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Abstract. Free electron lasers operating in the 0.1 to 1.5 nm wavelength range have been
proposed for the Stanford Linear Accelerator Center (USA) and DESY (Germany). The
unprecedented brightness and associated fluence predicted for pulses <300 fs pose new challenges
for optical components. A criterion for optical component design is required, implying an
understanding of x-ray — matter interactions at these extreme conditions. In our experimental
effort, the extreme conditions are simulated by currently available sources ranging from optical
lasers, through x-ray lasers (at 14.7 nm) down to K-alpha sources (~0.15 nm). In this paper we
present an overview of our research program, including (a) Results from the experimental
campaign at a short pulse (100 fs ~ 5 ps) power laser at 800 nm, (b) K-a experiments, and (c)
Computer modeling and experimental project using a tabletop high brightness ps x-ray laser at the

Lawrence Livermore National Laboratory.

1. INTRODUCTION

The development of modern high power laser facilities in XUV regime brings new
opportunities for the research of basic physical processes involved in the x-ray —
matter interaction. In turn, it also poses new challenges on optical components. For
example, at the Linac Coherent Light Source (USA), the projected brightness and
associated non-focused fluence (up to 30 J cm™) in <300 fs will be available in 2008
and, at the TESLA source (DESY, Germany), the focused intensities of 10" W/cm? in
100 fs pulses will be achievable in 2011.

* E-mail: kubal @lInl.gov
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FIGURE 1. Irreversible damage at fluences as low as ~0.1 J cm? with no dependence on pulse length
was observed. High power short pulse duration laser experiment at 800 nm was carried out in 2001.

Interaction experiments have been performed at many laser facilities, e.g. [1—4] in
the (near-) visible wavelength range or in the XUV range [5] using a quasi-steady-
state long pulse x-ray laser (XRL) at the NOVA and Janus facilities. At the LLNL the
research involves the interaction of x-ray pulses with various materials from sources
available nowadays with the aim to simulate the expected parameters of the 4th
generation x-ray sources. In this paper we present our results, numerical modeling and
experimental projects on the three major paths being pursued at the LLNL.

2. EXPERIMENTS AND SIMULATIONS
A. Damage by 800-nm Laser Pulses

Surrogate experiments using infrared pulses provided by the USP facility at the
LLNL were carried out in 2001. A single Si crystal (111) was irradiated by 800-nm
converging beam laser pulses under normal incidence, with the footprint defined by a
I mm x 1 mm aperture. The sample was placed 5.5 cm beyond the aperture. The
footprint on the sample was measured to be 0.321 x 0.359 mm. Both incident and
reflected energies were measured, allowing the absorbed energy to be deduced. The
measured reflectivity was 0.12 + 0.06. Pulse lengths were varied between 100 fs and
5000 fs, with fluences up to ~0.3 J cm™.

After irradiation the samples were examined by an optical microscope. White light
was reflected at normal incidence off the Si wafer, and the resulting pictures recorded
at each spot heated by the laser. Presumably, the darker areas in the pictures
correspond either to increased white light absorption, or to areas where the white



scattering has been out of the microscope objective, in either case due to surface
damage.

For each pixel in the image a background value representative of no damage was
subtracted. Furthermore, the images were numerically corrected for the Fresnel
diffraction pattern on the square aperture. Where obvious extraneous darkening
appears (e.g. striations running diagonally across the wafer) the data was excluded
from the analysis. Three values were taken for each picture: (a) an average darkening
across each area inspected (i.e. across the 0.0156 mm?), (b) in the central region, and
(¢) in the four areas of maximum irradiation due to the diffraction.

The data (Fig. 1) show clearly observable irreversible damage at fluences as low as
~0.1 J em™, with no dependence on intensity (the pulse duration was varied by a factor
of more that 100 while keeping the energy constant; the damage onset fluence
remained unchanged). Recently, a German group has repeated our experiment and
found the same results [6]. This onset fluence is 50 times lower than that predicted
from the linear absorption coefficient (800 cm™) assuming the threshold damage
process is melting of the surface. We infer that an additional absorption mechanism
must be operating for these rather intense pulses.

Experiments at 625 nm [3] see a melting threshold of 0.17 J cm™, similar to ours,
which they attribute to 2-photon absorption. However, at 800 nm, the 2-photon energy
is below the direct band gap for Si and therefore the absorption coefficient is expected
to be fairly small [7]. Furthermore, we observe that the damage fluence is insensitive
to pulse length, arguing against 2- or multiphoton processes. It is possible that the
enhancement is due to free-free absorption. In this case, linear absorption seeds an
avalanche breakdown, which generates sufficient free electrons to increase the
strength of the free-free absorption coefficient. This is similar to the multi-photon
seeded avalanche breakdown inferred in ultra-short pulse interaction with fused silica
[8].

R. London, S. Rubenchik, and M. Feit of the LLNL are currently developing a
theoretical model.

B. K-a source Interaction with Matter

The second type of x-ray — matter interaction experiments involves the use of a
K-a source generated by a short (~100 fs) laser pulse. The target materials range from
Cu (8.0 keV) to Al (1.5 keV). The projected experiment will use such a K—a source to
irradiate (in back-emission) a sample material (Fig. 2). The advantages of this scheme
consist in a short wavelength comparable with the projected X-FEL facilities, and
short pulse duration achievable. The scheme, however, requires basic research to
produce reliable and well-described K-a sources.

Preliminary experiments at the ATLAS 10 (Max-Planck-Institut, Germany) facility
were carried out in order to develop and characterize various K—a sources. The
ATLAS 10 laser facility delivered typically 200-600 mJ (on-target energy) in 130-fs
pulses at 10-Hz repetition rate or in a single pulse mode. The beam was focused by an
off-axis parabola to a minimum of 9.4-pm-in-dimeter spot on a solid target [50-75 um



by 4 cm x 4 cm] supported by an aluminum substrate. Copper, iron, and titanium
targets were irradiated with P-polarized laser light at a 45 deg angle of incidence. The
intensity on target was controlled by varying the target position to change the focal
spot size. The best focus position was optimized by the Hartman plate method. The
resulting intensities on target and spot size were measured after the original
experiment using a Coherent LaserCam CCD camera with the help of SPIRICON
Laser Beam Diagnostics software. The measurement showed that the maximum
irradiation intensities were around 2 x 10" W/cm?,

The resulting spectra were diagnosed by a 512x512, 16-bit, 12.3x12.3-mm
Photometrics CCD under an angle of ~45 degrees. The CCD irradiation was reduced
by transmission filters (5 um of Ti and 10 pm of Ni). The K-alpha source vertical
dimension was measured by means of a knife-edge input horizontally into the
emission in front of the CCD (~7 cm away from the target).

In the first part of the experiment, the Cu K-alpha measurements reproduced well
the results obtained during previous experiments by Eder et al. [9]. The optimization
with respect to the focal spot yielded the maximum K-alpha emission of 3.7 x 10’
photons/sterrad (supposing an isotropic emission in this angle). Our maximization of
Cu K-alpha emission corresponds to the source diameter of 75 ym (even though of a
slightly oval shape due to the parabola focusing), which is consistent with 70-um-
diameter reported in [9].

Comparison in Fig. 3 shows the optimization of the laser intensity to maximize the
K-a output. The emission from a Ti target appears more intense than that of Fe or Cu.
The results suggest that the emission rises for lower Z number of the target (cf. also
[10]). A possible explanation would be that the energy conversion (laser to K-alpha)
remains similar within the observed Z interval and hence only a smaller number of
high energetic photons can be released in comparison with those at lower photon
energy for low-Z materials.
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FIGURE 2. In a proposed experiment x-ray radiation from a short pulse laser driven K-a source will
interact with an investigated sample.

FIGURE 3. K-a source optimization with respect to the laser intensity (varied by means of defocusing
the irradiation laser).



C. X-ray Laser Interaction with Matter

The proposed experimental campaign will concentrate on the interaction of the
focused XRL beam provided by the COMET tabletop facility [12] with multi-layer
mirrors. These will include Si- and C-based optics, such as Mo-Si or Ru-C, operated
under near-normal incidence. The damage will be studied by time-resolved
measurements of the reflected beam using an ultra-fast streak camera with resolution
up to 300 fs. The reflected pulse will be compared on a shot-to-shot basis with the
original pulse, a small portion of which will be sent directly to the streak camera
without the focusing and interaction with the target (Fig. 4). This scheme will allow us
to evaluate the intensity profile on the target, and to calibrate the spot size (and hence
intensity) as a function of the distance between the focusing optics and the target. The
experimental work will provide data on reflectivity changes and then by interpretive
modeling on material changes both during and after the x-ray pulse.

The hydrodynamic changes that affect mirror properties on intermediate to later
times can be currently modeled by the LASNEX and RADEX codes [11]. Preliminary
results demonstrating the high sensitivity to small material property changes are
shown in Fig. 5, where dynamic photon absorption and subsequent expansion in a Mo-
Si multilayer mirror are modeled with the code RADEX. The resulting density profiles
were then input into a multilayer optics code to calculate the dynamic reflectivity,
which is what will be experimentally measured. By varying the multilayer period and
incident beam angle, substantial changes in reflectivity are predicted. The changes
shown take place on hydrodynamic timescales and produce distinct ‘signatures’ in the
multilayer reflectivity as a function of photon energy (or incidence angle) arising from
material expansion into vacuum. Other physical effects

t — T T T T
X-RAY LASER R 1
) S ool -
©
| Beam Focusing ;: 05 N ]
Splitter Mirror £ [
-g— 04+ f \ B
2 L \
% 03fF ¢ \ 1
i o \ S
Multi-Layer Target 02 Y W ]
N . e /' i \\
Streak * 0.1 G o E
. LA AT
Timing Camera 0.0 : ' ' COANA,
- Slide 75 80 85 90 95 100
/ Photon Energy, eV

FIGURE 4. Proposed layout for an experiment on focused XRL beam interaction with multi-layer
mirror samples.

FIGURE 5. Modeling of the X-ray reflectivity of a Mo/Si multilayer mirror under the incidence angle
of 8 degrees (50 pairs, 30A Mo/45A Si on a silicon substrate), where t=0 is the beginning of the
incident laser pulse: duration S ps at FWHM, intensity 1.7 10" W/cm?, photon energy 84 eV.



with different timescales lead to different reflectivity temporal behavior, including
changes seen only after the x-ray pulse is over. For example, one might find
improvements in reflectivity on subsequent shots. The preliminary theoretical analysis
predicts in some conditions the occurrence of phase transitions like melting on (sub-)
ps timescales.

3. CONCLUSIONS

In this paper we presented the experimental program and associated simulations on
x-ray — matter interaction that is being carried out at the Lawrence Livermore National
Laboratory. In a surrogate experiment with a short pulse (100 fs — 5 ps) power laser at
800 nm we demonstrated irreversible changes in a silicon target at fluences as low as
0.1 J cm™, which is 50 times lower than that predicted from the linear absorption
coefficient assuming the threshold damage process is melting of the surface, which
suggest that other processes are involved.

In frame of the K-a program, we optimized K-a sources from different targets. In
our further work the K-a sources will be used to investigate the interaction of a
sample with this short x-ray pulse. The experimental program will continue both at the
ATLAS 10 facility in Germany and at the JanUSP facility at the LLNL.

Finally, the XRL project was presented where the focused short pulse transient
XRL will interact with a multi-layer mirror target. The simulations predict substantial
changes in reflectivity of this resonance system.
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