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We present an indirect method of estimating the strength of a shock wave, allowing on line
monitoring of its reproducibility in each laser shot. This method is based on a shot-to-shot
measurement of the X-ray emission from the ablated plasma by a high resolution, spatially resolved
focusing spectrometer. An optical pump laser with energy of 1.0J and pulse duration of ~660 ps
was used to irradiate solid targets or foils with various thicknesses containing Oxygen, Aluminum,
Iron, and Tantalum. The high sensitivity and resolving power of the X-ray spectrometer allowed
spectra to be obtained on each laser shot and to control fluctuations of the spectral intensity emitted
by different plasmas with an accuracy of ~2%, implying an accuracy in the derived electron plas-
ma temperature of 5%—10% in pump—probe high energy density science experiments. At nano- and
sub-nanosecond duration of laser pulse with relatively low laser intensities and ratio Z/A ~ 0.5, the
electron temperature follows T, ~ I;,>”>. Thus, measurements of the electron plasma temperature
allow indirect estimation of the laser flux on the target and control its shot-to-shot fluctuation.
Knowing the laser flux intensity and its fluctuation gives us the possibility of monitoring shot-to-
shot reproducibility of shock wave strength generation with high accuracy. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4958796]

I. INTRODUCTION

The properties and behavior of matter at extreme condi-
tions are increasingly important for fundamental physics and
applications.' High energy lasers have allowed experiments
to reach greater pressures than that are possible with techni-
ques such as diamond anvil cells and gas gun projectile
impacts.”> By rapidly ablating the surface of a sample, or of
an ablator layer designed for this purpose, strong shocks can
be driven into the sample.

Typically, sub-nanosecond or nanosecond laser pulses
with intensities 10''=10"*W/cm? are used as generators of
shock waves, driving pressures up to hundreds of GPa in

YEmail: tatiana.pikuz@eie.eng.osaka-u.ac.jp

0021-8979/2016/120(3)/035901/7/$30.00

120, 035901-1

condensed matter (see, for example, Refs. 4-7). Now, with
available laser intensities on the target up to 10'>W/cm?,
reaching pressures of multiple TPa® starts to be possible.
Better understanding of material properties under such con-
ditions is of great interest in different fields including inertial
fusion energy research, planetary formation, and science.

Recent advances in ultrafast pump-probe experiments,
notably with X-ray Free Electron Lasers (XFELs), have
allowed in situ studies of matter deformation, melting, and
ablation at the lattice-level for the first time.”'® Although
driving with high intensity lasers is capable of reaching the
highest pressure conditions currently possible in laboratory
experiments, it suffers from a lack of shot-to-shot reproducibility
due to the variation in the laser energy, target quality, and fo-
cusing stability.

Published by AIP Publishing.
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In this regard, the question arises as to what level of
shot-to-shot reproducibility of the shock wave amplitude can
be achieved in a given laser system. It is necessary to under-
line that diagnosing the strength of the shock, and conse-
quently the conditions reached in the sample, is often
difficult and no direct measurement methods have been de-
veloped yet. To address this, we present an indirect tech-
nique, which enables estimation of the shock wave strength
and allows on line monitoring of its shot-to-shot reproduc-
ibility. It is based on measurements of the X-ray emission
spectra, which are used to determine the electron plasma
temperature reached in the ablated plasma. This allows us to
estimate the laser intensity on the target surface and, know-
ing that, to indirectly calculate the pressure of the shock
wave from empirically derived relationships. Using such an
approach, we show that, on the one hand, laser-produced
plasma in the case of reproducible laser and target operations
could be a stable source of X-ray radiation, and on the other
hand, high-resolution X-ray spectroscopy is an effective in-
direct diagnostic of the pressure value reached in the sample
and its shot-to-shot reproducibility.

As was shown in Ref. 5, for laser pulses with nano and
sub-nanosecond durations, the electron temperature T, in
samples with a ratio of atomic number (Z) to atomic weight
(A) Z/A ~ 1/2 is directly related to the laser intensity I as

T.[keV] ~ 13.7(1,[105 Wem 22 [um))>?, (1)

where /4 is the wavelengths of laser irradiation. Using this,
and knowing the electron temperature of the plasma, we are
able to evaluate the incident laser intensity I .

In such case for Z/A ~ 1), the ablation pressure

2/3
1;[10° W em~2)

P,[Mbar] ~ 57 - , (2)
(A[um])?
is also related’ to the laser intensity I, (1015 W/cmz). It
means that by accurately measuring the electron tempera-
ture, one is able to obtain relevant information about the val-
ue of the shock wave strength and its shot-to-shot
reproducibility.

Il. EXPERIMENTAL SETUP

The XFEL experimental facility at Spring-8 Angstrom
Compact Free Electron Laser (SACLA),'" Japan, was used
for performing the pump—probe experiment. The pump laser
was an optical Ti:Sapph laser at 800 nm wavelength, with a
pulse duration of ~660 ps full-width at half-maximum
(FWHM) and an energy up to ~1.0J. The laser beam was fo-
cused onto a ~280 um FWHM spot, giving an on-target in-
tensity of ~2.5 x 10'*W/cm? and generating a shock wave
strength up to 120 GPa in different crystalline foil targets us-
ing a dedicated design to reach such high pressure. The
scheme of the experiments is displayed in Fig. 1. A 7 fs
XFEL pulse, with photon energies of ~10.1keV (energy
bandwidth of ~0.5%) and ~10'' photons per pulse, was
used to probe changes in the lattice spacing, d, of the
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crystalline sample. The XFEL beam irradiates the target
from the rear side with respect to the optical pump laser.

The various foil targets are placed with an incident angle
(typically around 20° compared to the XFEL beam axis), ap-
propriate for diffraction measurements from the crystal lat-
tice of the samples. The XFEL beam is focused in one axis
down to ~17 um using a Kirkpatrick-Baez mirror, while the
other axis is adjusted to ~200 um by a two-quadrant slit,
which caused the appearance of diffraction patterns in the
X-ray beam profile. Fortunately, the produced diffraction
patterns were not strong enough to influence the X-ray
Debye—Scherrer ring diffraction images, which were observed
on a 1-megapixel array detector to retrieve the lattice spacing
d of the sample (see Fig. 1).

The implementation of a Focusing Spectrometer with
Spatial Resolution (FSSR spectrometer)'*'? allowed us to
measure the X-ray spectral intensity from the laser pump
plasma and to have information about the reproducibility
and the quality of the laser—solid interaction. The instrument
used a spherically bent mica crystal with a lattice spacing of
2d~19.91 A and a radius of curvature of R =100 mm. We
chose to use a mica crystal because it has multiple orders of
reflection: 1, 2, 3,4, 5,7, 8, 10, 11, 12, 13. This unique prop-
erty of the mica crystal is very important for using X-ray
spectroscopy for characterization of laser pump plasma
parameters in high energy density science experiments.
Indeed, the existence of many diffraction crystal orders
allowed a very wide spectral range (from practically 1 up to
19A) to be covered without any realignment. This meant
that X-ray plasma emission from different targets could be
measured using only one spectrometer. In our particular
case, the crystal was aligned in such a way that in the first or-
der of the mica crystal reflection, it was possible to record K-
shell emission spectra of multi-charged Oxygen VIII lines

Debye-Scherrer
diffraction

Focused Ti:Sa laser
beam (pump)

FIG. 1. Scheme of the experiments and main X-ray diagnostics. An X-ray
spectrum from an Al plasma, containing lines from H-like ions of O VIII (in
energy range 0.74-0.85keV) and K-shell lines of Al (in energy range
1.48-1.7keV) is shown at the bottom.
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and Ne-like spectra of Fe XVII in the energy range of
0.735-0.84 keV. Simultaneously, the second order diffrac-
tion allowed K-shell spectra of Al and bremsstrahlung radia-
tion of Ta spectra in the spectral range 1.47-1.68keV to be
measured. The FSSR spectral resolving power was approxi-
mately 3000 for all the measured spectra. The spectrometer
observed the laser-irradiated front surface of the targets at an
angle of ~40° to the target surface normal and a target-to-
crystal distance of 349 mm. A vacuum compatible back-
illuminated X-ray CCD Andor BN DX-440 with 13.5 um
pixel size was used for spectra registration (see Fig. 1). The
X-ray CCD was protected against exposure to visible light
using two layers of 1 um thick polypropylene coated on both
sides with 0.2 um Al. This spectrometer could potentially
also measure spectra at shorter wavelength ranges, but due to
the low intensity of the pump laser in our experiments, the
X-ray emission from the laser-produced plasma at shorter
wavelengths was low and we did not measure such spectra.
Our spectrometer allowed obtaining only time integrated
spectra, because the X-Ray CCD was used as a detector. In
principle, it is possible to measure spectra with time resolu-
tion.'* In such a case, it is necessary to use a streak camera
as an X-ray detector Unfortunately, such detectors are expen-
sive and time consuming to align, and consequently, it is
more practical to use an X-ray CCD for pump—probe experi-
ments. However, both the shock strength and the tempera-
ture, and therefore the X-ray spectrum, are sensitive to the
highest laser intensity. We are therefore confident that the
lack of time resolution does not significantly affect the capa-
bilities of this diagnostic.

lll. X-RAY SPECTROSCOPY PLASMA DIAGNOSTICS

A. Finding the best focusing position using X-ray
spectra of laser plasma

The first step in our pump—probe experiments is check-
ing the focus of the pump laser by varying the distance be-
tween the target and the focusing lens (see Fig. 2(a)).
Simultaneously, the K-shell X-ray spectra of Al were mea-
sured (see Fig. 2). After target irradiation, the damages
imprinted onto the Aluminium plate (see Fig. 2(b)) were
checked by a microscope, and the best focal spot (which
should be of the order of 50 um) was found. The second step
consists in moving the lens in the focus direction in order to
be out of focus to obtain a focal spot of 280 um FWHM,
which corresponds to the laser intensity ~2.5 x 10'* W/cm?.
As can be seen in Fig. 2(c), the resulting spectra of Al plasma
emission are very sensitive to the laser intensity on the sur-
face of the target. Indeed, at large distances from the best la-
ser focus position, the K-shell spectra of Al practically
disappeared and only H-like spectra of oxygen could be ob-
served. The observation of oxygen lines demonstrates that
the FSSR used has unique sensitivity and even small impuri-
ties of oxygen, or Al target oxidation, could be detected.
With better focusing of the laser beam, the incident laser in-
tensity, and therefore the electron temperature in the plasma,
increases. In such cases, the oxygen spectra practically disap-
peared (due to the overionization in hot plasma), and the res-
onance line of He-like Al ions starts to dominate. It is
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Focusing lens
a0

Pumping
Ti:Sa laser beam

(b)  Craters on Al plate

e

H-like O VIII (I order)

- 4p- =
(C) 3p-1s p-1s Sp-1s 6p-1s
K Al (Il order) Heg Al XII (Il order) au
(— 800
View of Al target
after focus scan 640
+480
320
- 160
111111 ;
Z, mm
— A e (AZ step =1 mm)
150 155 160 165 1.70 €, (Il order), keV

X-ray spectra of Al target plasma

FIG. 2. (a) Scheme of experiments for checking the laser focused spots at
the surface of Al plate target. (b) The images of the target irradiated by
Ti:Sapph 660 ps laser and used for evaluation of the evolution of laser the
spot on the target. Laser spots marked by different colors corresponding to a
obtained X-ray spectra below. (c) Typical K-shell spectra of Al in second or-
der of mica crystal reflection. Spectra of H-like O VIII were also measured
in the first order of mica crystal reflection, which demonstrated the presence
of impurities or oxidation in the Al foils used.

necessary to underline that all the presented spectra were ob-
served in single laser shot mode. It means that results pre-
sented in Fig. 2(c) show that the proposed X-ray
spectroscopic technique could be used for finding the best or
appropriate focusing position on line, without opening the
vacuum chamber and checking the damage on the laser irra-
diated target.

After providing the above-mentioned procedure, the
pump-probe shots were carried out with Fe and Ta crystal-
line foil targets with various thicknesses. In each case, we
observed X-ray plasma emission on the FSSR spectrometer
described below. For Al and Fe plasma emission, the spectra
contain mainly line radiation, while for Ta plasma due to un-
resolved transition arrays in multiply ionized spectra, quasi-
continuum radiation dominates. Of course, the most
informative are the line spectra. In such cases, we can mea-
sure both plasma density and temperature, while continuum
spectra allow measurement of only the plasma temperature.

B. Diagnosing Al plasma using K spectra

Al spectra were used for the measurements of electron
temperature and density of the plasma in a single laser shot on
solid target laser intensity ~2.5 X 10" W/cm?. In the case of Al
plasma, the applied spectroscopic diagnostic were based on the
measurements of resonance lines of He-like Al XII ion and
their dielectronic satellites’ intensities.'>™!” Calculations were
made using a stationary collisional-radiative kinetic model
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FIG. 3. (a) Red—experimentally observed K-shell Al spectra from the plas-
ma produced by on-target laser intensity ~2.5x 10'* W/cm?, black
dashed—simulation for N, = 1.3 x 10*° cm >, T, =210eV.

including optical thickness of the resonance lines. Comparisons
of the calculated spectra with observed ones are shown in Fig. 3;
the measured value of plasma densities and temperatures are
shown in Table L.

C. Diagnosing Ta plasma using continuum spectra

The X-ray spectrum (bremsstrahlung radiation and qua-
sicontinuum radiation due to unresolved transition arrays in
multiply ionized Ta spectra) produced by the laser irradiation
of Ta foils with 5 um thickness has been recorded in a single
shot mode. For Ta plasma, we have measured the X-ray
bremsstrahlung radiation emission I, in the spectral range
corresponding to photon energies from 1470eV to 1680eV.
Because the spectral distribution I,4(E) exponentially
depends on electron temperature Iy (E) = Aexp(-E/kT,), it
allows us to estimate the electron plasma temperature by the
simple equation

d[In(Iy,(E))}/dE = ~1/KTe. 3)

The comparisons of the observed spectrum and calculated
bremsstrahlung spectra for different T, are presented in the
upper part of Fig. 4. As could be seen from such comparison,
the accuracy in the determination of the electron temperature
using the bremsstrahlung radiation from the Ta plasma is on
the order of ~*5%.

Our experiments show that the variation of Ta X-ray
spectra intensities in 6 pump-probe laser shots was only of
~6.4%, which implies a variation in the electron temperature
of ~*5% (The highest and lowest intensity spectra are pre-
sented in Fig. 4, and the results derived from the analysis are
shown in Table I). As it was mentioned in Introduction at
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FIG. 4. Ta plasma emission in the range of 1470-1680eV and the brems-
strahlung radiation calculated for different T, values.

nano and sub-nanosecond duration of laser pulse and rela-
tively low laser intensities, the electron temperature follows
T, ~ ILZ/ 3 In that case, the shot-to-shot fluctuations of the la-
ser intensities are of the order of ~*8%. This value is con-
sistent with the shot to shot RMS fluctuation (~2%) of the
laser energy measured by an energy meter. According to
Equation (2), shock wave strength is P~ I; #. It means that
its shot-to-shot reproducibility of P in Ta experiments was
~*5%. Thus, the laser—matter interaction is very stable and
can launch reproducible shot-to-shot shock wave strength in-
side Ta sample, which was simultaneously observed in Ref.
18 by XFEL diffraction probe measurements.

D. Diagnostic of Fe plasma using L-shell Fe spectra

In the case of Fe plasma, the spectra contain lines caused
by transitions to the L-shell in Fe ions in various charge
states. The modeling for the Fe L-shell emissions was done
using a model that was developed to study stainless steel

TABLE I. Results of plasma diagnostics by X-ray spectroscopy methods. Equations (1) and (2) were applied to retrieve I; and P.

Laser intensity retrieved Shock wave strength retrieved

Target N, (cm™3) T. (eV) from measured T, (W/cm?) from measured Iy (GPa)
Ta (min) 210 + 10 3.0+ (0.1) x 10" 128 (+6)
Ta (max) 220+ 10 3.2+(0.1) x 10" 133 (%6)
Fe (min) 1.2 x 10% 220+ 15 3.2+ (0.15) x 10 133 (+13)
Fe (max) 0.9 x 10 230+ 15 3.4+ (0.15) x 102 140 (+13)
Al 1.3 x 10 210 = 10 3.0 % (0.1) x 10" 128 (*6)
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FIG. 5. Dependence of spectra intensity in the vicinity of Ne-like Fe XVII
ions on electron plasma temperature.

Z-pinch wire arrays and ultrashort laser interaction with Fe
solid targets.'”?' The model used atomic data calculated by
the Flexible Atomic Code (FAC).??> Ground states for ioniza-
tion levels from bare to neutral were used, while excited
states for H-like to Al-like Fe ions were detailed with the
largest focus being on O-like to Al-like states. For L-shell
transitions, singly excited states up to n=35 were used for
Ne- and Na-like Fe ions, while O-, F-, Mg-, and Al-like Fe
ions are included up to n=4. Doubly excited states were in-
cluded for Na-, Mg-, and Al-like Fe ions up to n=3. The
model assumes non-LTE (local thermodynamic equilibrium)
conditions, and synthetic spectra are created by broadening
line emissions using Voigt line profiles.

Three parameters were adjusted to match the theoretical
spectrum with the experimental spectrum: electron tempera-
ture (T,), electron density (N.), and optical thickness (see
Figs. 5 and 6). Changes to T, were more noticeable as it is
demonstrated in Fig. 5 when comparing the Ne-like lines
(3C, 3D, and 3F lines of Fe in Fig. 7) with the region be-
tween 15.6 and 16.5A which is mostly composed of lines
from F-like Fe transitions. This is due to T, strongly affect-
ing the ionization balance of the plasma. When matching the
theory to the experiment, the T, was adjusted to match the
relative intensities of both F- and Ne-like Fe lines. The

(a) T.=230eV; 7=1um

\ ’\ N, =5-1020 cm?
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changes in N, were more observable as shown in Fig. 6(a)
when comparing the intensity of the 3C, 3D, and 3F lines.
For example, increasing the N, reduced the intensity of the
3F line relative to the 3C and 3D lines. Hence, the N, was
found in the experiments by matching the relative intensities
of the 3C, 3D, and 3F lines. The optical thickness changed
the intensity of all the lines by representing self absorption
within the plasma. The more intense lines are typically more
affected. The thickness of the plasma was determined by
matching the relative intensities of the 3C and 3D lines with
the structures between the two lines. The dielectronic satel-
lite structures were not very affected by the thickness
changes and therefore made good reference points to scale
the 3C and 3D lines. In Fig. 7, we present comparison of the
modelling results with observations. One can see a very
good agreement between experiment and theory.

The accuracy in the determination of the electron tem-
perature using the intensities of L-shell spectra in Fe plasma
emission is of the order of ~*+7%. The variation of seven
X-ray Fe spectra intensity measured in our pump-—probe
experiments was ~20%, which implies a variation of the
electron temperature of ~*7% (see Fig. 7 and Table I). As
it is mentioned earlier, with nano and sub-nanosecond dura-
tion laser pulses at relatively low laser intensities, the elec-
tron temperature goes as T, ~ Ilasz/ 3. In that case, the shot-to-
shot fluctuations of the laser intensities are of the order of
~*10%. According to Equation (2), shock wave strength
P ~I.*?. It means that its shot-to-shot reproducibility in Fe
experiments was ~*7%. The measured values of plasma
parameters are shown in Table I.

IV. DISCUSSION

Table I shows that in our experiments, the stability of la-
ser parameters such as energy, focusing laser spot reproduc-
ibility, and pulse duration was very good. The electron
temperature of the plasma generated by the laser irradiation
of different solids targets was in the range of ~220 = 10eV,
which means that the temperature deviation from the mean
value for all experimental results did not exceed *=5-7%.
This suggests that the stability of the laser intensity on the
target is on the order of *=8-10%, and that therefore, the
maximum amplitude of the shock wave strength propagating

(b) N, =1-10%cm3; T, = 230V

7=100um

’\ H N, =1-10°c¢m? X A J\ A “ 7=10um
NS

[ ; T d ¥ . v 1
145 15.0 155 16.0 16.5 170
Wavelength (A)

A N, =5-101 cm* ’\ g r=ipm
e

T T T T T T 1
145 15.0 155 16.0 16.5 17.0

Wavelength (A)

FIG. 6. Dependence of spectra intensity in the vicinity of L-shell Fe ions on electron density of plasma (a) and on plasma optical thickness (b).
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in the sample is highly shot-to-shot reproducible. Using
Equation (1), we derived the laser intensity reached in our
experiments as I, ~3 x 10'?> W/cm?, which is in very good
agreement with the chosen incident laser intensity. Using
Equation (2), we also estimated the strength of shock waves
in our experiments, which is on the order of ~130 GPa. It is
necessary to mention that this value is slightly higher
(116 GPa) than estimated in our pump—probe experiment, in
which the dynamic fracture of Tantalum was observed at the
atomic scale and compared with large scale molecular dy-
namics simulation.'® This could be connected with 2 rea-
sons: (1) We used for estimation of Te and shock wave
strength Equations (1) and (2), which are valid for Z/A ratio
~(0.5, whereas for the case of Ta, the ratio is 0.4. Another
point is that the shock wave decays during its propagation
through the target. As the diffraction diagnostic measures the
shock wave at the rear side of the target compared to the op-
tical laser beam, the estimated ablation pressure given by
this spectroscopic method at the front surface of the target
should be higher compared to what we measured at the rear
side of the target.

We would like to stress that the reproducibility of the
laser—matter interaction is of prime importance in pump-
probe experiments which are dedicated, for example, to the
study of phase transition in material at high pressure. Indeed,
these types of experiments look at different planes of the ma-
terial in order to search for new phases. In that case, it is im-
portant to control that the maximum amplitude of the shock
wave is the same for the differents planes to deduce with
small uncertainties the parameters of the new phase. For ex-
ample, in our experimental case of Ta plasma, the variation
of £8% in the laser intensity causes a difference in the maxi-
mum amplitude of the shock wave of ~6 GPa. This is small
variation that can be controlled now in order to characterize
new phase parameters with high accuracy.

It is necessary to emphasise that the diagnostic presented
here is not intended as an alternative to that commonly used
for measuring the strength of shock waves propagating inside
a material, i.e., the velocity interferometer system for any

reflector (VISAR) high-precision velocity diagnostic.>**

Indeed, VISAR allows more direct measurements of the
strength of shock waves propagating inside samples and break-
ing out the rear side of pumped targets. Moreover, the accura-
cy of VISAR measurements is higher and can be as high as
few percent uncertainties on the shock velocity. However, the
X-ray spectroscopic diagnostic is easier to implement in an ex-
periment and can perform well in combination with the
VISAR observation, because it gives complementary informa-
tion about the laser intensity parameters on the front side of
the pumped target. Simultaneous measurements by both meth-
ods will help in future experiments to obtain more accurate
data in the field of shock wave generation and interaction of
shock waves with different materials.

V. CONCLUSION

In this study, we present an indirect method to estimate
the shock wave strength and allow on line monitoring of its
reproducibility in each laser shot, even with low energy and
laser intensity on the target. This method is based on a shot-
to-shot measurement of the X-ray emission from the ablated
plasma by a high resolution FSSR spectrometer. High sensi-
tivity and resolved power of the spectrometer allowed spec-
tra of Oxygen, Aluminium, Iron, and Tantalum to be
obtained in laser pump-XFEL probe high energy density sci-
ence experiments in each laser shot and to control fluctua-
tions in the X-ray spectra intensity emitted by different
plasmas with an accuracy of ~2%. This implies estimating
the electron plasma temperature with accuracy ~*+5-7%. At
nano and sub-nanosecond duration of laser pulse with rela-
tively low laser intensities, the electron temperature follows
Te~ 1%, implying an estimation of laser intensity on the
target with accuracy ~*8-10%. Knowledge of laser intensi-
ty on the target gives a chance to indirectly determine the la-
ser flux on the target and to control its shot-to-shot
reproducibility. Thus, it gives opportunity to monitor shock
wave generation strength with high accuracy in any laser
pump—probe high energy density science experiments.
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