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Two experimental platforms with high-power laser systems
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EH6 on BL2: 
Experimental Platform 
with Femtosecond Laser

EH5 on BL3:
Experimental Platform 
with Nanosecond Laser

SACLA - SPring-8 Experimental Facility

High-power 
Nanosecond Laser

*High-power nanosecond laser was installed by Osaka University.

BL3

BL2

High-power 
Femtosecond Laser
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Experimental platform with high-power femtosecond lasers

XFEL
Beamline BL2

Focusing optics CRLs for focus (~a few μm)
Mirror for 1D focus

(~a few um in vertical)

High-power femtosecond laser
Pulse energy ~8 J

Pulse duration ~30–40 fs (typ.)
Wavelength 800 nm

Rep. rate 1Hz
Shot rate ~ 1 shot / 3 min.

Timing jitter ~20 fs (rms) / 3 min.
Timing drift +/- 500 fs / day
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LH6: High-power 
Femtosecond Lasers

EH6: Pump&Probe
with High-power 

Femtosecond Lasers

Femtosecond Laser

SACLA User' Meeting 2023, K. Miyanishi, 2nd March 2023



Combination of high-power fs laser and XFEL allows for studying 
transient, high-energy density states on fs-ps time scales; 
however, spatial and temporal controls are challenging due to the 
extreme scales (µm and fs)
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Key features
l High power (>200 TW)
l Short pulse duration ( ~30 fs)
l Small spot size (~20 µm, typical minimum)
l High intensity (up to ~ 1019 W/cm2)

Application example
l Nanoscale subsurface dynamics of solids upon high-intensity 

femtosecond laser irradiation

Femtosecond Laser

SACLA User' Meeting 2023, K. Miyanishi, 2nd March 2023

Talk by M. Nakatsutsumi at Scientific Talks A

Spatial and temporal controls are key but challenging
NANOSCALE SUBSURFACE DYNAMICS OF SOLIDS UPON … PHYSICAL REVIEW RESEARCH 4, 033038 (2022)

FIG. 1. Schematics of the experimental setup to investigate the subsurface plasma dynamics of a solid with grazing-incidence small-angle
x-ray scattering (GISAXS) by a single femtosecond x-ray FEL pulse. (a) The multilayer (ML) samples consisted of five layers of tantalum (Ta)
and copper nitride (Cu3N), of 4.3 and 11.5 nm thickness each. The samples were irradiated by an optical laser with 800 nm central wavelength,
(3.6 ± 0.2) × 1014 W/cm2 intensity, 40 fs duration in full-width at half-maximum (FHWM)) under an incident angle of 17◦ from the surface
normal in p polarization. The x-ray pulses with 8.81 keV photon energy, 7 fs FWHM duration, and 4 µm spot size (FWHM) irradiate the
sample at the grazing-incidence angle of αi = 0.64◦, i.e., slightly above the critical angle of external total reflection of the layer materials. The
laser beam is defocused to obtain a ∼500 µm spot diameter to cover the x-ray footprint of ∼360 µm at the surface. Scattered x-ray photons are
recorded by an MPCCD area detector placed around the specular direction. The strong specular peak at Qz = 1.0 nm−1 is blocked. (b) In-plane
signal along Qz for different time delays between −0.5 and 4 ps after the laser intensity peak. The position of the beam stop is indicated by the
gray shaded area. (c) Maximum intensity of the intense peak at Qz = 1.33 nm−1 as a function of the time delay.

[31] are thus originating predominantly from the interference
of the topmost surface layers and are a sensitive marker for
the structure of the uppermost layers. Accordingly, the peaks
at 0.80 and 0.87 nm−1 [dashed vertical lines Fig. 1(b)] cor-
respond to the solid densities of Cu3N and Ta, respectively.
It is striking that, even at the delay time of 4 ps where the
Kiessig fringes had disappeared, we observed well defined
Yoneda peaks, which facilitate a reconstruction of the electron
density. It is worth mentioning that the analysis of the diffuse
scattering signal and the Yoneda peaks is also referred to as
grazing-incidence x-ray diffuse scattering [32]. We call the
method GISAXS here as this is the most common term being
used at synchrotrons [33]. GISAXS has the advantage that
depth information is provided without scanning incident and
exit angles as required by x-ray reflectometry [29,34], so that
it can be well adapted for single-shot XFEL experiments.

The information around the dynamical diffraction effects
as well as the in-plane (Qy = 0) and out-of-plane (Qy %= 0)
data are used to reconstruct the density profile by making
use of the state-of-the-art GISAXS analysis program Bor-
nAgain [35]. This analysis is similar to Ref. [36] and yields
the temporal evolution of both the depth-resolved real-space
density profile and the parameters describing the correlated
roughness between the layers. A simultaneous refinement of
in-plane and out-of-plane scattering signals was important to

mitigate problems of nonunique solutions and key to a suc-
cessful density reconstruction (see the Supplemental Material
[26] for the detailed analysis). Circular dots in Figs. 2(a) and
2(b) show the in-plane scattering profile obtained at −0.5
and 2.0 ps after the laser intensity peak, respectively, while
Fig. 2(c) shows the corresponding retrieved electron density
profile. The laser irradiates the sample from the left side. The
higher and lower effective electron density layers represent Ta
(neff = 3.7 nm−3) and Cu3N (neff = 2.2 nm−3), respectively.
The shaded areas indicate a confidence interval of the electron
density profiles which are determined as described in the
Supplemental Material [26]. The solid lines in Figs. 2(a) and
2(b) represent fits through iteratively minimizing chi-square
values resulting in the density profiles shown in Fig. 2(c). The
−0.5 ps signal (i.e., the integration over −0.5 ± 0.6 ps around
the laser intensity peak) is identical to the density profile in
the cold sample. At 2.0 ps delay, the density profile is strongly
modulated, although there still existed a periodic double-layer
structure, as manifested by the continued presence of the peak
at Qz = 1.33 nm−1. A reduced number of layers or reduced
homogeneity in layer thickness corresponds to the disappear-
ance of Kiessig fringes between Qz = 1.0 and 1.33 nm−1.
Furthermore, the reduced density of the uppermost Ta layer
in Fig. 2(c) is corroborated by the reduction of the Qz =
0.87 nm−1 peak. Finally, the front of the expanding plasma is
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FIG. 2. GISAXS signals and corresponding retrieved real-space
effective electron density profiles. Lineout of the in-plane scattering
at (a) 0.5 ps before and (b) 2 ps after the laser intensity peak. Solid
lines represent refinements using the program BornAgain. (c) Re-
trieved real-space effective electron density profile as a function of
the depth (Z) including its confidence interval (light blue and red).
The red arrow indicates the direction of laser irradiation. See the
Supplemental Material [26] for the details of confidence interval
calculation)

inferred from a new shoulder appearing at Qz = 0.73 nm−1. A
more detailed discussion about the ablation and interdiffusion
of the top layers can be found in the Supplemental Material
[26]. Note that we track here mostly the bound electrons, or
equivalently, the ion motion. This is because we probe here all
electrons with binding energies below the photon energy, i.e.,
the effective number of electrons per atom (27 for Cu and 63
for Ta), while the mean ionization predicted under our laser
condition is relatively small (up to Zmean = 7 [37]).

B. Comparison with simulations

In a next step, we compare the experimentally retrieved
density profiles with simulations for the different delays. In
our experiment with 3.6 × 1014 W/cm2 intensity, the laser
absorption is dominated by inverse bremsstrahlung. Electrons
are thermalized in femtoseconds via collisions. As the dy-
namics of our system is located between the kinetic and
hydrodynamic regimes, we used here two state-of-the-art sim-
ulation codes to represent these regimes by implementing the
same collision model for strongly coupled plasmas:

(1) MULTI-fs, a one-dimensional (1D) Lagrangian two-
temperature hydrodynamics code, which is specifically
designed for femtosecond laser-solid interactions in a nonrel-
ativistic regime [38]. MULTI-fs represents Lagrangian codes
such as HYDRA and HELIOS [39], which are widely used for
modeling nanosecond laser plasma interactions in the context
of inertial confinement fusion (ICF) [40].

(2) PICLS, a kinetic collisional electromagnetic particle-
in-cell (PIC) code [41] representing widely used codes such
as EPOCH, VLPL, and OSIRIS [42]. PIC codes are typically
used for the modeling of relativistic plasmas in the context of
laser particle acceleration.

For modeling warm and dense plasmas, the electron col-
lision frequency ν, which is dominated by the sum of

FIG. 3. Electron and ion temperatures, pressures inside the mul-
tilayer at 0.2, 1.0, 2.0, 5.0 ps delay. Electron temperature Te vs
depth calculated by (a) MULTI-fs 1D hydrodynamics simulation and
(b) PICLS 1D kinetic simulation. (c) Ion temperature Ti vs depth cal-
culated by PICLS. The red dashed line is Te at 5 ps delay. (d) Pressure
(electron + ion) profile calculated by PICLS. For all simulations, the
laser intensity and the pulse duration are 4 × 1014 W/cm2 and 50 fs
(FWHM), respectively. The laser irradiates the sample from the left
side. The depth of z = 0 corresponds to the initial solid surface. The
laser intensity peak is at 0 fs. In MULTI-fs, the heat flux inhibition
parameter of f = 0.6 is used.

electron-electron νee and electron-ion νei terms, must be prop-
erly implemented as collisions have a large impact on laser
absorption, electron impact ionization, electron-to-ion energy
transfer, and heat conduction—processes that determine the
plasma density dynamics. Since our plasma is located be-
tween the classical hot plasma regime (Te # TF ) and the
degenerate electron regime (Te ! TF ), where TF = 7.1 and
8.6 eV is the Fermi temperature for Cu and Ta, respectively,
we implemented an interpolation between two regimes, sim-
ilar to what is implemented in MULTI-fs [38] (Sec. IV). The
typical effective collision time (ν−1) in our regime appears
about 0.1 fs with an electron mean free path length of below
1 nm. In MULTI-fs, the microscopic velocity distribution at a
given point in space is replaced by a local, averaged particle
velocity and temperature. The missing microscopic individual
particle dynamics in MULTI-fs are incorporated in PICLS by
introducing Monte Carlo binary collisions and an extremely
fine cell size of 0.125 nm. However, the implemented collision
model only takes into account the small-angle binary colli-
sions, while large-angle deflection and many-body collisions
are important in the regime of strongly coupled plasmas. Our
main goal here is to assess the predictive capability of these
widely used plasma simulation codes.

Figure 3 summarizes the temperature profiles obtained
by (a) MULTI-fs and (b) PICLS. It can be seen that the
electron temperature at the surface region is instantaneously
elevated to 15–30 eV with a spatial gradient inside the
bulk of size ∼40 nm which agrees with the collisional
skin depth c/ωpe

√
ν/2ωL, where c is the speed of light,

ωpe =
√

e2ne/meε
2
0 is the plasma angular frequency, ωL is
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Randolph et al., Physical Review Research, 4 (3), 033038 (2022).
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Spot profile and pointing fluctuation have been improved
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Focused Spot Profile

Pointing Fluctuation

2019 June 2019 Oct 2021 Feb

σh = 6.3 µm
σv = 7.2 µm

σh = 4.1 µm
σv = 3.3 µm

σh = 4.4 µm
σv = 2.9 µm
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Femtosecond Laser

ü Effective wavefront correction of amplified laser pulses made possible by an attenuator results
in focused spot profile improvement.

ü Pointing stabilities have also been improved mainly due to the beam stabilization at the XPW
(Cross Polarized Wave) system. SACLA User' Meeting 2023, K. Miyanishi, 2nd March 2023



High-power femtosecond laser is well synchronized to XFEL with a 
timing jitter of 20 fs (rms);
however, a timing drift of 50-70 fs/hour may be an issue 
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Femtosecond Laser
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Time zero

73 deg

Standard Deviation (3 min.)

Arrival Time Raw 
Data

Arrival Time
3 min. Average

Drift: 50-70 fs/hour
500 fs/day

Jitter: ~20 fs (rms)

~24 hours

A timing monitor is unavailable on this platform to provide the “on-shot” arrival timing.
We are developing a system to minimize and monitor the drift.

Spatial decoding



Development of timing drift monitor/feedback control with Out-of-
loop BOMPD is in progress
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Femtosecond Laser

CW laser

Timing jitter and drift 
measurement system;
Out-of-loop BOMPD

Synchro-lock system;
In-loop BOMPDTiming and 

clock RF

Amps., etc.

Oscillator

Monitor/feedback 
drift

Control cavity length

XFEL BL2

Synchronized

Interaction chamber

BOM-PD: Balanced Optical-Microwave Phase Detector 



Two experimental platforms with high-power laser systems
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EH6 on BL2: 
Experimental Platform 
with Femtosecond Laser

EH5 on BL3:
Experimental Platform 
with Nanosecond Laser

SACLA - SPring-8 Experimental Facility

High-power 
Nanosecond Laser

*High-power nanosecond laser was installed by Osaka University.

BL3

BL2

High-power 
Femtosecond Laser
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Experimental platform with high-power nanosecond laser

XFEL
Beamline BL3

Focusing optics KB mirror for focusing
(down to 0.5 µm, 1D or 2D)

Advanced operation Self-seeding
Two color

Split-and-delay optics

High-power nanosecond laser
Pulse energy and 

duration
15 J on sample 

in 5 ns quasi square
Wavelength 532 nm

Rep. rate 0.1Hz
Shot rate 1 shot / 3-10 min.

SACLA - SPring-8 Experimental Facility
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Laser Bay Experimental Chamber

Nanosecond Laser

SACLA User' Meeting 2023, K. Miyanishi, 2nd March 2023

High-power nanosecond laser system was installed by Osaka University

EH5 on BL3:
Experimental Platform 
with Nanosecond Laser

High-power 
Nanosecond Laser

BL3



Stabilities in the laser’s pulse shape and pulse energy are essential 
to precise and efficient experiments exploring high-pressure 
phenomena
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Nanosecond Laser

https://www.lpi.usra.edu/publications/slidesets/craters/slide_10.html

n The laser-induced high-pressure state depends significantly on the laser’s 
power.

n A limited number of data due to the destructive, single-shot experimental 
style may make sorting or picking data after data acquisition impractical.

n The laser’s stability is essential for precise pump and probe experiments.

Sample blown up

Probe X-ray

Laser ablation

New sample delivery
(shot rate: 1 shot / 3-10 min.)

Reproduce high-pressure phenomena 

Nanosecond 
laser



Pulse shape stability is also mandatory for arbitrary pulse shaping 
to extend the thermodynamic region to be explored
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We are working on the improvement of laser’s stability with Osaka University.

Laser pulse shapeThermodynamic region

Figure 4. Summary of diamond formation. (a) With increasing pressure and thus diamond

density, the diamond (111) reflection moves to higher k. The broad background from remaining

liquid CH has been subtracted for better comparison. (b) The temperature and pressure conditions

where diamond formation is observed overlaps with the predicted isentropes of Uranus and Neptune

(represented by only one curve due to the small di↵erences2). At the same time no trace of diamond

is found when applying a single shock on polystyrene, which intersects the regime where diamond

formation was suggested by experiments in diamond anvil cells (Benedetti et al., Ref. 4 and Hirai

et al., Ref. 10). This supports the trend given by atomistic simulations, which predict the phase

separation only at higher pressures.

drive”.163

The inferred density of the observed diamond particles serves as a valuable consistency164

check for the predictions from the hydrodynamic simulations. Using a recent multiphase165

EOS for carbon28 that is benchmarked by first-principles simulations and well constrained166

by experiments, we obtain P=139GPa for ⇢=4.14 g/cm3 and T=5000K. This is consistent167

to the hydro simulations within the given error bars for density, temperature and pressure.168

For the ”low-pressure drive condition”, this EOS results in 118GPa and 165GPa for the169

”high-pressure” drive condition. While the latter is very close to the hydro simulations, the170

result for the ”low-pressure” drive condition shows a larger discrepancy, but still provides171

consistency within the error bars (see Supplemental Material).172

Fig. 4 compares our results to planetary models, atomistic simulations of the carbon-173

hydrogen phase separation and previous experiments with diamond anvil cells. We do not174
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Improvement of shot-to-shot stabilities in pulse shape and pulse 
energy is ongoing
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Nanosecond Laser

n 16 % (std. dev.) in peak power
n 10 % (std. dev.) in pulse energy 

Previous Ongoing

n 3 % (std. dev.) in peak power incl. 
measurement error

n 1.3 % (std. dev.) in pulse energy

Improved system is expected to be available to users in 2023A with 5 ns 
quasi-square shape

10 shot 10 shot



Improved pulse-shape stability allows providing arbitrary pulse 
shapes to extend the thermodynamic region to be explored.
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We plan to provide arbitrary pulse shaping in 2023B on a trial basis

Laser pulse shapeThermodynamic region

Figure 4. Summary of diamond formation. (a) With increasing pressure and thus diamond

density, the diamond (111) reflection moves to higher k. The broad background from remaining

liquid CH has been subtracted for better comparison. (b) The temperature and pressure conditions

where diamond formation is observed overlaps with the predicted isentropes of Uranus and Neptune

(represented by only one curve due to the small di↵erences2). At the same time no trace of diamond

is found when applying a single shock on polystyrene, which intersects the regime where diamond

formation was suggested by experiments in diamond anvil cells (Benedetti et al., Ref. 4 and Hirai

et al., Ref. 10). This supports the trend given by atomistic simulations, which predict the phase

separation only at higher pressures.

drive”.163

The inferred density of the observed diamond particles serves as a valuable consistency164

check for the predictions from the hydrodynamic simulations. Using a recent multiphase165

EOS for carbon28 that is benchmarked by first-principles simulations and well constrained166

by experiments, we obtain P=139GPa for ⇢=4.14 g/cm3 and T=5000K. This is consistent167

to the hydro simulations within the given error bars for density, temperature and pressure.168

For the ”low-pressure drive condition”, this EOS results in 118GPa and 165GPa for the169

”high-pressure” drive condition. While the latter is very close to the hydro simulations, the170

result for the ”low-pressure” drive condition shows a larger discrepancy, but still provides171

consistency within the error bars (see Supplemental Material).172

Fig. 4 compares our results to planetary models, atomistic simulations of the carbon-173

hydrogen phase separation and previous experiments with diamond anvil cells. We do not174
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Summary
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l Two experimental platforms with high-power fs and ns lasers are available 
at SACLA

l Spatial and temporal controls are key but challenging to studying transient, 
high-energy density states on ultrafast time scales with fs laser and XFEL

ü Spot profile and pointing fluctuation have been improved with better 
wavefront correction and XPW stabilization

p Development of timing drift monitor/feedback control with Out-of-loop 
BOMPD is in progress

l Stabilities in the laser’s pulse shape and pulse energy are essential to 
precise and efficient experiments exploring high-pressure phenomena

p Improvement of shot-to-shot stabilities in pulse shape and pulse energy is 
ongoing

p We plan to provide arbitrary pulse shapes with stability improvement to 
extend the thermodynamic region to be explored

SACLA User' Meeting 2023, K. Miyanishi, 2nd March 2023

Femtosecond Laser

Nanosecond Laser


