replaced with
a f/3 lens D which partially focuses the pump pulse normally onto the poly-
thene/aluminum interface to generate a strong shock wave in the aluminum foil. At the
focus, the laser intensity distribution is nearly Gaussian with 90% of the incident laser
energy contained in a spot of 800 um in diameter and 60% in a spot of 400 um in di-
ameter. The laser irradiance at the central 400 um spot is ~10* W/cm?.

The probe pulse irradiates the rear side of the aluminum foil at normal incidence,
and covers the pump spot concentrically. The aluminum foil is set as the probe arm of
the Michelson interferometer. The reference pulse does not interact with the target foil,
so that we can make absolute measurement of shock-induced phase shifts. M6 and M7
are mounted on a timing slide with a spatial resolution of 10 um, corresponding to a
temporal resolution of 67 fs. The pump-probe delay can be adjusted to 500 ps, while
keeping the probe and the reference pulse separation constant. We move the target be-
tween two laser shots so that each laser shot irradiates a fresh part of the target. All
measurements are conducted on a single-shot basis achieved by inserting a shutter into
the laser source.

We have measured the quite early stage of shock breakout driven by 1.04>10"
Wi/cm? (at the central 400 um spot) laser irradiance. The interferograms are recorded at
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every 5 ps time interval from 3 to 33 ps with respect to the pump pulse. A corresponding
reference interferogram is recorded before each pump of the shock. Fig. 2 shows the
typical interferogram pictures before 33 ps (a) and at 33 ps (b). The horizontal axis of
the two-dimensional image represents the wavelength, while the vertical axis (parallel to
the slit) represents the radial (vertical) dimension. At horizontal axis, long wavelength is
on the right hand and short wavelength is on the left, and the corresponding time axis is
from right to left, as the probe pulse frequency is positively chirped. The vertical dimen-
sion of each graph is 4 mm. So the shock deformation process may be spatially resolved
along the slit.

2 mm

10 nm

Fig. 2. Typical interferogram pictures before 33 ps (a) and at 33 ps (b). Shock-driven irradiance is 1.04><10
W/cm? at the central 400 um area. At horizontal axis, long wavelength is on the right hand and short wavelength is
on the left, the corresponding time axis is from right to left, as the probe pulse frequency is positively chirped. The
vertical dimension of each graph is 4 mm.

The experimental results indicate that before 33 ps, the interferograms involving
pump lasers keep their shape as the corresponding reference ones. While at 33 ps, there
are evident bends in the pumping interferograms, which indicates the arrival and break-
out of the shock at the rear surface of the aluminum foil. In this paper, we only discuss
the initial arrival of the shock; detailed phenomena discussion after shock release can be
found in ref. [16].

3 Discussions
3.1 Signal reconstruction

A linearly chirped laser pulse can be written as w(t) = @, +at, where @ is the
central frequency of the laser and a is the chirp rate which may be measured ast2:
B 4In2
ATy AT? - ATZ

where ATy is the Fourier-limited duration of the laser pulse. The field of the chirped
pulse can be written in the frequency domain

Eo () = £ () exp(i(@ — )? / a).
Before the shock arrives at the rear surface of the target, the resulting interference signal
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of the reference and probe pulses at the output of the spectrometer is represented by the
following proportion:

| (@) =& (@)[ (2 + 2c08(wr)).

When the probe pulse interacts with the shock wave, the perturbed interference signal
s J17
is

I'(w) = |50 (a))|2 1+ R(w)? + 2R(w) cos(@wr + Ag)).

The inverse Fourier transform of (@)
and 1 Tw) shows two peaks in the time do-
main; the oscillating peaks are located at 7
(see fig. 3). Isolating the lateral peaks and
performing the Fourier transform back into
frequency domain, we get Irer and lgigna -2
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The complex perturbation in the frequency-

domain is

Isignal (a))

= R(w)e"",
ref (a))

P(w)=
where R(w ) is reflection coefficient and A¢ (@) is the phase shift difference between the
perturbed and unperturbed target surface. The shock perturbed phase shift at time do-
main can now be recovered as’?!
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P(t) = F ™ (Es (@)P(@))/ Eq (t).

Fig. 4 shows the phase shift signal re-
constructed from the center lineout in fig. 2.
The high frequency fluctuations in the phase
shift line arise from one pixel resolution of
the CCD camera and finite roughness of the
foil surface (<10 nm). The time zero corre-
sponds to 785 nm of the chirped probe pulse.

3.2 EOS determination

Fig. 4. A phase shift signal reconstructed from the
center lineout in fig. 2(b).

At 33 ps probe delay time, the evident
interferogram bends in fig. 2(b) are also shown as the phase decrease in fig. 4 which be-
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gins at ~—100 fs. This indicates an accurate arrival time (32.920.1 ps after the pumping
pulse) of the shock at the rear surface of the foil. Correspondingly, the mean shock ve-
locity at which it travels the 500210 nm aluminum foil can be calculated as 15.15+0.3
km/s for 1.04>10 W/cm? pump laser irradiance.

There are three possible reasons for the observed phase shift'3], i.e. the motion of
the aluminum foil surface, the changes in the optical properties of the aluminum foil
surface, and the changes in the refractive index of the air near the foil. At the early time
of shock deformation, the aluminum plasma scale length at the foil surface is much
shorter than the laser wavelength, so that the last two contributions are negligible at the
normal probe angle. The shock deforming velocity can be derived from the Doppler
phase shift rate!2! as ~15.24 km/s. The corresponding particle velocity after shock in the
foil could be half of the free unloading velocity™ and it is determined to be ~7.62 km/s.

Now, two shock parameters have been measured simultaneously at one laser pulse,
so the absolute EOS of the aluminum can be determined. For example, the shock pres-
sure can be calculated® as P = Du/Vo = 3.12 Mbar under our experimental condition,
where D = 15.15 km/s and u = 7.62 km/s are shock and particle velocity, respectively,
and Vo = 1/p with p o the unshocked aluminum density which is 2.6984 g/cm? in this
case. This pressure value is comparable with that measured by Evans et al.22 In their
experiment, pressures 1—3 Mbar were measured along the aluminum Hugoniot curve
for ~10™ W/cm?, 120 fs laser irradiance and duration. The reason why we obtained a
little higher intense shock pressure is because a longer duration laser (1.2 ps) is used in
our experiment.

The shock velocity can also be deduced from the empirical equation for alumi-
numi! D = 5.471+1.310u = 15.45 km/s, u = 7.62 km/s is the measured particle velocity.
The difference between the calculated shock velocity value and the measured one comes
from the following reasons. First, the chemical composition of the two targets is differ-
ent and thus the two target materials have different EOSs, correspondingly. Second, the
finite roughness of the aluminum target foil (<10 nm root mean square) contributes a lot
to the shock velocity error. For example, the shock propagating through 500 nm of alu-
minum at 15.15 km/s will reach the back surface in 32.9 ps. A variation as small as 2%
in thickness will cause 0.3 km/s error in the shock velocity. Last, the fluctuations arise
from one pixel resolution of the CCD camera. The measured shock velocity and particle
velocity are consistent if the forenamed error aspects have been taken into consideration.
The estimated precision on particle velocity is =5%.

4 Conclusions

We have shown the feasibility of simultaneous measurement of shock velocity and
released particle velocity after shock. Correspondingly, the EOS in aluminum after
shock is determined experimentally. The shock velocity determination benefits from the
precise synchronization (<100 fs resolution) of shock pump and probe laser pulses,
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which is calculated from the time the shock takes to travel the 500 nm thick aluminum.
The released particle velocity determination takes advantage of the chirped pulse fre-
guency domain interferometry. The two measured parameters are self-consistent. Further
work will be devoted to the simultaneous measurement of shock wave and particle ve-
locities.
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