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Abstract

We have focused a beam (BL3) of FLASH (Free-
electron LASer in Hamburg: A=13.5 nm, pulse length
15 fs, pulse energy 10-40 ulJ, 5SHz) using a fine polished
off-axis parabola having a focal length of 270 mm and
coated with a Mo/Si multilayer with an initial reflectivity
of 67% at 13.5 nm. The OAP was mounted and aligned
with a picomotor controlled six-axis gimbal. Beam
imprints on poly(methyl methacrylate) - PMMA were
used to measure focus and the focused beam was used to
create isochoric heating of various slab targets. Results

show the focal spot has a diameter of <lum producing
16 -2
intensities greater than 10 W cm . Observations were

correlated with simulations of best focus to provide
further relevant information. This focused XUV laser
beam now allows us to begin exploring matter under
extreme conditions.

INTRODUCTION

The properties of 4"-generation Free Electron Laser
(FEL) sources are revolutionizing the field of fast time-
resolved x-ray science with the realization of sub-ps
material response due to the ultrashort pulses and high
intensity coherent monochromatic radiation. The free-
electron laser in Hamburg (FLASH) [1] in routine
operation produces soft X-ray pulses at several
wavelengths (32.5, 13.5, 7 nm) yielding 10" W/cm? at a
20 wm focus. This 4™-generation light source has allowed
advanced studies of high-intensity laser-matter
interactions on the femtosecond time scale [2, 3].

Tightly focused FEL beams are necessary for high
intensity irradiation of samples to perform warm dense
matter studies, single molecule X-ray diffraction imaging
and various pump probe experiments since the samples
are very small with weak scattering centers. Submicron
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focus will permit us to reach intensities >10"7 W/cm®
that in turn would allow us to enter the non-perturbative
regime in atomic physics in the soft X-ray range [4].

To reach the high intensities unique to 4th generation
light sources, and unattainable by current synchrotrons,
challenging substrate requirements for normal incidence
focusing optics need to be met. For example, Fig.1 shows
the necessary surface figure for optic substrates used in a
normal incidence geometry that is needed to reach the
Maréchal criteria [5] for various wavelengths. Optics that
do not reach this quality standard will scatter a substantial
amount of radiation. Other requirements of prime
importance pertain to slope error, wavefront (WF)
distortion, and Strehl ratio. The Strehl ratio is the ratio of
the maximum intensity at the focus in the presence of WF
distortions, divided by the intensity that would be
obtained if no distortions were present. The Strehl ratio
(SR) depends only on the rms wavefront distortion o,
measured in wavelengths [6].
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Figure 1: Scattering intensity versus substrate figure as
a function of FEL wavelength for normal incidence
geometry.
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WF distortion o = 1/14 corresponds to Maréchal
criterion. The Maréchal criterion states that a system is
regarded as well corrected if the Strehl ratio is greater
than or equal to 0.8 [5,6]. If these requirements are not
met, the highest intensities that the 4th generation sources
have to offer will be beyond reach. In addition, better
metrology is required for soft X-ray optics that meets the
Maréchal criteria for attaining tight focus.

EXPERIMENTAL METHOD

The experimental platform at FLASH is shown in
schematic form in Fig. 2 and has an angle of 21.8°
between the incident and reflected beam. FLASH was
operating at a wavelength of 13.5 nm, i.e. photon energy
of 92 eV for these experiments. The laser produced pulses
of soft X-ray radiation containing between 10 and 50 pJ
per pulse in a pulse length of order 15 fs (1) at a repetition
rate of 5 Hz. The highly-collimated beam of diameter
Smm was focused onto solid samples using a Mo/Si
multilayer (ML)-coated off-axis parabola with a focal
length of 270 mm, and an initial reflectivity of 67 %. This
reflectivity was reduced to 48 % after 15 12-hour shifts in
the vacuum chamber operating at an average pressure of 1
x 10" mbar with CH, H,0, CO and CO, present as main
contaminants. Under these conditions the mirror
developed a dark brownish spot in the center of the optic.

[7].
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Figure 2: The 5-mm diameter FLASH beam of 92 eV
photons is focused with a multi-layer coated off-axis
parabola to a focal spot of ~1um diameter.

Zerodur off-axis paraboloid (OAP) substrates 50 mm in
diameter were fine polished by ASML Optics (Richmond,
CA) to the surface specification that the first 36 Zernike
polynomials should yield 1 nm rms using a proprietary
process. Additionally, the RMS surface roughness should
be 0.3 nm for both mid spatial frequencies of 1 mm to 1
micron and high spatial frequencies of 1 micron to 50 nm.

The figure test for the OAP optics was a software Null
test. The surface was phased using the SASHIMI
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interferometer at ASML. The resultant data was
optimized to compare it against the perfect asphere. In the
optimization process, X, Y, and Z-rotation, Z-translation,
and the vertex radius were allowed to float. What this
means is that a software algorithm manipulated the data to
find the minimal residual error when compared to the
perfect shape. Thus, after fine polish, the figure (Z1-Z36)
was measured to be 0.3 nm RMS with mid-spatial
frequency roughness (MSFR) = 0.148 nm RMS and high
spatial frequency roughness (HSFR) = 0.177 nm RMS
(Fig. 3a). The combined RMS figure error yields a Strehl
ratio of 0.88.

In order to use the off-axis parabola in normal
incidence geometry the substrate was coated with a
reflective Mo/Si multilayer coating. The Mo/Si multilayer
(ML) coated mirrors were optimized for a wavelength of
13.5 nm and the mirror performance as a function of its
angle and wavelengths are reported in detail elsewhere [7]
as characterized at the Advanced Light Source B6.3.2
reflectometer [8].

The multilayer-coated optic was mounted in an
experimental chamber attached to the end of beamline 3
(BL3) at FLASH, on a custom translatable gimbal stage
with x, y, z, theta-x, theta-y and theta-z movements. A
preliminary rough alignment of the optic was achieved
using He-Ne laser. A long range microscope was used to
view craters created by the focused FLASH beam during
fine alignment but to get the true beam size ex-situ
analyses were performed with Nomarski microscopy and
atomic force microscopy (AFM) to measure the size,
shape and depth of the crater.

RESULTS AND DISCUSSION

Simulations of the focused beam using the FLASH
specifications for the BL3 beamline (Source distance to
BL3: 74 m, divergence of the beam: 100urad FWHM,
working distance from optic to focus: > 250 mm) are
presented in Fig. 3b. The simulation was performed using
the Fourier Optics approach [9]. For large Fresnel
numbers, the wavefront propagation (WF) in vacuum was
simulated numerically using the Spectral Method (SM)
[9]. The Fresnel Integral method (FIM) was used for
small Fresnel numbers [9]. This paraxial approximation
was justified because the FLASH photon beam was well
collimated. Both SM and FIM were implemented into a
MATLAB code [10]. The simulation shows that the
ultimate focused spot diameter is 0.3 um for this OAP.
However, experimental limiting factors affecting the
ultimate focus include (1) optic alignment and (2) quality
of incoming beam.

Experimental characterization of the focus was
accomplished by imprinting the focused single-shot beam
profile on a 5 um PMMA/Si(100) target (ablation
threshold for PMMA at 13.5 nm - 25 mJ/cm?). This
technique utilizes the non-thermal, highly localized
ablation of the organic polymer providing a smooth
surface of the crater interior [2,11,12]. In-situ observation
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Figure 3: (a) Measured OAP surface figure error and (b, ¢) simulated focus.
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lines in the Fig. 3 (c) represent the fluence distribution in the horizontal and the vertical directions respectively. The

calculated Strehl ratio is 92.5%.

of best OAP alignment and focus was accomplished using
a long-range microscope to determine focal spot diameter
as a function of absolute target position, thus varying the
soft X-ray intensity in the regime 10" — 10'® Wem™. After
many iterations, ex-situ Nomarski (DIC - differential
interference  contrast) microscopy (BX5IM DIC
microscope, Olympus; Japan) and AFM in tapping mode
(D3100 NanoScope Dimension controlled by NanoScope
IV Control Station, Veeco; USA) were used to
characterize the imprinted beam profile and thus focus.
The crater shapes, measured by AFM, allow us to
reconstruct the beam profile down to the limiting
threshold fluence and extract the intensity. Results are
presented in Figs. 4a, 4b. These results show that the
FWHM of the focus is < 0.7 pm, which confirms that a
real micro-focus was achieved with the aligned OAP
optic.
a)

X: 10.0um
Y: 10.0um’
Z: 1.0pm

Figure 4: (a) AFM scan of the crater produced in a
PMMA target at tight focus, < 1 um focus was
achieved. (b) Reconstructed beam profile — transverse
distribution of relative intensity.

Comparisons of the craters’ shapes with the results of
simulations performed with different wavefront (WF)
quality are presented in Fig 5. In this case, a 3mm
diameter circular aperture was placed 22 m downstream
of the source. The measurements and the simulations were
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done at the distance 300 um with respect to the focal
plane based on available imprint data. The observed focal
spot (Fig. 5a) is of good quality showing nearly no sign of
astigmatism.
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Figure 5: (a) Nomarski photograph of the spot
irradiated in the PMMA sample 300 um from the focus.
(b-c) Simulations of the craters produced by the
focused beam having WF quality
A/30 (b), A/15 (c) and A/10 (d).

The distortions of the craters shape simulated for the
WF quality A/30, A/15 and A/10 are presented in Fig. 5b-c
for evaluation. The simulated data represent the surface at
which the ablation threshold was reached. We applied the
same attenuation length and the ablation threshold as used
in the beam profile reconstruction procedure (Fig. 4).
Clearly, the measured spot exhibits smaller crater rim
distortion than the one simulated for WF distortion A/15 .
It follows from the Eq. 1 that the WF distortion A /15
gives the Strehl ratio equal to 0.84. On other hand, for
small WF distortions, the RMS focus size w is inversely
proportional to the Strehl ratio: w = wy /SR where wy is
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the diffraction limited (o= 0) focal size. In our case
wy=300 nm FWHM. Results presented in the Fig. 5
indicate that the WF distortions are smaller than A/15 and
that the size of the spot in the focus is smaller than
0.35 pm FWHM.

For a comparison, the focusing of the plasma-based soft
X-ray laser beams provides irradiances that do not exceed
10" W/em® [13-16]. This intensity limit is strictly given
in particular by the focal spot diameter of several tens of
micrometers and the pulse duration ranging for the plasma
lasers from picosecond [14] to nanosecond [16]. The
above-described combination of femtosecond pulses
emitted by the free-electron laser and the submicron focal
spot size makes it possible to achieve intensities for at
least four orders of magnitude higher.

CONCLUSION

We have achieved and characterized a sub-micron
focused soft X-ray laser and intensities approaching 10"
to 10'® W/cm?. These high intensities were achieved with
surface figure specifications for the OAP optical element
used in a normal incidence geometry that accounted for
slope error, wavefront distortion, and Strehl ratio. Using
the Maréchal criteria for good quality optics: Strehl ratio
> (.8 (ratio of the maximum intensity at the focus in the
presence of distortions, divided by the intensity that
would be obtained if no distortion were present), the
corresponding RMS roughness was required to be
<0.5nm for 13 nm wavelength necessitating improved
metrology for this OAP optic to attain the sub-micron
tight focus. This focused soft X-ray laser beam and higher
intensities has vast implication for further X-ray FEL
research and will now allow us to begin exploring matter
under extreme conditions. Advanced characterization
capabilities for probing matter under extreme conditions
are being developed due to their importance to the
emerging field of High Energy Density Science (HEDS).
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