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FERMI@Elettra, the first vacuum ultraviolet and soft X-ray free-electron laser (FEL) using by de-
fault a “seeded” scheme, became operational in 2011 and has been opened to users since December
2012. The parameters of the seeded FERMI FEL pulses and, in particular, the superior control of
emitted radiation in terms of spectral purity and stability meet the stringent requirements for single-
shot and resonant coherent diffraction imaging (CDI) experiments. The advantages of the intense
seeded FERMI pulses with variable polarization have been demonstrated with the first experiments
performed using the multipurpose experimental station operated at the diffraction and projection
imaging (DiProl) beamline. The results reported here were obtained with fixed non-periodic tar-
gets during the commissioning period in 2012 using 20-32 nm wavelength range. They demonstrate
that the performance of the FERMI FEL source and the experimental station meets the requirements
of CDI, holography, and resonant magnetic scattering in both multi- and single-shot modes. More-
over, we present the first magnetic scattering experiments employing the fully circularly polarized
FERMI pulses. The ongoing developments aim at pushing the lateral resolution by using shorter
wavelengths provided by double-stage cascaded FERMI FEL-2 and probing ultrafast dynamic pro-
cesses using different pump-probe schemes, including jitter-free seed laser pump or FEL-pump/FEL-
probe with two color FEL pulses generated by the same electron bunch. © 20713 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4807157]

I. INTRODUCTORY REMARKS

Advances in microscopy techniques based on X-rays
provided by brilliant light sources such as synchrotrons and
compact laboratory X-ray lasers, have opened unprecedented
opportunities to explore the properties of the matter with nm
spatial resolution.' The attractiveness of X-ray microscopy
approaches is that the specific interactions of X-rays with
matter, namely, absorption and scattering, provide chemical
and morphology sensitivity. In addition, the X-ray penetration
power allows examination of samples too thick for electron
microscopes and implementing 3D imaging as well. Histor-
ically, the major key issue for both “classical” lens-based
X-ray microscopes, full-field imaging and scanning, has been
the fabrication of optical elements for improving the X-rays
focusing. Today the lens-based X-ray microscopes have
almost reached the resolution limit of few tens of nm, also
imposed by aberrations, depth-of-field range and radiation
damage considerations.
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Undoubtedly, the great advantage of lens-based X-ray
microscopy in providing direct and simultaneous structure-
composition information will continue to play a very impor-
tant role in modern science and nano-technology by broad-
ening the application fields. However, the desire to push
further the lateral resolution to the wavelength dependent
diffraction limit has stimulated the growing interest to an-
other “unconventional” form of microscopy based on X-ray
scattering, namely Coherent Diffraction Imaging (CDI), also
known as lensless X-ray microscopy.*” The principle of CDI
is based on the interference effects in the coherent X-ray scat-
tering of object charge-distribution that gives rise to a char-
acteristic “speckle pattern,” which encodes the object shape
and nanostructure. The CDI can be regarded as a hologra-
phy without a reference beam so the main obstacle for re-
trieval of the object’s real-space image from the speckles
is to recover the missing information about the phase of
the scattered wavefront, which has been solved by combin-
ing the oversampling method with iterative algorithms. Since
the X-ray scattering is element specific (there is an abrupt
change in the absorption cross section and scattering phase
at the inner shell electron resonances), chemical contrast
can be gained by performing resonant CDI experiments by
selecting proper photon energies.®“ In addition, resonant CDI

© 2013 AIP Publishing LLC
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from magnetic materials using polarized X-rays provides in-
formation about magnetic spin distribution and orientation.'?
Today, about a decade after, the first CDI results were ob-
tained using synchrotron light,* and later-on using table-top
laser,''"'3 CDI has reached a mature stage as an attractive
and reliable method with applications in many domains of
material and life sciences. It should be noted that in paral-
lel, several holographic approaches with a spatially separated
reference wave have also been used'* and in this paper, re-
sults using Fourier Transform Holography (FTH) are reported
as well. FTH has advantages for strongly absorbing samples
using soft X-rays since anomalous scattering at resonances
makes phase retrieval in resonant-CDI more difficult.

The high degree of coherence, high intensity, and fem-
tosecond pulse duration of VUV and X-ray Free Electron
Lasers (FELs), also called 4th generation synchrotrons, have
opened unprecedented opportunities for CDI* and FTH'* ex-
periments. In particular, the FELs have pushed up the CDI
time resolution, also called 4th imaging dimension, since
compared to the most advanced pulse slicing 3rd generation
synchrotrons, the FEL peak brightness is at least two orders
of magnitude higher. As has already been demonstrated by
the recent CDI and holography experiments at FLASH and
LCLS, an image of a non-periodic object can be recorded us-
ing a single sub 100 fs FEL pulse. This has made possible
to image radiation sensitive samples on time scales shorter
than the onset of radiation damage and enabled a revolution-
ary step in accessing ultrafast phenomena in matter on fs time
scales and nm length scales.'>~!7 It should be noted that com-
pact laser technology has also made significant progress but
still extremely short fs pulses with high brightness are limited
to UV/visible wavelengths.!> 1

The three FEL sources, namely FLASH in Germany,'®
LCLS in USA,'? and SACLA in Japan,?® are based on the pro-
cess of Self Amplification of Spontaneous Emission (SASE),
which gives access to very high pulse intensities and ultra-
short pulse lengths but undesired properties of the SASE-
based FELs are uncontrollable spikes in the temporal pro-
file and a jitter in photon energy due to the start-up noise
involved in the SASE process. For instance, the SASE ra-
diation does not have sufficient temporal coherence for per-
forming jitter-free time-resolved resonant CDI experiments
and a monochromator is needed for the experiments. In order
to overcome the limitations imposed by the SASE-FEL shot-
to-shot fluctuations and to obtain fully coherent FEL pulses,
different seeding schemes are under development and very re-
cently self-seeding has successfully been demonstrated for the
hard X-ray regime at the LCLS.?!

FERMI@Elettra is the first VUV-soft X-ray FEL based
on the high-gain harmonic generation seeding scheme for am-
plification of the photon avalanche. In this scheme, the elec-
tron bunch is seeded with an external laser pulse in the UV
regime®>?* allowing full control of the wavelength and band-
width of the FERMI FEL pulses by varying the parameters of
the seed. A remarkable advantage is the preservation of the
seed’s temporal coherence in the emitted radiation, which re-
sults in FEL pulses with a narrow Gaussian-like wavelength
profile. The superior control of emitted radiation in terms of
spectral purity and stability of seeded FEL pulses allows very
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fine tuning of the wavelength to a selected absorption edge,
which as noted above is a stringent requirement for resonant
CDI experiments.®!® FERMI@Elettra also is the first FEL
using APPLE-type undulators that provide full polarization
control of the radiation, which is of pivotal importance, e.g.,
for magnetic scattering experiments.

Here, we report the first results of CDI, FTH, and res-
onant magnetic scattering experiments using a dedicated ex-
perimental station at the Diffraction and Projection Imaging
(DiProl) beamline, designed to make use of the coherence
properties, shot-to-shot temporal and energy stability, tunabil-
ity and variable polarization of the narrow-bandwidth FERMI
pulses.?+2°

Il. EXPERIMENTAL

During the DiProl first experiments the FERMI
FEL-1?>23 was still operated in its commissioning phase
without the fine-control of the pulse duration. The beam pa-
rameters of FERMI FEL-1 available during our experiments
are summarized in Table 1.

Figure 1(a) shows a layout of the DiProl beamline (red-
line), where the multipurpose experimental station is located.
The main diagnostic tools and beamline components are:
(i) a spectrometer, providing on-line shot-by-shot information
of the pulse intensity and spectral purity; (ii) beam attenu-
ators, a gas cell, and aluminum filters; (iii) split-delay line
for FEL pump-FEL probe time correlation experiments (to be
commissioned in 2013); and (iv) Kirkpatrick-Baez (K-B) fo-
cusing mirror system. The high spectral purity of the seeded
FERMI beam is a great advantage, since it avoids efficiency
losses imposed by the use of a monochromator. The most im-
portant parameters for CDI experiments are the beam coher-
ence, and flexible and variable beam dimensions keeping the
spot position on the specimen, which can be secured having
reliable transport and focusing optical elements. The perfor-
mance of the focusing optics should ensure to match the focal
spot size to the sample size (down to a few pm), to illuminate
larger or smaller areas to reduce or increase the fluence on
the sample, in order to optimize the signal level and reduce
the radiation damage. In addition, to meet the requirements

TABLE 1. FERMI FEL-1 key parameters relevant to the present
experiments.

Wavelength range 20-32.5 nm
Electron beam energy 1.2 GeV
Bunch charge ~500 pC
Electron beam size (rms) ~150 pm
Repetition rate 10 HZ*
Pulse energy 5-30 pJ®
Photons per pulse @ 32.5 nm ~5 x 1012
Pulse duration (calculated??) @ 32.5 nm ~85 fs
Photon energy bandwidth (rms) @ 32.5 nm ~20 meV
Photon beam divergence @ 32.5 nm ~40 prad

Polarization linear and circular

“Repetition rate will be increased to 50 Hz in 2013.
"The pulse energy has already reached 100 jJ.
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Spectrometer TIMER DiProl

(a) 10 monitors

FIG. 1. (a) Beamline layout. (b) DiProl end-station connected to the double
chamber hosting the K-B focusing system. (c) Optical microscope image of
an ablated crater, created in a PMMA sample by the focused beam. (d) In-
direct multi-layer mirror-CCD detection system. (e) X-CAM direct detection
system.

of the actual experiment, the beam intensity can be varied by
about four orders of magnitude using the beamline gas cell
and aluminum filters.

The DiProl experimental station (Figure 1(b)) has a flex-
ible and adaptable design that allows detection of the diffrac-
tion pattern from objects in different configurations, fixed, or
delivered by an aerosol particle injector. The performed mea-
surements provide information about the structure and dy-
namics of matter with spatial and temporal resolution lim-
ited by the wavelength and duration of FERMI pulses. The
main station components are an x-y sample stage for repro-
ducible positioning of the sample with sub-micrometer preci-
sion, a photon detection system using a Charge Coupled De-
vice (CCD), a telescope for alignment of the target position in
fixed sample configuration, a time-of-flight mass spectrome-
ter (interfaced with the CCD detector), as well as aerosol par-
ticle delivery system. Photodiodes serve as optional detection
systems.

The large volume and numerous ports of the experimen-
tal chamber allow accommodation of multiple experiment
configurations, including pump-probe setups. The chamber
pumping system provides a vacuum environment of 107’
mbar with rapid recovery after venting. Multiple apertures for
beam cleaning and shaping are permanently mounted on posi-
tioning stages. Details about the construction of the measure-
ment station and the commissioning experiments performed
using synchrotron light are reported in Refs. 26 and 27.

Rev. Sci. Instrum. 84, 051301 (2013)

The beam focused by the K-B mirrors enters the DiProl
chamber through a 5 mm diameter circular aligning aperture
and a fast shutter controls the sample exposure time, ranging
from a single shot to several hundred attenuated FEL pulses in
an integrative non-destructive regime. A screen with a square
aperture of 500 um side length blocks stray radiation, allow-
ing only the focused beam to interact with the sample. The
changes in the spot size on the sample plane can be monitored
by Ce-YAG or phosphor scintillator using attenuated beam in-
tensities. However, due to saturation of the scintillator at high
fluence, this diagnostic is not suited for spot size estimation.
A more reliable method is to measure the size of the crater
ablated by a single FEL pulse in a soft material such as Poly
Methyl MethAcrylate (PMMA) polymer.

After focusing a 10 J FEL pulse, the photon flux is well
above the PMMA damage threshold.?® From the crater, shown
in Figure 1(c), created with a single pulse, we estimated that
the spot size is ~40 x 50 um? with an internal hot spot of 25
x 30 um?. This focal spot size is still far from the designed
goal of 5 x 3 um?, but was sufficient for the first proof-of-
principle commissioning experiments.

Diffraction patterns were measured by CCD, either in
an indirect configuration (Figure 1(d)), where a multilayer
mirror with a central hole reflects the scattered photons on
the Princeton-CCD and the primary beam passes through
the hole,?®3° or in a direct configuration (X-CAM-CCD,
Figure 1(e)) consisting of two modules separated by a
central gap.’!

lll. COMMISSIONING RESULTS

The samples used in the reported measurements were
chosen considering the available FERMI FEL-1 parameters
and the present performance of the optical beam transport
and focusing system of the DiProl beamline.’*?> Further im-
provements and developments, taking into account the feed-
back from the first experiments and considering the strin-
gent requirements of the broad user community, are ongo-
ing. The aims of the commissioning experiments were (i) to
verify the performance of the optics regarding the preserva-
tion of coherence, beam demagnification, and stability; (ii) to
establish the conditions to enable single-shot CDI and FTH
experiments using test samples of sub-10 um dimensions;
(iii)) to demonstrate the advantage of circularly polarized
seeded FERMI FEL pulses for imaging of magnetic domain
patterns. The experiments were carried out in partnership with
scientists from DESY, who provided test samples and the di-
rect detection system in Figure 1(e).

A. FERMI FEL coherence in the focal spot

The full coherence, in which all the phases of the elec-
tromagnetic wave are correlated in space and time, is an
ideal feature closely approached by optical laser and FEL
radiation.*’** Characterization of the FEL beam coherence,
before and after the beam transport and focusing optics, is
essential for the CDI and FTH experiments, which require
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FIG. 2. (Top) Interference fringes for Young’s double pinhole experiments
with separation (a) 2 um and (b) 20 um. (Bottom) Line profiles of interfer-
ence fringes (blue dots) and fit of experimental data with Eq. (1) for separa-
tion (¢) 2 um and (d) 20 pum.

preserved phase correlation in a beam portion having at least
the size of the sample under investigation.

Usual measure for the degree of coherence is the inter-
ference contrast in the far-field diffraction pattern obtained
using the classical Young’s double-slit arrangement as an
object.®® Illuminating the double slit with a monochromatic
point source results in a set of interference fringes and a fringe
visibility of 100% corresponds to developed distinct maxima
with zero intensity in the minima. Figures 2(a) and 2(b) show
the patterns for two pinholes of 250 nm diameter, separated
by 2 and 20 pum, recorded with the indirect detection system
working with a 32.5 nm mirror. Under the Fraunhofer limit,
the diffraction pattern recorded at a position P in the Young’s
experiment can be described by the following expression:

I(P) = L/(P)+ L(P) + v 11(P) x [(P) X |y12(7)]

x cos[w X T — ajp(7)], (1)

where I;(P) and I,(P) are the Airy distributions due to diffrac-
tion through the two pinholes of diameter D, y |, is the degree
of transverse coherence, 7 is the time delay for the radiation
to reach point P from the different pinholes, w is the mean
frequency of the incoming radiation, and «1,(7) is the relative
phase.

Fitting the line profiles in Figures 2(c) and 2(d) with the
expression in Eq. (1), we get a degree of transverse coher-
ence of 96 + 2% and 55 £ 2% for the two length scales,
respectively.

Figure 3 shows the dependence of the degree of trans-
verse coherence on the pinhole separation for a set of samples.
The dashed lines are simulations based on the Gaussian Schell
model for weighted sum of independent modes that propagate
from the source to the sample.® This approach was also used
by Singer et al.’> and Vartanyants et al.’>37 to measure the
degree of coherence of FLASH and the LCLS. The complex

Rev. Sci. Instrum. 84, 051301 (2013)

1.04 ®  Unfocused beam
) do @ Focused beam
A
09{ o3
i N
. ? Yo
= 0.8 - \
g 9
£ s &
)
g 0.7 N
= \
S .
\
@ ::
£ 0.6 .
[
A 2 \
g ' \
s 0.5 1 N
b N
o
% 0.4 b
]
a
0.3 1
0.2 T T T T L) T ¥ T
0.00 0.25 0.50 0.75 1.00

Normalized distance [d/o]

FIG. 3. Measured degree of transverse coherence at 32.5 nm as a function
of the separation between the two pinholes for focused (25 pm) beam (blue
circles) and unfocused beam before the K-B mirror (red squares). For the sake
of comparison, the x axis shows the normalized distance separation, dividing
d by the beam dimension o. Dashed lines show the fit of the experimental
data with the Gaussian Schell model considering the contribution of a single
mode (black) or three modes (green).

degree of coherence in this model is described as

(115, 7) = I'(ry,rp, 7)
PR T ey VT

where I'(ry, r,, T) is the mutual coherence function of the
electromagnetic field E(ry, r,, t), defined as ['(ry, 75, 7)
= (E(ry, t+7) - E*(ry, t+7)) 1, the brackets (... ) indicate av-
eraging over times 7, and I(r) is the average intensity of the
field. In the frequency domain, the mutual coherence function
defines the cross-spectral density W (ry, r,, ) of the radiation
field as its Fourier transform and can be decomposed into in-
dependent Gaussian Hermite modes E;(r, w) weighted by the
eigenvalues $; as

@)

e .
F(rla I, T) : elwf

W(ry, r, w) = /

—00

=Y Bi-Er,0) E(r,0). ()

In this approach, the wave front emitted from the source
and the coherence properties on the sample plane can be cal-
culated, considering the beam dimensions, divergence and
distance from the source and assuming negligible wave-front
distortion by the optics. Close inspection of the obtained re-
sults shows that the radiation field is not fully coherent, but
more modes of the source contribute to the wave front im-
pinging on the sample.

The best fit of the experimental data (green dashed line
in Figure 3) requires three modes, where 55% of the energy is
emitted in the first Gaussian mode, while the second and third
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modes contribute by 30% and 15% to the total emitted field.
For comparison, the red squares show the degree of coherence
measured before the K-B focusing system at ~70 m from the
source.?%2425 Within the error bar they follow the same trend,
which demonstrates that the degree of coherence is preserved
in the focused beam.

These results show that for small objects, as the ones we
used for the test experiments described below, the transverse
coherence is better than 80%. In such regime the coherence
of the beam is high enough to assume that the impinging ra-
diation on the sample can be approximated to a fully coher-
ent wave front and consequently single mode phase retrieving
algorithms®**" can be applied to get the real space image of
the scattering object. For larger samples the presence of multi-
ple transversal modes inside the impinging wavefront imposes
their independent propagation from the sample to the detec-
tor plane in the phase retrieving computational process for a
successful reconstruction.*!=+3

B. Single-shot coherent imaging of test samples

The first proof-of-principle CDI experiments with fixed
targets using FERMI FEL were carried out with 32.5 nm
pulses using the indirect detection system as shown in
Figure 1(d). The target objects were fabricated by Focused
Ion Beam (FIB) depositing a 100 nm thick platinum film on
50 x 50 wm? wide, 20 nm thick Si;N4 windows. As shown in
Figures 4(a) and 4(b), around the main objects, having lateral
dimensions of 5 x 2.5 um? and 7.5 x 7.5 um?, respectively,
three reference dots of 250 nm diameter are deposited, at the
vertex of an equilateral triangle, to perform holographic imag-
ing, as well. To guarantee sufficient contrast for the recon-
struction of the image from the measured speckle pattern, the
distance between the reference dots and the sample’s barycen-
ter is chosen to be 10 um for the sample in Figure 4(a) and
15 pm in Figure 4(b), to secure that the hologram does not
overlap with the autocorrelation function of the object.

Figures 4(c) and 4(d) show the diffraction pattern, mea-
sured hitting the sample with a single focused FEL pulse. For
a FEL pulse energy of ~20 uJ, the photon flux density in
the focal spot on the sample is 2.6 x 10° photons/um?. Un-
der such experimental conditions, the amount of energy de-
posited in the sample induces the evaporation of the struc-
tures due to the Coulomb explosion after the interaction with
the FEL pulse. However the hydrodynamic sample expansion
happens on a longer time scale (~1-10 ps) with respect to
the pulse temporal duration (<100 fs)** allowing to obtain
morphological information of the illuminated sample before
its destruction.*

Each diffraction pattern in Figures 4(c) and 4(d) contains
about 1 x 108 photons and records information at the edges
of the CCD plane up to a spatial frequency of 9.8 um™!,
which is equivalent to diffraction limited resolution of about
50 nm. For the simple object in Figure 4(a), some structural
information can be directly inferred from the analysis of the
diffraction pattern. The oval diffraction modulation with a pe-
riodicity of about 0.5 um™! in Figure 4(c) corresponds to the
circular ring of the object with real space dimension of about

Rev. Sci. Instrum. 84, 051301 (2013)

FIG. 4. (a) and (b) SEM image of the samples; profiles taken along the
dashed yellow lines are shown in Figures 5(a) and 5(b). (c) and (d) Single-
shot diffraction pattern with 32.5 nm FEL pulse. (e) and (f) Holographic
reconstruction of the objects (dashed yellow squares highlight their posi-
tions), with one enlarged hologram in the inset. (g) and (h) Phase retrieval
reconstruction.

2 pm, while the bright stripe at about 20° with respect to the
vertical axis is due to the stretched triangle below the ring
forming the object. For the more complex object, shown in
Figure 4(b), a real space reconstruction is necessary to obtain
structural information.

Inside both diffraction patterns in Figures 4(c) and 4(d),
one can see a fine modulation of 0.1 um~' and 0.067 um™!,
respectively, corresponding to the spatial distance between
main object and reference dots. Such fine amplitude modu-
lation encodes the relative phase between the scattering wave
from the object and the reference dots, allowing fast recon-
struction of the image with a single Fourier transform pro-
cess of the diffraction pattern. In the obtained holograms, the
reference signal is sufficiently strong to reconstruct the ob-
jects: in the first case (Figure 4(e)) six holograms of differ-
ent intensities appear (two of them barely visible), while in
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the second case (Figure 4(f)) only four holograms are visible.
This difference can be ascribed to non-homogenous illumi-
nation of the structures in a single-shot mode, due to the hot
spot in the focused beam shown in Figure 1(c). In fact its lat-
eral dimension of 25 x 30 um? is comparable to the distance
(26 pum) between the dots forming the reference triangle in
Figure 4(b).

The diffraction patterns in Figures 4(c) and 4(d) can also
be used to reconstruct the scattering object applying phase re-
trieval techniques. Figures 4(g) and 4(h) show the obtained
reconstruction using 2000 iterations of the Relaxed Averaged
Alternating Reflections (RAAR) algorithm*® combined with
a “Shrinkwrap” dynamic support constraint*® without any a
priori knowledge about the object. The reconstructed image
shows both the main object and the reference dots. It should
be noted that, while in Figure 4(g), three dots are present,
only two are visible in the reconstruction of the object in
Figure 4(h), consistently with the supposed partial illumina-
tion of the sample in the last case.

For the sake of comparison of the resolution between
CDI reconstructed objects and the corresponding SEM im-
ages, we show in Figures 5(a) and 5(b) the line profiles taken
along the dashed yellow lines in Figures 4(a) and 4(b). The
CDI reconstructed objects provide metrological information
of the internal structures, retrieving both the line width (~300
4 25 nm) and the separation between different features, as
small as ~170 nm (marked by arrows in Figure 5(b)).

The resolution of each CDI image is estimated from
the Phase Retrieval Transfer Functions (PRTFs),>%*” where,

3 —SEM
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performing 10 independent reconstructions from different
starting points in the phase space, the average amplitudes in
the Fourier space are compared to the amplitudes of the mea-
sured diffraction pattern. As shown in Figures 5(c) and 5(d),
the resolution of both CDI images is ~75 £ 2 nm, corre-
sponding to the exchanged momentum for which the PRTF
drops below 1/e.*8

These results confirm that the intensity and temporal
structure of FERMI FEL-1 pulses are sufficient to get a snap-
shot image of a micro object before its Coulomb-explosion
and the source’s spectral purity is an asset for the image re-
construction process.

C. Towards single-shot magnetic scattering
1. Resonant magnetic scattering experiments

The possibility to provide intense and ultra-short pulses
with variable polarization has granted a way to probe elemen-
tary magnetization dynamics such as spin-flip and the basic
process associated to energy and angular momentum trans-
fer between the electron/spin system and the crystalline lat-
tice. As shown by Gutt et al.,** the magnetic domains of
the Co/Pt multilayer film are weakly affected by the inter-
action with the FEL pulse in non-destructive regime if the
photon flux is kept below 4 mlJ/cm?. This enables to ob-
tain information on the magnetic structure from the recorded
X-ray scattering speckles, such as the average domain
size.
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FIG. 5. (a) and (b) Profiles taken along the dashed yellow lines in the SEM images of Figures 4(a) and 4(b) and in the corresponding CDI reconstructed images
(Figures 4(g) and 4(h)). (c) and (d) PRTF obtained averaging the Fourier amplitude of 10 independent reconstructions with different random phases as starting

guess; the dashed lines highlight where the PRTF drop below 1/e.
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FIG. 6. (a) Atomic scattering form factor of cobalt taken from Ref. 55: dots highlight the measurement wavelengths in (b)—(f) around the resonance at the Co
M 3-edge at 20.8 nm. (b)—(f) Scattering patterns of a Co/Pt multilayer sample at 23.5 nm, 21.0 nm, 20.8 nm, 20.6 nm, and 20.4 nm. (g) Radial average of (b)—(f)
showing a maximum of magnetically scattered photons at the Co M> 3 absorption edge (20.8 nm).

Here, we report on the opportunities opened by
FERMI to perform resonant magnetic scattering experiments
employing the X-ray Magnetic Circular Dichroism (XMCD)
effect by fine tuning the wavelength of the FEL pulses across
an absorption edge and using variable polarization.’*-5? In
such experiments the scattered intensity is proportional to the
square of the local domain magnetization vector M projected
onto the propagation vector k of the incident circularly polar-
ized photons. A domain pattern with alternating magnetiza-
tion thus leads to a pronounced small-angle scattering signal
of magnetic origin.

The samples used are ferromagnetic (Coggnm/Pti.4nm)i6
multilayer thin films with an out-of-plane easy axis of mag-
netization, grown via dc magnetron sputtering on a 250
x 250 umz wide, 50 nm thick SizN4 membrane;>>* an initial
5 nm thick Pt layer grown via electron-cyclotron-resonance
sputtering serves as a seed layer. By an out-of-plane demag-
netization or in-plane magnetization procedure, the samples
can be prepared in an equilibrium maze or metastable ordered
stripe domain phase, respectively. The typical domain size in
both cases is of the order of 100 nm, but the equilibrium maze
domain configuration yields larger domain sizes than the
aligned stripe domain phase. The exact domain sizes and the
difference between both states depend on details of the growth
process and the later magnetic treatment of the sample.

Resonant magnetic scattering from ferromagnetic do-
mains of Co/Pt multilayer samples has successfully been de-
tected using the circularly polarized FERMI pulses at a wave-
length of 20.8 nm, corresponding to the M, 3-edge of cobalt.
In order to work below the beam damage threshold of the
magnetic film, the experiments were performed with a defo-
cused beam with a spot size of about 250 x 250 um? and
attenuated FEL pulse intensity using aluminum filters. The

scattered photons were measured with the X-CAM detection
system as shown in Figure 1(e).

Figures 6(b)-6(f) show a set of patterns created by the
photons scattered from the magnetic domains, tuning the
FERMI FEL wavelength to the Co M;3 absorption edge, as
illustrated in Figure 6(a). The measurements were performed
in integration mode, summing over 30 pulses with an aver-
age pulse intensity of ~1 uJ (~1.3 x 10'' photons/pulse).
The spectral purity and stability of the seeded FERMI pulses
have allowed fine tuning across the Co M, 3 absorption edge.
We would like to note that, compared to FELs using fixed
gap undulators, the change of the FERMI wavelength is rel-
atively fast (~10 min). It is determined by the time required
for changing the undulator gap, since the simultaneous tuning
of the seed laser wavelength is automatised.””> As shown in
Figure 6, the magnetic scattering ring becomes visible when
approaching the Co M,3 edge and the intensity reaches its
maximum when the absorption is maximized (Figure 6(g)).

In Figures 6(c)—6(f) no fine speckle-like structures from
the single magnetic domain are visible inside the scattering
ring, because a defocused spot size of 250 um, larger than the
characteristic domain dimension (~100 nm) was adopted to
reduce the FEL intensity to a low fluence regime (~2 mJ/cm?)
in order to optimize the scattering signal minimizing the sam-
ple damage. As a consequence, the maze pattern of the mag-
netic Co/Pt sample generates a scattered diffraction pattern
with radial azimuthal symmetry and almost uniform inten-
sity. However, the scattering ring provides information about
the average width of the domains: we evaluated that for our
sample, the maximum of the magnetic scattering intensity
lies at ~5.75 um~!, corresponding to a magnetic periodic-
ity of ~180 nm, which implies an average domain width of
~90 nm, in good agreement with the sample structure design.
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FIG. 7. (a)-(f) Magnetic scattering patterns taken with different fluences: (a) 100 pulses with average energy 0.15 wuJ; (b) 50 pulses with average energy
0.6 uJ; (c) 50 pulses with average energy 1 uJ; (d) single-shot pulse of 4.3 uJ; (e) successive single-shot pulse of 4 pJ; and (f) integrative image of 5 successive
pulses of ~3.5 J. (g) Plots of the scattering profiles obtained by azimuthally averaging intensities of images (a)—(f). (h) Dependence of the peak position of the

scattering pattern on the average pulse energy.

Although it is possible to perform non-destructive mea-
surements of magnetic thin films using a FEL source,* one
has to keep in mind that the intense FEL pulse can drive
the sample into a different state, transiently or permanently,
an opportunity for dynamic studies using the ultrashort FEL
pulses that are not feasible using synchrotron radiation. The
case of a permanent change in the magnetic state of a sample
is explored here, using a multilayer sample that was ex situ
prepared in a metastable stripe domain phase by a 5 T exter-
nal magnetic field. The resulting stripe domain pattern causes
an anisotropic scattering image showing two pronounced
lobes at about 20° with respect to the horizontal image axis
(Figures 7(a)-7(c)). While during the acquisition of these im-
ages, the attenuated pulses do not induce any noticeable do-
main change, the higher fluences used to obtain single-shot
patterns (Figures 7(d)-7(f)) induce a permanent modification
of the sample’s magnetic state.

Note that the first high-fluence single shot (Figure 7(d))
still probes the unchanged state, whereas the second shot
(Figure 7(e)) shows the changes induced by the first one: the
anisotropy of the scattering pattern has vanished and the ring
radius moves toward lower exchanged momentum. Hence, the
sample has been driven into a disordered maze domain state
with no preferred domain orientation, which is the equilib-
rium configuration for these types of samples. Therefore, no
further substantial changes occur, as evidenced by the images
measured in the following shots (Figure 7(f)).

By driving the system into its equilibrium magnetic
phase, a shift towards lower momentum exchange of the scat-
tering intensity maxima is observed, which corresponds to an
increase of the domain period from about 140 nm to 180 nm
(Figures 7(g) and 7(h)). It is important to note that the ob-

served changes in the magnetic scattering pattern, which are
induced by the FEL pulses, do not constitute an ultrafast phe-
nomenon, but are caused by sample heating.*’

2. Fourier transform holography at the Co M, s-edge

Apart from the single-shot CDI experiments, the ability
of FERMI FELs to deliver fully circularly polarized pulses,
has opened a unique opportunity for single-shot magnetic
imaging experiments on the nanoscale, employing the FTH
scheme.'*%% FTH of magnetic materials requires circularly
polarized light, since the linearly polarized one is not an
eigenstate of magnetic scattering and therefore magnetically
scattered radiation from the object hole cannot interfere with
charge scattered radiation from the references.’’ While the
feasibility of single-shot FTH at an FEL source was previ-
ously shown by employing a transmission polarizer to pro-
duce elliptically polarized light,®>° this approach has the
drawback of a loss of almost two orders of magnitude in in-
tensity and only 60% of circular polarization.

The concept of transmission polarizer cannot be easily
extended at longer wavelength due to the stronger material
adsorption in the VUV region. To produce FEL pulses with
circular polarization, FERMI uses instead APPLE-II type un-
dulators, which in a synchrotron based seeded FEL have pro-
duced circularly polarized light with a measured degree of
polarization between 85% and 95%.°° Taking into account
the optical layout of the DiProl beam-line, the difference in
the VUV mirrors reflectivity of s and p wave components has
negligible influence on the source polarization at 20.8 nm: we
estimate that the transmission of the beamline mirror system
affects the source polarization by less than 5%.
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FIG. 8. (a) Experimental setup. Scanning electron microscopy image of
the S-references holography mask: the sample aperture is 2.5 um and the
references 100 nm. A single-shot spectro-hologram is acquired on a CCD
camera located at 48 mm downstream. (b) Reconstructed hologram of
the magnetic structure using the diffraction pattern in (a): dark and bright
regions are domains with opposite out-of-plane magnetization directions.
(c) CDI reconstruction of the magnetic structure, using image (b) as starting
guess in RAAR phase retrieving algorithm. (d) Intensity profile along the
yellow line in (c).

Using the polarized FERMI pulses, it was possible to
record a magnetic hologram with a single 20.8 nm 80-100 fs
pulse with energy ~30 mJ/cm?, focused to a 50 x 50 pm?
spot on the sample. Figure 8(a) shows the first single-shot
magnetic holography image recorded at the Co M;3-edge
using a circularly polarized FEL pulse. A 5-reference holo-
graphic mask, consisting of a field of view aperture of 2.5 um
diameter, surrounded at 6.25 um by 5 reference pin-holes of
100 nm diameter, was placed in close contact to a magnetic
multilayer Co/Pt film described in Sec. III C 1.

The bright and dark stripes in the reconstructed image in
Figure 8(b) are representing the magnetic domains pointing in
up and down directions perpendicular to the sample surface.
Due to the 2 mm gap of the X-CAM detector, the central part
of the hologram is missing which accounts for the artifacts in
the reconstructed image, i.e., the horizontal short-period mod-
ulation. By applying 2000 iterations of RAAR phase retrieval
algorithm, using the image in Figure 8(b) as a starting guess,
the image quality can be improved and the influence of the
artifacts minimized (Figure 8(c)).

Figure 8(c) confirms that the system is in the stripe do-
main phase, that was prepared applying an external in-plane
magnetic field to the multilayer system after sample prepa-
ration. In the reconstructed image the stripes are aligned at
about 20°, in good agreement with the angle inferred on
the same sample in the unmasked scattering experiments
(Figures 7(a)-7(c)). Figure 8(d) shows an intensity line scan
through the reconstructed image which reveals the typical
magnetic domain size of ~100 nm.

Rev. Sci. Instrum. 84, 051301 (2013)

We would like to notify that the relatively low image
quality, compared with similar experiments performed at L
edges with synchrotrons and LCLS'*" is due to several fac-
tors: (i) the XMCD contrast at L-edges is 2-3 times higher
than that at the M-edges used here;%' (ii) the ultimate CDI
spatial resolution is higher at shorter wavelengths and (iii) the
total cross sections for Co ionization are higher at our longer
wavelengths, which means that the “magnetic scattering in-
tensity quenching”®’ induced by the propagation of the in-
tense FEL pulse inside the material in single-shot experiments
is more pronounced in our case. The planned shortening the
FERMI pulse duration to less than 50 fs will reduce the effect
of the X-ray damage and, beyond this, the contrast in mag-
netic single-shot femtosecond X-ray FTH can be increased
in future experiments by making use of extended reference
structures such as lines or triangles in the holographic mask.'3

However, certain advantage using the M-edges is pro-
vided by the higher scattering intensity, which is an important
factor for the future time-resolved experiments, which can-
not be carried out in the integration mode, used at the syn-
chrotron facilities. The jitter-free optical pumping, available
at FERMI using the naturally triggered seed laser, will enable
time resolved stroboscopic imaging of magnetic domains in
the non-equilibrium state. One application will be to eluci-
date the recently found super-diffusive spin-transport across
the ferromagnetic-ferromagnetic domain walls during ultra-
fast demagnetization.®?

IV. CONCLUSIONS AND OUTLOOK

The first commissioning results presented here demon-
strate the potential of FERMI@Elettra seeded FEL for effi-
cient CDI, FTH and resonant magnetic CDI experiments with
fixed targets in integrative and single-shot modes. The main
advantage using seeded FERMI FEL-1 is in resonant CDI,
where the tunable, stable and narrow bandwidth of FERMI
pulses with controlled linear or circular polarization opens un-
precedented opportunities to explore multicomponent nanos-
tructures in equilibrium or transient states, in order to access
spatial aspects in dynamic processes. The ongoing commis-
sioning of the FERMI FEL-2 will provide 4 nm wavelength
pulses in the first harmonic in 2013. Expanding the wave-
length range to even shorter wavelengths will increase the
number of the reachable atomic resonances, enabling reso-
nant CDI at the K-edge of carbon in the first harmonic and
at the K and L-edges of many elements in the higher har-
monics of the radiation (e.g., the 3d transition metals) and
pushing the wavelength-limited resolution as well. Indeed, us-
ing soft X-rays the CDI spatial resolution will be limited to
5-10 nm and cannot compete with the sub-nm resolution that
can be achieved using hard X-rays but the transient events and
in many non-periodic systems occur at space scales achiev-
able by the soft X-rays. In fact, the much stronger interactions
of soft X-rays with matter results in stronger scattered signal,
which has been demonstrated® to be of particular importance
for imaging of soft matter and biological objects in their na-
tive state, e.g., in the water window between the oxygen and
carbon K-edges.
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In 2013, the optical laser pumping is implemented by us-
ing the FERMI seed laser. This is a great advantage compared
to the pumping schemes using external optical laser since the
seed laser is naturally triggered with the FERMI pulses and
allows performing jitter-free pump-probe experiments which
has been considered as a major advantage of high harmonic
generation laboratory sources. Another possible time resolved
experiments will be FEL-pump FEL-probe approach using a
split-delay line or two color FEL pulses generated by the same
electron bunch. The latter is another advantage of seeded FEL
using external laser: development and implementation of spe-
cific seeding schemes to produce two or more pulses split in
time and energy.®>% These new approaches will enable var-
ious types of time resolved experiments with temporal res-
olution in the femtosecond to nanosecond range opens for
exploring dynamic phenomena triggered by excitations with
ultra-short VUV-soft X-ray pulses.
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