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Edited by K. Tiedtke, DESY, Germany FERMI is the first and only seeded EUV-SXR free-electron laser (FEL) facility

available to users; it operates at Elettra — Sincrotrone Trieste (Italy) and it
' This article will form part of a virtual special presents five operating endstations. Three of them, namely LDM (Low Density
issue containing papers presented at the Matter), DiProl (Diffraction and Projection Imaging) and MagneDyn

PhotonDiag2018 workshop. (Magneto-Dynamical studies), use a Kirkpatrick—-Baez (KB) active X-ray optics

system to focus the FEL pulses into the experimental chambers. The present
work reports on the final results of the upgraded KB Active Optics Systems
(KAOS), which have been mechanically modified in order to improve stability
and repeatability with respect to the original design. The results have been
obtained on both the FERMI FEL lines, FEL1 and FEL2, and are particularly
relevant for the latter as it is the low-wavelength line recently opened to users.
After a thorough description of the new mechanical layout of the system and the
aspects that have been improved after the refurbishment, a set of simulations of
the optical performances are presented. The code used to simulate the behavior
of KAOS is WISEr, a physical-optics-based tool, which is freely accessible, and
integrated into the Oasys platform, that takes into account the specific surface
metrology characterization of the beamline mirrors, including figure errors and
microroughness power spectral density. The results of WISEr are then used as a
reference for the actual optimization of the optical system. This procedure relies
heavily on a wavefront sensor (WFS) mounted out of focus to optimize the
refocusing mirrors alignment as well as their curvature bending (by minimiza-
tion of the coefficients of the Zernike wavefront expansion). Moreover, the
WES data are used to reconstruct the focal spot parameters by means of a back-
propagation of the electric field. Finally, these results are compared with those
obtained after the FEL ablation of a PMMA layer positioned on the focal plane,
and analyzed ex situ in a post-mortem fashion. The mechanically refurbished
optical system and the multi-technique alignment approach, aimed at optimizing
the mirrors’ curvature, pitch and roll angles, allowed a focal spot of 1.8 pm x
2.4 pm at 4.14 nm wavelength (FEL2) to be inferred, confirmed by the PMMA
ablation imprints.

Keywords: Kirkpatrick—Baez; wavefront sensor;
WISEr; active optics system; FERMI.

1. Introduction

FERMI is a single-pass free-electron laser (FEL) user-facility
covering in the first harmonic the wavelength range from
100 nm to 4 nm (EUV to soft X-rays). It is located next to
the third-generation synchrotron radiation facility Elettra in
Trieste, Italy (Allaria et al, 2010, 2012, 2013; Prince et al.,
2016). The implemented seeded FEL scheme guarantees
the generation of highly coherent (transversely and long-
itudinally), ultrabright pulses, and the use of APPLE II-type
undulators allows for variable polarization (linear horizontal/
vertical, right/left circular). The machine layout comprises two
© 2019 International Union of Crystallography FEL lines designed to cover efficiently the wavelength range
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and conceived to generate short radiation pulses (r ~ 30-
100 fs). The mentioned capabilities together with the possi-
bility to operate FERMI also in more-exotic emission schemes
(e.g. two-color double pulses, phase-controlled double pulses,
etc.) have opened new experimental opportunities that were
not achievable before (Allaria et al., 2012).

The unique features of FERMI, together with the possibi-
lity to perform single-shot experiments thanks to the pulse
ultrahigh intensity, call for a dedicated diagnostic section
capable of providing photon beam information to the users.
PADReS, which stands for Photon Analysis Delivery and
REduction System (Zangrando et al., 2011, 2015), is the
section of FERMI devoted to characterize, manipulate and
deliver the photon beam to the experimental endstations.
PADReS provides various information such as shot-to-shot
intensity, spectral distribution, beam transverse position,
coherence and wavefront characterization. Intensity, spectral
distribution and beam position are resolved non-invasively
and pulse by pulse, while beam coherence and wavefront
characterization involve invasive measurements. A gas

absorber gives the user the possibility to reduce the photon
beam intensity by up to four orders of magnitude. PADReS
also includes filtering, splitting-delaying and focusing systems.

The five endstations already operative at FERMI are: EIS-
TIMEX (di Cicco et al.,2011), EIS-TIMER (Foglia et al., 2017,
Masciovecchio et al, 2015), LDM (O’Keeffe et al, 2011;
Svetina et al., 2015), DiProl (Pedersoli et al., 2011; Capotondi
et al., 2015) and MagneDyn (Svetina et al., 2014).

After the acceleration section, the electron bunch can be
sent to two different undulator chains. The two chains
generate two different sources named FEL1 and FEL2,
working in two different energy ranges: FEL1 between 100 nm
and 20 nm and FEL2 between 20 nm and 4 nm. Moreover,
since the photon generation almost fulfills the transform limit,
the beam divergence is a function of the wavelength (Allaria et
al., 2010). Finally, the FEL2 undulator chain is longer than
the FEL1 one, as it is based on a double-cascade high-gain
harmonic generation scheme, moving its effective photon
source 7 m closer to the endstations than the one of FELI1
(see Fig. 1).
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Figure 1
Layout of the three main sections of FERMI: injector and linac tunnel; the undulator hall; the experimental hall.
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The general request for the experiments is to have micro-
metre-sized focal spots with high fluence at focus. Conse-
quently the target of PADReS is to employ optical systems
characterized by high focusing performance. The sizes of
FEL1 and FEL2 photon sources in terms of o are 124 and
59 pum, respectively (estimated at 32 nm for FEL1 and at
10 nm for FEL2), so the de-magnifications requested to the
refocusing systems are quite demanding (i.e. typically between
50 and 100), excluding the case of the EIS-TIMER beamline.
The sizes of the photon source depend on the particular
optimization of the machine, from time to time may be subject
to variation, and may be even dependent on the selected
photon wavelength. All these constrains call for dedicated and
versatile focusing systems, capable of adapting their perfor-
mance to the chosen FEL line. The systems tackling such a
demanding task are the Kirkpatrick-Baez (Kirkpatrick &
Baez, 1948) (KB) active optics systems (KAOS), except for
EIS-TIMEX and EIS-TIMER.

Each KAOS consists of a couple of plane-elliptical mirrors
that can be independently bent in a controlled way by means
of mechanical benders. They have several advantages: (i) they
allow decoupling of vertical and horizontal beam components,
(ii) they can focus two photon sources located at different
distances (such as FEL1 and FEL2) using the same pair of
mirrors, and (iii) they use thin plane mirrors (which are easier
to manufacture with respect to bulk elliptical mirrors)
mechanically bent into a plane-elliptical shape capable of
dealing with the requested magnifications (M, x M, =~
60 x 80). Finally, with such active systems, it is in principle
possible to improve the FEL beam wavefront quality by
compensating the undesired astigmatisms caused by the figure
errors of plane mirrors along the whole optical system.

EIS-TIMER is an FEL-based four-wave-mixing instrument,
employing a complex refocusing system based on toroidal
mirrors, while for EIS-TIMEX a single ellipsoidal mirror has
been chosen to minimize the number of optical reflections
before the sample (Masciovecchio et al., 2015).

2. WISEr simulator

WISEr is a physical optics simulation package used to
compute the complex electromagnetic field downstream of
one or more optical elements. It exploits a wavefront propa-
gation method based on physical optics implemented in 2010
(Raimondi & Spiga, 2010) and developed over the years
(Raimondi et al., 2013; Raimondi & Spiga, 2015). It has been
recently updated and included in the Orange Synchrotron
Suite (OASYS; Sanchez del Rio ef al., 2014), a new graphical
environment that gathers most of the simulation tools devel-
oped and used within the synchrotron and free-electron laser
communities. WISET is specialized in operating at high-energy
wavelengths (from extreme ultraviolet to hard X-rays) and
grazing angles of incidence, using spatial and temporal fully
coherent sources. At grazing incidence, where the reflection in
the XUV range is higher, diffraction is more effective in the
tangential direction than in the sagittal one, usually by a 100-
to 1000-fold factor. This allows the mirror sagittal error to be

neglected. We consider the case of an isotropic point-like
source on the optical axis at z = § of an axially symmetric,
grazing-incidence mirror sector characterized by the radial
profile x,(z;). The electric field diffracted in the xz plane can
be easily computed by means of the Huygens—Fresnel prin-
ciple. Defining d, = [(x; — x)* + (z; — z)*]"%, and S the z source
coordinate, the computation of the intensity distribution in the
focal plane at z = 0, which we will refer to as the point spread
function (PSF), is thus performed using Kirchoff’s scalar
diffraction formula over a 1D domain,

7_& ( 1/2
3“—1) (1)
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where f is the nominal focal distance, L < f is the mirror
length, AR is the maximum — minimum radius, and A is any
wavelength to be focused. We thereby assume the mirror
surface to be described as a rotation of a 1D profile about the
z-axis, that is the radial coordinate as a function of the mirror’s
axial coordinate, r = r{(z;), which in turn equals the long-
itudinal mirror profile in the xz plane x,(z;). In practice, x; is
composed of three terms as follows,

x1(21) = Xp1(21) + Xineast (21) + Xpspi(21), 2

where x,; is the nominal mirror profile, X c.s1 1S the measured
profile error along the entire profile length L, and xpsp, is one
of the infinitely possible profiles of length L, computed from
the PSD. The latter is obtained from a roughness character-
ization in a broad spectral range, but not overlapping the
frequency window of the instrument used to measure Xyeasi-
The reason for the different treatments for the two terms is
that the resolution of x,,.,s; cannot be extended down to the
typical frequencies of microroughness. In turn, instruments
dedicated to roughness measurements (i.e. interferometers or
atomic force microscopes) cannot be extended to scan lengths
of more than a few millimetres. Hence, the PSD character-
ization can be used to obtain one of the infinitely possible
profiles of length L; (Raimondi & Spiga, 2015) that are
consistent with the measured roughness PSD. The reason for
the profile degeneracy is in the phase information of the
Fourier components of the roughness, that are lost when
computing the PSD. To reconstruct the profile from the PSD,
the phase of the components can be freely selected. Each
choice results in a different rough profile, which in principle
might exhibit different scattering properties.

Fortunately, one of the results of the first-order X-ray
scattering theory is that the scattering pattern only depends on
the PSD if the r.m.s. of xpgp; fulfills the smooth surface
condition (Church, 1979; Stover, 1995), i.e. that

1/2
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where «; is the incident angle. Equation (3) is usually fulfilled
by optically polished surfaces, so we expect the PSF contri-
bution of xpsp; to depend not on the particular realization of
the profile but solely on the PSD.

The method can be extended easily (Raimondi & Spiga,
2015) to multiple reflections. Consider, for instance, the case of
the double reflection, a couple of longitudinal profiles, and
assume that the profile is described by the radial coordinate as
a function of z, which in the xz plane is denoted by x(z;) of
length L; for the primary, and x,(z;) of length L, for the
secondary (see Fig. 2). The primary mirror collects the
radiation from an isotropic, point-like X-ray source at z = §
and diffracts it onto the secondary, which eventually diffracts
the wave to a focus. The nominal focal plane is still assumed to
be at z = 0. The corresponding radial amplitudes are, respec-
tively, AR, = Loty and AR, = Lo, where oy and o, are the
incidence angles. In real cases, a profile including low-, mid-
and high-frequency errors will be superposed to each ideal
mirror shape. The computation now involves two steps: first,
the diffracted field on the secondary mirror at the xz plane is
computed using

f+Ly
E, AR,

% 1/2
L,(Ax,)"? / <d_12) )

Ey(xy, 25) =

2mi [ - X2
X eXp{—)L |:d12 — < +Z(S _1 Zl)i| } dzy,

where (_112 is the distance in the xz plane from a generic point
of the primary mirror to a generic point on the secondary
mirror,

‘-112 = [(x2 - x1)2 +(z, — 21)2]1/2~ (%)

The subsequent diffraction by the secondary segment, at any
position in the xz plane (in-, intra- or extra-focus), is simply
obtained from the application of the equation related to the
single reflection weighting its integrand on the complex E,
function obtained from equation (4),

from
source

Figure 2
Scheme used for the computation of the electric field diffracted by a
double reflection.
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In the last equation the complex expression of E, already
includes all the relevant information on the phase; hence, the
terms in the exponent that include the ‘1’ subscript have been
dropped off. Only the distance c_iz remains therein,

& =[(, =0 + (z, — 2°] . )

Finally, the final computation of the PSF in the nominal focal
plane is done taking the squared module of equation (6) at
z = 0, and normalizing to the intensity collected within the
radial aperture effective for double reflection, ARy,

f 1/2
X2
Ey(xy, )| =—
f d,

=L,

2mi -
X exp (— e d2,0> dz,

where ‘_12A,0 is evaluated at z = 0. The last expression is inde-
pendent of the incident radiation intensity, and normalized
to 1 when integrated over x.

The results can be easily extended to the case of an on-axis
anisotropic source but at finite distance, as commonly
experienced with on-ground X-ray sources [e.g. synchrotrons
or FELs (Raimondi et al., 2013)], and to an arbitrary number
of reflections.

The PSF in equation (8) is independent of the incident field
amplitude, E,, and normalized to 1 when integrated over x.
Moreover, the computation works at any radiation wave-
length, assigning automatically the correct weight to surface
diffraction, geometrical optics and scattering. Fig. 3 illustrates
this concept: the same profile errors of a couple of mirrors,
including low- and high-frequencies, were used to compute
[equations (4) and (8)] the PSF expected at three different
values of A. It is clearly seen that the PSF changes from a
dominance of the aperture diffraction in UV light to a regime
in which low-frequency errors determine it, followed by a
rapid increase of the X-ray scattering. We point out that
exactly the same equations have been used in the three cases,
and that the method works very well also with oscillations in
the centimetre range (Raimondi & Spiga, 2015).

The explicit computation of equation (8), albeit less effi-
cient than FFT-aided methods, virtually sets no geometrical
constraints to the applicability of the simulation (such as
distance between subsequent optical elements, angles of
incidence, efc.). The integration over the transverse direction
can be neglected whenever the hypothesis of grazing-inci-
dence angles holds, as in this case the transverse figure error
hardly affects the intensity distribution in the focal plane. A
generic 2D problem can thus be satisfactorily investigated
by slicing the 2D surface into one or many 1D longitudinal

AIamin
PSF,() = - Y
0+~2

2

; ®)
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Figure 3

The computed PSF after the propagation through two mirrors at three
different energies from a deterministic profile error plus a high-frequency
roughness profile (Raimondi & Spiga, 2015). In UV light, the aperture
diffraction is the dominant term. At 0.4 keV, the PSF is solely affected by
the profile error imparted to the mirror. For hard X-rays, the X-ray
scattering from roughness has a major impact on the PSF.

profiles, eventually averaging the intensity distributions.
WISETr can be fed both with figure error data (typically down
to the millimetre scale), expressed as a single height profile
or more, and with (micro)-roughness statistics data (typically

down to 1 pm), expressed as the power spectral density (PSD)
of the microscopic height profiles.

3. KAOS, the KB active optics system

The Kirkpatrick—-Baez Active Optics Systems serving DiProl,
MagneDyn and LDM endstations at FERMI have been tested
and developed continuously between 2012 and 2018 using
both FEL1 and FEL2. They consist of thin plane mirrors that
are mechanically bent into the desired shape. After several
experimental shifts dedicated to the characterization of such
systems their performance in terms of spot sizes and shapes
have practically reached the nominal opto-mechanical limits.
Spots as small as 1.8 um x 2.4 ym have been obtained, as
confirmed by the use of several diagnostic tools such as
wavefront sensors, YAG and phosphor screens, and physical
ablation on PMMA and silicon substrates. These focusing
systems have been successfully used throughout the external
users’ experiments, and have demonstrated their flexibility in
focusing radiation from both the FERMI FEL lines, as well as
focusing radiation in experimental chambers mounted behind
the endstations of FERMI.

3.1. Mechanical project

Our purpose is the bending of a flat, constant-thickness
mirror by the application of unequal end torques in order to
obtain a plane-elliptical surface. If the mirror has constant
width and thickness, then the result of such bending will be a
cubic curve that can be made to approximate an ellipse up to
the third order [see equation (10)]. This enables the correction
of defocus and coma while leaving higher-order aberrations
uncorrected. Higher-order corrections to the bent shape are
made, if required, by applying a controlled variation to the
mirror width. An elliptical cylindrical mirror is defined by the
optical parameters r, r’ and 6 and has major and minor semi-
axes a and b and eccentricity e. It is represented in the XY
coordinate system by

Xy
y= ; + ﬁ =1. (9)
The same ellipse can also be represented by a power series in
the x,y coordinates as

y = ax* +ax® +adx* + ... (10)
so that the slope and curvature are
dy 2 3
a:2a2x+3a3x +4adx’ + ..., (11)
d’y 2
P 2a, 4+ 6a;x + 12a4x" + . . .. (12)

Each term a;x of the series in equation (10) corresponds to an
aberration of the reflected wavefront that will be corrected if
the term is faithfully built into the mirror shape. The i = 2 term
corresponds to defocus, the i = 3 term to coma [linear variation
of curvature with position in the aperture, see equations (11)
and (12)], the i = 4 term to spherical aberration, and so on

1466 Lorenzo Raimondi et al. + KB active optics system at FERMI
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(Howells et al., 2000). Considering, first, a substrate bent by
the action of two end torques C1 and C2, one can show that
the bending moment will vary linearly from Cl at X = —L/2 to
C2 at X = +L/2. The differential equation for the shape of the
bent beam is the Bernouilli-Euler equation taking the
following form,
2
El, dTy _Gt+6 66 X, (13)
dx 2 L

where E is Young’s modulus and [, is the moment of inertia of
the beam cross section, considered constant for our purposes.
In order to approximate an ellipse with a third-order expan-
sion, we equate coefficients of i = 2 and i = 3 to determine the
required values of C1 and C2,

C, +C EI
G+6G =2Ela, = —0 (14)
R,
Cc —-C 3El,sinf (1 1
et S —6Eljay, = — o Y2 _ 2 , (15)
L Ry 2 \r' r

where R, is the radius of curvature at the center. Thus the
mirror will match the ellipse up to the third order if the
bending moment is equal to C1 and C2 at —L/2 and +L/2.
There is no need to apply the bending torques exactly at —L/2
and +L/2 and in fact they are best placed somewhat further
from the mirror center to compensate for end-errors.

The solution we developed for our KB mechanical holder
is based on the leaf-spring bending mechanisms presented by
Howells et al. (2000). A sketch of such a system is shown Fig. 4.

In our system the two bending moments C1 and C2 are
applied at —L/2 and +L/2 making use of external clamps, as
shown in Fig. 5(b). The last upgraded mechanical holder,
which works with improved stability and repeatability, is more
effective in preventing the twisting effect and reduces the
pressure on the mirror along the longitudinal direction with
respect to the initial project (Cocco et al., 2010; Zangrando et
al., 2011; Raimondi et al., 2013). In addition, we have also
adopted encoders for the motor position and piezo actuators
mounted on the clamps to fine tune the curvature. The ellipse
sagittas requested for our system amount to about 250 pm for
the vertical mirror and about 360 um for the horizontal mirror.

Metal mirror style Ceramic mirror style

\ /

Mirror

Flexible
support leg ) l

N T

Leaf spring £
1
Bending

2
_I forces [—

Base

Figure 4
Sketch of leaf-spring bending mechanisms without the tensile force,
which does not introduce tension in the mirror (Howells et al., 2000).

The dimensions of the substrate are 400 x 40 x 10 mm, and
the mirrors work in grazing incidence at 6; = 2°. In order to
further improve the performance of the system to obtain a
nominally exact elliptical shape, we could modify the width of
the mirror. According to Howells et al. (2000), in this option I,
in equation (13) becomes /(x) and it is calculated to give the
correct radius of curvature at each value of x as specified by
equation (13). It is possible to do this for almost any pair of
end couples but as an example we use the ones given by
equations (14) and (15). Inserting equations (12), (14) and
(15) into (13) and remembering that I = bh*/12 where b and h
are the width and thickness of the mirror, respectively, we
obtain an expression for the width needed to produce the
desired elliptical shape,

bx) = bo[(1/Ry) + 6asx] ' 16)
2a, 4+ 6a;x + 12a,x> + . ..
In the case of the FERMI machine that works in the ultra-
violet soft X-ray energy range, it should be interesting going
further in improving the optical system trying to extend the
optimization of the curvature above the third order, modifying
the substrate to have variable width or thickness, and adopting
piezo actuators behind the mirror substrate. This will be the

(b)

Figure 5

(a) Sketch of a Kirkpatrick-Baez vacuum chamber accommodating two
holders. The system consists of two elliptical mirrors, focusing the source
at a finite distance separately in the vertical and horizontal directions. The
source is located at the first focus of each ellipse, while the focal plane is
at the second focus. The demagnification is given by the ratio between the
mirror-source and mirror—focal-plane distances. (b) Mirrors and holders
as mounted in the KB vacuum chamber. In the bottom side the two
pusher motors bending the mirror are shown.

J. Synchrotron Rad. (2019). 26, 1462—1472
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next step in the development of a new, even better performing,
version of the KAOS system.

3.2. Metrology characterization

We characterized the two KB mirrors with a long trace
profiler (LTP) at the Optical Metrology Laboratory of Elettra
— Sincrotrone Trieste (Sostero et al., 2005). The mechanical
system has been optimized with Adaptive Correction Tool
software (ACT) (Signorato, 1998). The software helps in
bending the mirrors to profiles as close as possible to the
nominal ellipses, i.e. with sagittas of 320 um and 210 pm for
the horizontal and vertical mirrors, respectively. A description
of the first basic version of the mechanical system has been
given by Cocco et al. (2010).

As a first step, the ACT software calculates the interaction
matrix of the mirror bending using a least-squares approach.
This matrix is then used to calculate the steps needed by each
motor to shape the mirror as close as possible to the desired
profile.

This iterative procedure converges very quickly to reach
the needed quasi-elliptical mirror deformation relative to the
initial reference shape. When the peak-to-valley of the resi-
dual is below 1 pum, we started to use the piezo actuators
instead of the motors to bend the mirrors (we adopted piezo
PI model P-841.20 which has a linear spatial range of 30 pm,
which translates into mirror curvature peak-to-valley of
around 30 pm). Both sets of motors (steppers and piezos) are
closed-loop controlled by means of suitable encoders. The
displacement of the clamps is constituted by composite and
independent movements, one following the action of the
motors and the other due to the clamp-mounted piezo
actuators. The best obtained residuals are shown in Fig. 6. We
characterized the microroughness with a ZYGO white-light
interferometer. The results came in at under 3 A. Fig. 7 shows
the PSD of the microroughness superimposed by a fit with a
power-law function of the vertical mirror.

Spiga (2007) derived the equation that computes the
contribution of the scattering from microroughness (in terms

200 T T T {
/
. /0N A
100 7\ 7 \ i
f\ / \\ 13
—~ J N ]
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Figure 6
Characterization of the two mirrors with the LTP. The residual surface
profiles obtained by subtracting the two ideal ellipses from mirror
measured profiles (relative to the horizontal and vertical mirrors) are
shown, in the case of focal lengths 1750 mm and 1200 mm in the vertical
and horizontal directions, respectively.
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Figure 7

Characterization of the horizontal mirror with the ZYGO white-light
interferometer. This picture shows the power spectral density of the
microroughness in the spatial range between 1 mm and 1.5 pym of the
vertical mirror. The red line represents the best fit obtained with a power-
law curve PSD(f) ~ K,.f .

of PSD) to the PSF degradation in terms of half energy width
(HEW) of the spot. If PSD(f) >~ K, f™", the PSD of the
microroughness can be fitted by a power law. Then, the
expression of the angular spot size in terms of HEW as a
function of the wavelength is

K 1/(n—-1) in 6 (3-n)/(n—1)
H(L) ~ (—= B! , (17)
n—1 A

where K, and n are the power-law parameters, 6; is the inci-
dent angle and A is the wavelength. Fig. 8 shows the behavior
of the HEW contribution of our PSD in micrometres for our
KB system with energy in keV. In particular, we considered
the worst case, i.e. the KB vertical mirror which has the longest
focal length. In the FERMI energy range, the scattering
contribution appears negligible, less than 0.026 um, in the
worst case at shorter wavelength. This result is in agreement

FERMI ' '

102} energy range m
g 10° o -
3
— a
= a
T 1072 o 1

107 .

1072 107" 1 10 10?
E [keV]

Figure 8

Behavior of the HEW contribution of the measured PSD in terms of
scattering effect, converted for our KB system, with the energy in keV
(blue line), for the KB vertical mirror with the longest focal length. The
red squares represent the values obtained from WISEr simulations of the
sole roughness. The light blue area represent the FERMI energy range.
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with simulations performed with WISEr of the sole micro-
roughness, ignoring the figure errors.

4. KAOS on DiProl endstation

The DiProl beamline exploits the expected performance of
the fully coherent seeded FEL in terms of continuous
tunability, with wavelengths between 60 and 4 nm in the first
harmonics and temporal pulse duration down to a few tens of
femtoseconds at 50 Hz repetition rate, with 10"* photons per
pulse and variable photon polarization. The beamline is
designed to meet the requirements for static and dynamic
coherent diffraction imaging (CDI) experiments with a reso-
lution down to 10 nm, while implementing options for
complementary projection imaging. The KAOS system is
adopted as refocusing optics, and is crucial for imaging single
small objects, providing a minimum spot size of 1.8 um x
2.4 pm and a maximum fluence reaching 1 x 10 W ecm ™2 at
20 nm wavelength. The beam can be defocused, preserving the
spot position, to provide variable spot shape and dimension
in order to illuminate larger specimen portions or reduce
the fluence.

We performed a set of measurements on the DiProl
endstation using a Hartmann sensor from Imagine Optic in
order to optimize the KB system in terms of mirror bending
and alignment angle. The instrument is mounted out of focus,
about 1.5 m behind the DiProl endstation, in order to have a
beam dimension comparable with the size of the instrument
grid (around 13 mm x 13 mm). The Hartmann sensor soft-
ware outputs the intensity distribution of the beam, typically a
mix between several modes resulting in a ‘noisy hyper-Gaus-
sian’ intensity profile, and the wavefront residuals from ideal
propagation shape corrected for the tilt of the pinhole array
plate (see Fig. 9). Combining these two measurements the
electric field of the wave at the position of the grid can be
obtained (sampled with a number of points equal to the
number of pinholes in the array plate). Propagating back the
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Figure 9
Residual of the wavefront after an optics optimization at 20 nm
wavelength. The surface is quite flat with r.m.s. = 0.051 units of A.
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Figure 10
The first 21 Zernike polynomials, ordered vertically by radial inclination
and horizontally by azimuth.

electric field to the focal plane of the KB system, the focal spot
can be reconstructed using the far-field approximation.

In order to optimize the mirror bending, we tried to mini-
mize the aberrations that were quantified in terms of Zernike
coefficients (see below), operating on the bendable system
parameters which are pitch, roll and bending of each mirror.
To ease the interpretation of the wavefront deformation, it is
convenient to express wavefront data as an expansion using
Zernike polynomials,

W(p,0') = Zy+ Z,pcos@’ + Z,psind’ + Z,(2p> — 1)
+ Z,0% cos 20 + Zsp* sin 20’
+ Z(3p> —2)pcos @’ + Z,(3p* —2)psin 6’
+ Zy(6p" — 60" +1) ... +.... (18)

The measured wavefront can be decomposed into a linear
combination of Zernike polynomials that describe typical
optical properties and errors of the optical system, such as
defocus, coma, astigmatism and so on (see Fig. 10). The
polynomial decomposition gives a numerical representation of
any kind of aberration of the sample. In our case, in particular,
we considered only the third order of the Zernike parameters
because of the limits given by the substrate geometry (see
Section 3.1).

The optimal results, both for FEL1 and FEL2, were
achieved after several optimization iterations. The left-hand
side of Fig. 11 shows the best focal spot achieved at 32 nm
with FEL1: 55 um x 6.2 um [full width at half-maximum
(FWHM)]; this value was also confirmed by PMMA ablation
imprint measurements seen on the right-hand side of Fig. 11.
The left-hand side of Fig. 12 shows the best focal spot achieved
at 4.14 nm with FEL2: 1.8 um x 2.4 ym (FWHM); this value
was also confirmed by PMMA ablation imprint measurements

J. Synchrotron Rad. (2019). 26, 1462—1472

1469

Lorenzo Raimondi et al. - KB active optics system at FERMI



research papers

Figure 11

KB system spot size determination by means of different techniques, at
32 nm wavelength with FELI1. Left: reconstructed spot from wavefront
sensor data, 5.5 um x 6.2 pm (FWHM). Right: PMMA-indentation post-
mortem analysis of a focal spot created by KB system, estimation size
6 um x 7 pm (FWHM).

Figure 12

KB system spot size determination by means of different techniques, at
4.14 nm wavelength with FEL2. Left: reconstructed spot from wavefront
sensor data, 1.8 um x 2.4 pm (FWHM). Right: PMMA-indentation post-
mortem analysis of a focal spot created by KB system, estimation size
2.0 ym x 2.5 pm (FWHM).

seen on the right-hand side of Fig. 12, that returned 2 pm x
2.4 pm. Moreover, it is worth mentioning that the WFS-based
spot determination was recently confirmed also by means
of another technique involving an in situ fluence-mapping
approach. Using a tailored, continuously varying grating
underneath the sample, it was possible to further demonstrate
the reliability of the wavefront sensor as a spot-determining
technique (Schneider et al., 2018).

4.1. WISEr simulations

DiProl was also simulated using WISEr, taking into account
the plane mirrors along the FERMI photon transport, and the
KB active system. For KAOS we considered the best figure
errors achieved shown in Fig. 6, and the microroughness
profiles given by the measured PSDs seen in Fig. 7. The
simulations have been performed at a wavelength of 4.14 nm
for FEL2, and 32 nm and 60 nm for FEL1. We considered
three plane mirrors in the horizontal direction (the non-
invasive spectrometer is considered as a plane mirror as it
works at zero order) and one in the vertical direction for FEL1
(see Fig. 1). In the case of FEL2 we have one less plane mirror
(PM1b) in the horizontal direction.

Fig. 13 shows the results of the simulations of the KB mirror
focal spots at best focus in the DiProl chamber at 32 and
60 nm wavelength for FEL1, and at 4.14 nm wavelength for
FEL2. We performed these simulations making use of the
WISEr simulation tool, considering all mirrors of the beamline
and theirs defects, in terms of figure errors and microrough-
ness. The microroughness profiles are obtained from the
measured PSD, and for a more correct statistical approach we
averaged simulations from the same figure errors but different
roughness profile given by the same PSD. The results are as
follows: at 4.14 nm wavelength with FEL2, 1.7 um x 2.2 pm
(FWHM); at 32 nm wavelength with FEL1, 5.1 pm X 6.0 pm
(FWHM); at 60 nm wavelength with FEL1, 8.6 um x 11.2 um
(FWHM). Since we obtained the residual of the KB ex situ
using the LTP and with the help of the ACT software, we have
to consider these results as the limits of the mechanical system.
For this reason, we have to assume the results returned by
WISEFY as the best we could achieve with the optimization and
alignment of the system during the experiment preparation on
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Figure 13

Simulations performed with WISEr of the KB system focal spot, taking
into account figure errors and microroughness of all mirrors. Top panels
show simulation at 4.14 nm with FEL2, resulting in 1.7 pm x 2.2 pm
(FWHM). Middle panels refer to 32 nm with FEL1 (5.1 pm x 6.0 pm
FWHM) and bottom panels refer to 60 nm with FEL1 (8.6 um x 11.2 pum
FWHM).

1470

Lorenzo Raimondi et al. « KB active optics system at FERMI

J. Synchrotron Rad. (2019). 26, 1462—1472



research papers

the DiProl endstation. Comparing the simulation in Fig. 13,
and the focal spot obtained on DiProl seen in Figs. 11 and 12,
we can conclude that, by using a wavefront sensor as diag-
nostic of the focal spot and to optimize the KB active optics
system alignment, it is possible to approach the limits of the
optical system.

4.2. Impact of different spatial wavelengths on the spot size

The purpose of the study presented in this section is to
understand how to further improve our KB system perfor-
mance. Here, to quantify the quality of the focal spot we used
the HEW instead of the FWHM. The HEW is defined as the
diameter that contains the half integral of the spot intensity.
We analyzed the impact of different spatial wavelengths on the
PSF degradation. Fig. 14 shows the behavior of the HEW,
simulated at different energies, 60 nm, 32 nm and 4.14 nm,
filtering the spatial wavelengths using WISEr. We considered
the case of the KB system of the DiProl endstation taking into
account the mirror profiles measured with the LTP previously
shown in Fig. 6, and the PSD of the microroughness shown in
Fig. 7. In particular, we considered the horizontal mirror. We
subtracted the harmonics from the profiles, applying a low-
pass filter in wavelengths before computing the HEW simu-
lations using WISEr. The HEW thereby becomes a function of
the low-pass wavelength, and in general an increasing one.
Likewise, we are able to determine the spatial wavelength with
the largest impact on the HEW degradation. The left-hand
side of the plot represents the ideal elliptical profile. The
HEW is determined only by aperture diffraction and by the
demagnification of the optical system. Moving towards the
right-hand side of the plot, we added longer and longer spatial

K—B horizontal mirror, incidence angle = 2 degrees

JE T T T T T T T T T T T T T T T Ty

FE @60 nm FEL1 3

6E 032 nm FEL1 -

E 44.14 nm FEL2 7 3

E e} a o o o =] oo oo 3

5E 3

E o 3

T aE E
4E & =
Sk o0 E
5 35 & © o o o o o —0® 0 E
I “E A E
E _asiabh—4a o

2p 5

E A E

E A A A A A A & E

1 = 3
OfEPerfectmimen i v v v vl el jCOmElet Rrofie ]

1073 1072 107" 1 10 102 10°

Spatial wavelength (mm)

o

Figure 14

The behavior of the HEW filtering the spatial wavelength of the profile in
the case of the DiProl KB system vertical mirror. The left-hand side of
each graph represents a situation close to an ideal elliptic profile, so the
HEW becomes almost constant and determined only by the diffraction
limit and by the demagnification of the optical system. Moving to the
right, we add longer and longer spatial wavelengths until we reconstruct
the fully measured profile of the mirror at the right side. Notice the
plateau above 40 mm in the case of 4.14 nm beam wavelength; this is
probably due to the non-isotropic nature of the FEL emission.

wavelengths until we reconstructed the complete measured
profile of the mirror.

We started from a perfect mirror and then added surface
defect components, going from the high frequencies (i.e. short
spatial wavelengths) to the lower frequencies (up to the one
with a period equal to the length of the mirror), until the
profile is complete (the right-hand side of the plot). For every
profile, the PSF and the HEW were estimated. Fig. 14 shows,
for the KB horizontal mirror, the behavior of the HEW with
the spatial wavelength cutoff. The 4.14 nm case shows a
plateau at longer spatial wavelengths (above 40 mm), where
the HEW stops increasing. This is probably due to the non-
isotropic nature of the FEL emission, that is Gaussian-like
with energy-dependent divergence. In fact, the higher the
photon energy, the smaller the divergence, so the beam
interacts differently with long spatial wavelengths whenever
the beam projection size become smaller than the mirror
length. The footprint of the beam at 4.14 nm is around 35 mm,
exactly the same dimension where the plateau starts. Note that
the HEW begins to increase in correspondence to a particular
value of the spatial wavelength that depends on the incident
wavelength. Additionally, the higher the energy, the shorter
the corresponding spatial wavelength cutoff. In the three cases
considered (60 nm and 32 nm for FEL1, 4.14 nm for FEL2),
we have found that the approximate turning points are
120 mm, 60 mm and 12 mm, respectively. This means that the
focal spot degradation is due to long spatial wavelengths,
longer than 12 mm. Furthermore, the strong impact of the
spatial wavelength 32.8 mm to the HEW degradation at
4.14 nm is evident. If we want to further improve this system
we have to improve the profile in the long spatial wavelength
regime, that is, trying different plane mirror substrate shapes,
as shown in Section 3.1 (Rah et al., 1997; Eng et al., 1998;
Howells et al., 2000).

5. Conclusions

In this work the KB Active Optics System operating on some
of the FERMI FEL beamlines has been presented. The
system, after a mechanical upgrade discussed in the present
work, is now capable of producing focal spot sizes as low as
1.8 pum x 2.4 um, with aberration correction and alignment
optimization powered by wavefront sensing techniques. The
results were discussed in terms of physical optics simulations
whose results are in very good agreement with spot sizes and
shapes obtained by different diagnostical techniques. The
WIS Er simulation code, moreover, was also used to determine
the influence of different spatial wavelengths on the PSF
degradation, leading to possible strategies to further improve
the focusing, e.g. adopting substrates with variable thickness
or lateral shape, in order to correct orders higher than the
third. Nonetheless, the present capabilites of KAOS are
already state-of-the-art and they are heavily and proficuously
employed in the experiments carried out at FERMI.

J. Synchrotron Rad. (2019). 26, 1462—1472
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