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At the recently built FLASH x-ray free-electron laser, we studied the reflectivity of Si=C multilayers
with fluxes up to 3� 1014 W=cm2. Even though the nanostructures were ultimately completely destroyed,
we found that they maintained their integrity and reflectance characteristics during the 25-fs-long pulse,
with no evidence for any structural changes over lengths greater than 3 Å. This experiment demonstrates
that with intense ultrafast pulses, structural damage does not occur during the pulse, giving credence to the
concept of diffraction imaging of single macromolecules.
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Femtosecond pulses from soft x-ray free-electron lasers
(FELs) [1] are ideal for directly probing matter at atomic
lengths and timescales. An important component of under-
standing ultrafast light-matter interactions is concerned
with the onset of atomic motion which is impeded by the
atomic inertia. The delay of structural changes will enable
atomic-resolution flash-imaging [2] to be performed at
upcoming x-ray FELs (XFELs) [3,4] with pulses intense
enough to record the x-ray scattering from single mole-
cules [5]. We explored this ultrafast high-intensity regime
with the FLASH soft x-ray FEL [6] by measuring the
reflectance of nanostructured multilayer mirrors using
pulses with fluences far in excess of the damage threshold.

Overcoming the damage barrier by applying short pulses
has significant technological relevance. For x rays, multi-
layer coatings can provide optics of higher numerical
aperture (resulting in smaller focal spots) than uncoated
mirrors. Extremely small focal spots will be required for
the application of XFELs to biomolecular imaging or the
creation and observation of extreme conditions in matter,
such as exotic excited states of atoms and warm-dense
plasmas. To date, the smallest x-ray focal spots of 30 nm
diameter at 19.5 keV photon energy have been achieved
with thick multilayer structures, operating in a Laue ge-
ometry [7]. It is predicted that these multilayer Laue lenses
will produce spot sizes below 5 nm, and hence could be
used to focus XFEL pulses to achieve x-ray power den-
sities of 3� 1022 W=cm2, assuming anticipated XFEL
light output [4]. Since these lenses are only several hundred

micrometers in diameter, they will be exposed to high
incident power densities where damage will occur, but
not before carrying out their function.

At the FLASH FEL facility, soft x-rays are produced
from short electron pulses passing through an undulator,
by the principle of self-amplification of spontaneous emis-
sion [8]. The peak spectral brilliance of the source is
1028 photons=�s mm2 mrad2 0:1% bandwidth� [6], 7 orders
of magnitude higher than current third-generation synchro-
tron sources. The machine operated with pulses of 25 fs
duration and energies up to 21 �J. The wavelength was
centered around 32.5 nm with a bandwidth of 0.5%. Higher
harmonics contributions are small, for example, the second
and third harmonics carry an intensity of 0.3 to 0.6% of the
fundamental [9]. The prepulse energy is expected to be less
than 10�9–10�8 times the main FEL pulse energy, if ex-
isting at all due to the different particular way a SASE FEL
operates. There is a strong shot-to-shot variation in the
beam energy which roughly follows a Gamma distribution,
and the x-ray beam is expected to be linearly polarized [6].
We focused these pulses to 3� 1014 W=cm2 onto our
nanostructured samples while probing the irradiated struc-
tures at the nanometer length scale.

The x-ray reflectivity of periodic nanometer-scale multi-
layers is highly sensitive to changes in the atomic positions
and the refractive indices, making them an ideal choice to
study structural changes induced by ultrashort FEL pulses.
The large reflectivity results from the simultaneous inter-
action of the x-ray field with many layers of precise thick-
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nesses, each less than the x-ray wavelength. This resonant
reflection from the periodic structure is easily disrupted by
any imperfection of the layers. The characteristics of the
structure, such as periodicity or layer intermixing, can be
precisely determined from the measurement of the reflec-
tivity as a function of incidence angle. These parameters
can be measured to a small fraction of the probe wave-
length, as is well known in x-ray crystallography where
average atomic positions of minerals or proteins are found
to less than 0.01 Å. Thus, we can explore ultrafast phe-
nomena at length scales much less than the wavelength,
and investigate the conditions to overcome the effects of
radiation damage by using ultrafast pulses.

For our measurements we fabricated mirrors consisting
of ten alternating layers of silicon (257.8 Å thick) and
carbon (17.5 Å), by sputter deposition onto a silicon wafer.
A transmission electron micrograph of a cross section of
one mirror is shown in Fig. 1(a). The thin carbon layers
appear bright in between the thicker silicon layers. We
purposely designed the multilayer to minimize the amount
of x-ray absorbing carbon, to provide the maximum pene-
tration of the 32.5 nm light through the structure. In this
way the FEL pulse interacts with the most periods, which
results in the narrowest Bragg reflection peak and provides
us with the highest sensitivity to structural changes achiev-
able with these materials and wavelength. We achieved a
further narrowing of the peak by performing the measure-
ment with the plane of reflection parallel to the electric-
field vector of the linearly polarized FEL pulse (p
polarization).

Our experimental arrangement is illustrated in Fig. 1(b)
[10]. The beam was focused onto the Si=C multilayer
sample to a spot with a full-width-at-half-maximum of
17� 2 �m at an angle of incidence of the sample of 45�

at the mirror surface. This diameter was determined by
measuring the area of the damaged region as a function of
incoming pulse energy [11].

Incident FEL pulses with fluences greater than about
0:3 J=cm2 destroy the multilayer structure and leave cra-
ters in the substrate, as shown in the Nomarski differential-
interference-contrast (NDIC) micrograph in Fig. 1(e). This
optical microscope is sensitive to phase differences across
the sample, allowing us to visualize the gradient of the
crater depth profile. The terraces are individual layer
groups that are ablated, as can also be seen in cross-
sectional TEM micrographs in Fig. 1(c). Near the threshold
of damage, layers ablate (A), recrystallize (B), and
interdiffuse (C), possibly accompanied by melting.

We measured the energy of the reflected pulse, for
various off-normal angles of incidence ranging from 38�

to 52�, as a function of pulse energy. Each single-pulse
measurement was performed on a clean, unexposed area of
the mirror. The angular dependence of the reflectivity is
shown in Fig. 2(a) for incident pulses attenuated to less
than 0:1 J=cm2 where the multilayer remained undamaged.

As also shown in Fig. 2(a), the reflectivity is in agreement
with that measured at synchrotrons at fluxes substantially
below the damage threshold [12] and with calculations.
The reflectivity for a larger range of fluences is shown in

 

FIG. 1. (a) A TEM image of a cross section of the multilayer
nanostructure in an undamaged region, in which the 10 layers of
27.5 nm period can be seen. (b) Experimental geometry, showing
the beam path from FEL undulator through a gas cell (to
selectively attenuate the pulse energy by up to a factor of 100)
and transparent gas ionization detector (to measure incident
pulse energy) before focusing onto the sample with an ellipsoidal
mirror. The energy of the pulse reflected from the sample is
detected with a photodiode with 1.5� angular acceptance. (c) and
(d) TEM image of cross sections of the nanostructure at different
positions within the FEL-exposed spot. The positions are as
indicated in (e), which is a NDIC micrograph of the multilayer
surface. In (d), the multilayer structure and 400 nm of the
substrate were ablated.
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Fig. 2(b), grouped according to the incident pulse fluence.
We found that for fluences up to 6:6 J=cm2, the angular
position of the peak reflectivity does not change by more
than the measurement accuracy of 1�, corresponding to a
change in period of no more than 3 Å. Figure 2(c) shows
the reflectivity within the range 44� � � � 47� plotted as
a function of fluence. The reflectivity of the multilayer
decreases somewhat with increasing fluence.

We have gained a deeper understanding of the multilayer
damage mechanism through numerical simulations using
hot dense plasma models. Since the sample enters the
regime of warm-dense matter (WDM), which is generally
not very well understood, we needed to extend physical
models originally developed for hot dense plasmas into the
WDM regime. The standing-wave intensity distribution
inside the multilayer structure was calculated using
steady-state methods based on Fresnel equations [13];
these time-independent models are applicable since the
time for the light to propagate a few attenuation lengths
(approximately 2 fs) is much shorter than the pulse length
(25 fs). We based our estimate of the complex index of
refraction of the multilayer materials on published room-
temperature solid-density values [14]. To model the varia-
tion with temperature and density, we applied multiplica-
tive correction factors to the opacities based on the XSN
opacity model—an average-ion screened-hydrogen model
[15]. The correction factors were calculated from the ratio
of the XSN opacity at a given temperature and density
relative to the XSN opacity at room-temperature and solid
density. The index of refraction was calculated from the
opacities using the Kramers-Kronig dispersion formula.
The soft x-ray beam is absorbed primarily by the electrons
through bound-free absorption. Only when the electron
temperature reaches 10 eV does free-free absorption be-
come larger than bound-free absorption in silicon. In car-
bon, this crossover occurs at an electron temperature of
35 eV which was not reached in these experiments.
Multiphoton absorption is not expected to have a signifi-
cant effect. Finally, we calculated the hydrodynamic ex-
plosion of the multilayer using the HYDRA radiation
hydrodynamics code [16]. We use the QEOS equation-
of-state (EOS) model to find the pressure and energy of
the material [17]. For the conditions of our experiment
(Te � 30 eV, Tion � Te, and solid density), the electrons
dominate the EOS. They are described by a Thomas-Fermi
model with an additional correction for chemical binding.
Electron transport and electron-ion coupling are described
in the relaxation time approximation, where the momen-
tum transfer cross sections are calculated from Coulomb
cross sections with cutoff parameters determined from
partial-wave calculations. We found that heat conduction
and radiation transport have little effect on the explosion
dynamics during the pulse.

Our calculations show that the 32.5 nm radiation light
first heats the electrons in the multilayer to temperatures as

 

FIG. 2. (a) Low-fluence reflectivity as a function of the off-
normal angle of incidence � measured at FLASH. Overlaid is the
data measured at the synchrotron [11] at a very low flux of less
than 1:5 �W=cm2 and the calculated reflectivity (solid line).
For both we assumed that the incident light consisted of 90%
p-polarized light and 10% s-polarized light. (b) Reflectivity
as a function of the off-normal angle of incidence � at higher
fluences. In this second set of experiments, we observed an
angular shift of 1� with respect to the measurements shown
in (a). This could be due to a difference in wavelength of
about 0.6 nm, which is consistent wavelength fluctuations at
FLASH. The error in the scattering angle is about 1�, and
the error in the measured reflectivity varies between less than
0.5% at the lowest fluence range to less than 0.1% at the
highest fluence range. (c) Multilayer reflectivity ranging from
44� to 47� [data taken from (b)] as a function of pulse energy.
A linear fit through the data is shown as a thick solid line, and
the 90% confidence level for this fit as thin lines. This fit
suggests that the reflectivity drop at the high-fluence end lies
between 7% and 41%. Overlaid as a dashed line are the simu-
lation results.
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high as 28 eV, as shown in Fig. 3. The nodes of the light
intensity reside in strongly absorbing carbon-containing
layers, whereas the high-intensity antinodes reside in the
more transparent silicon. Since the electrons are not able to
transfer a significant amount of energy to the ions before
the pulse ends, the ions do not move initially. The multi-
layer stays intact during the pulse but explodes on a time
scale of picoseconds: The pulse-averaged thermal velocity
of a carbon atom is v 	 h

������������������������
3kTion=mion

p
i 
 0:031 �A=fs;

during the 25 fs pulse, the ions can move only about
0.8 Å, so that layer interdiffusion is small. The pulse-
averaged ion-acoustic velocity of a carbon atom is v 	
h
�������������������������
3ZkTe=mion

p
i 
 0:23 �A=fs for an average ionization Z �

2; during the 25 fs pulse, the multilayer expands by only
about 5.7 Å. Since this is much less than the smallest layer
thickness it is not expected that the multilayer will be
significantly distorted. Therefore, the drop in reflectivity
for large fluences as shown in Fig. 2(c) is not likely to be
caused by atomic motion. In agreement with our numerical
calculation, this reflectivity drop is primarily a conse-
quence of change in the index of refraction induced by
ionization and electron heating. Our calculations show the
opacity of silicon to increase with temperature due to
enhanced free-free photon absorption, leading to less pene-
tration of the light into the multilayer and reduced reflec-
tivity. We calculate the reflectivity to drop by a factor of
about 0.5 by the end of the pulse. The pulse-averaged
reflectivity drops by only a factor of 0.2, as indicated in
Fig. 2(c). Future modeling and experiments need to focus
on obtaining improved opacities in this dense plasma
regime in order to better understand the reflectivity drop.

Our experiment shows that precise nanometer-scaled
resonantly reflecting structures maintain their integrity

and function during irradiation by intense soft x-ray FEL
pulses. Structural damage has been observed to occur after
the pulse. Important applications of this concept are single
molecule diffraction, where uncrystallized macromole-
cules could be imaged at doses 5 orders of magnitude
above the conventional damage threshold [5], and in
greatly extending the capabilities of FELs through the
use of single-pulse optics.
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FIG. 3. Computational results for the spatial dependence of
electron and ion temperatures at different times during the pulse,
assuming a pulse energy of 20 �J, a pulse length of 25 fs, and a
beam diameter of 17 �m.
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