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A B S T R A C T

The design and main characteristics of the Wide Energy range Spectrometer at TIMEX (WEST) operating at
the FERMI Free Electron Laser are described. WEST covers the entire photon energy range of the FERMI
source including its fundamental emission (extreme ultraviolet region, EUV) and its highest harmonics (soft
X-ray region) spanning about a thousand of electrovolts from 20 to 1000 eV. The instrument is specifically
designed to measure FERMI FEL spectra with good resolving power (500 < 𝑅𝑃 < 7000) and provide remarkable
signal to noise ratio adequate for single-shot experiments. Notably, WEST is aligned in transmission geometry
downstream of the TIMEX experimental beamline thus offering a valid diagnostic tool for the characterization
of both linear and nonlinear spectral effects driven by the interaction between FEL radiation and samples in
gaseous, liquid and solid phase. Detailed theoretical analysis of the instrument performance complemented
by experimental measurements is presented. Further possible upgrades of WEST are finally considered and
discussed.
1. Introduction

The characterization and operation of X-ray Free Electron Lasers
(FELs) sources require continuous monitoring of the spectral properties
of the emitted light pulses. As a consequence, X-ray FEL facilities are
equipped with dedicated extreme ultraviolet (EUV) or X-ray spectrom-
eters designed to provide FEL spectra with suitable repetition rate,
resolution, sensitivity and reliability [1–13]. Spectrometers specialized
in analyzing X-ray FEL sources emission are conceived to be almost
transparent to the FEL beam thus minimizing the perturbation of the
FEL pulses and allowing most of the beam to be at scientists disposal for
experiments. In experimental endstations of X-ray FELs, other classes
of X-ray spectrometers are typically positioned around the sample en-
vironment for investigating the sample response to FEL exposure using
photon-in photon-out techniques. Spectrometers for X-ray elastic scat-
tering (e.g. Thomson [14,15]) and resonant inelastic X-ray scattering
(RIXS [16–18]) for instance, work in reflection geometry at variable an-
gles to the sample thus scanning various momentum transfers [19–22].
Similarly, X-ray emission spectrometers can be strategically positioned
close to the sample and normally to the FEL beam to detect fluorescence
lines [23].
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Notably, spectrometers placed downstream of the sample, specifi-
cally designed for operating on the direct FEL beam in transmission
geometry, are less common although this configuration can be ex-
tremely important, and sometimes essential, for diverse classes of X-ray
FEL experiments. It is worth mentioning those experiments aimed at
generating amplified spontaneous emission downstream of a gas sample
excited by a X-ray FEL pulse [24]. Other emerging scientific cases that
benefit from X-ray spectroscopies in transmission geometry are those
involving nonlinear effects on matter driven by intense EUV or soft
X-ray FEL pulses. Second harmonic generation (SHG) is a well-known
nonlinear process, often used in the visible range, that has been recently
observed also in the EUV and X-ray photon energy range [25,26].
SHG can be revealed, for example, by monitoring the spectral lines of
high energy photons downstream of ultrathin samples [27,28]. Further
nonlinear effects which alter the shape of the FEL spectrum following
the interaction of the EUV FEL pulse with submicrometer metallic foils
have been observed [29], originated by nonlinear phenomena such
as self-phase modulation, still unexplored in the EUV photon energy
range.
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Fig. 1. Sketch of the FERMI FEL beam transport towards TIMEX and configurations of WEST. (a) Position of the spectrometers WEST and PRESTO on the beam transport. (b)
Low photon energy (LE) geometry. (c) Angular relationship between the 0th and 1st diffraction order: the deviation angle 2𝜃 = 𝛼 + 𝛽 is invariant to the FEL wavelength, while
he scan angle 2𝛿 = 𝛼 − 𝛽 between 0th and 1st diffraction order increases with the FEL wavelength. The pitch angle of the grating corresponds to the angle 𝛿. (d) Medium photon
nergy (ME) configuration. (e) High photon energy (HE) configuration.
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Furthermore, transmission geometry X-ray spectrometers can be
ruitfully employed for time-resolved X-ray Absorption Spectroscopy
tr-XAS) with FELs. The spectrum of broadband SASE FELs can be
easured downstream of the sample thus collecting spectral profiles
ith single shot exposure [30–32]. A similar geometry can be used
lso with seeded FELs that deliver very narrow bandwidth pulses whose
hoton energy can be tuned across selected absorption edges [33,34].
aving a X-ray spectrometer at disposal permits measuring the inten-

ity of the desired wavelength, getting rid of the undesired harmonic
ontent of the seeded FEL source thus improving the quality of the XAS
easurements.

Progress with innovative FEL-based transmission spectroscopies has
ed to promising experimental approaches like the stochastic spec-
roscopy [35,36] based on the correlation of broadband SASE FEL
pectra recorded upstream and downstream of submicrometre samples
typically self standing foils, or thin depositions onto transparent mem-
ranes such as Si3N4). This technique allows simultaneous collection
f both XAS and X-ray emission spectra (XES) operating in transmis-
ion geometry. Another FEL emerging method is combining tr-XAS
ith impulsive stimulated Raman scattering (ISRS) for studying low

requency vibrational modes of complex molecules in the time domain
ith atomic and enantiomeric selectivity [37]. This approach requires
onitoring the ISRS-driven intensity time modulation of the monochro-
atic narrowband FEL beam downstream of the sample across selected

tomic absorption edges. Finally, the development of four-wave mixing
ethodologies such as Coherent Anti-Stokes Raman Scattering (CARS),

s based on spectral analysis of the signal on a shot to shot basis, often
n transmission [38].

In this article, the concept, design and commissioning results of
he Wide Energy range Spectrometer at TIMEX (WEST) are described.

EST is optimized for single-shot real time monitoring of the spec-
rum of the FERMI seeded FEL (Trieste, Italy [39–41]) in transmission
eometry downstream of gaseous, liquid and solid samples in the
IMEX beamline [42]. Theoretical calculations of relevant parameters
f WEST as well as results of ray-tracing simulations are presented. The
erformance of WEST is put to the test by comparison between single-
hot spectra measured by both WEST and the high resolution FERMI’s
2

pectrometer PRESTO [6] (Fig. 1a). i
. Technical design

.1. Overview

The aim of WEST is to provide a compact and cost-effective wide
hoton energy range spectrometer capable of covering the entire nom-
nal spectral range of the FERMI FEL source including fundamental
nd highest harmonics (about 20–900 eV, 1.4–60 nm) in compliance
ith both the stringent limitations of free space around the TIMEX
ndstation and constraints of the FEL beam transport. Importantly,
ERMI is a seeded FEL as the emitted radiation pulse is triggered
y the interaction of an ultraviolet fs-laser pulse (also called seed)
ith the relativistic electron bunch [39]. As a result of the seeding
rocess, the FEL pulse inherits some important properties of the seed,
ncluding the spectral profile, leading to near Fourier-transform limited
UV pulses. Typical relative spectral bandwidth of FERMI fundamental
ulses can be better than 10−3. The optical design of WEST maximizes
oth efficiency and spectral resolution suitable for monitoring this kind
f narrowband FEL emission.

WEST consists of a diffraction grating manufactured by Helmholtz
entrum Berlin (HZB) and a soft X-ray Charged Coupled Device (CCD)
amera by Andor Oxford Instruments normal to the incident beam,
ositioned on a manual longitudinal translator that allows adjusting the
CD-grating distance (Fig. 1). The grating substrate is a super-polished
pherical silicon mirror, already available before defining the grating
arameters (Table 1). WEST is conceived as a slitless spectrometer
hose source is the FEL micrometric focal spot generated in the vicinity
f the experimental samples by an ellipsoidal mirror upstream of the
IMEX chamber [42]. The few micron FEL spot is ideal to maximize
oth the resolving power of the spectrometer and photon flux at the
rating thus enabling the adopted scheme. Moreover, the absence of
n entrance slit can be strategic in high fluence experiments that likely
ause radiation damage of the slit. In the next subsections, the opti-
ization process, parameters and performances of WEST are described
n detail.
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Table 1
Diffraction grating main parameters.

Substrate

Material Si100
Dimensions 100 × 25 × 15 mm2

Optical Surface spherical
Clear aperture 90 × 20 mm2

Radius of curvature 9.75 m
Tangential slope error (rms) < 0.4 arcsec
Sagittal slope error (rms) < 2 arcsec
Microroughness (rms) < 3 mm

Ruled grating

Coating material Au
Coating thickness 32 +/− 4 nm
Groove density 999.98 +/− 0.02 l/mm
Groove depth 11.4 +/− 0.13 nm
Groove width/spacing ratio 0.7 +/− 0.02
Trapezoidal angle 7.5 +/− 0.7 degrees
Micro roughness (rms) 0.3 +/− 0.7 nm

2.2. Geometry

Specific theoretical simulations were carried out to refine the design
of WEST. Tuning of the spectrometer parameters at the grating’s focus
can be done by fulfilling the Fermat condition, minimizing the optical
path function by calculating the partial derivatives along the tangential
and sagittal directions of the grating [43]. This leads to the well known
formulas:

𝑘𝜆𝑎 = 𝑠𝑖𝑛(𝛼) − 𝑠𝑖𝑛(𝛽) (1)
𝑐𝑜𝑠2(𝛼)

𝑟
+

𝑐𝑜𝑠2(𝛽)
𝑟′

−
𝑐𝑜𝑠(𝛼) + 𝑐𝑜𝑠(𝛽)

𝑅
= 0 (2)

𝑠𝑖𝑛(𝛼)
𝑟

(

𝑐𝑜𝑠2(𝛼)
𝑟

−
𝑐𝑜𝑠(𝛼)
𝑅

)

−
𝑠𝑖𝑛(𝛽)
𝑟′

(

𝑐𝑜𝑠2(𝛽)
𝑟′

−
𝑐𝑜𝑠(𝛽)
𝑅

)

= 0 (3)

where 𝜆 is the photon wavelength, 𝑘 is the order of diffraction, 𝑐 the
speed of light, 𝑟 is the entrance arm, 𝑟′ the exit arm, 𝛼 and 𝛽 the
incidence and diffraction angle, 𝑎 the groove density and 𝑅 the radius
of curvature of the substrate.

The energy resolution is then calculated by adding in quadrature
three different contributions, namely the source size (𝛥𝐸𝑆 ), slope errors
of the grating (𝛥𝐸𝐺𝑟) and detector pixel size (𝛥𝐸𝐷) [20,44]:

𝐸𝑆 =
𝐸2𝑐𝑜𝑠(𝛼)
ℎ𝑐𝑘𝛼

(

2.64 𝜎𝑠
𝑟

)

(4)

𝛥𝐸𝐺𝑟 =
𝐸2𝑐𝑜𝑠(𝛼) + 𝑐𝑜𝑠(𝛽)

ℎ𝑐𝑘𝛼
(

2.64 𝜎𝐺𝑟
)

(5)

𝛥𝐸𝐷 =
𝐸2𝑐𝑜𝑠(𝛽)
ℎ𝑐𝑘𝛼

(

2.64 𝜎𝐷
𝑟′

)

(6)

𝐸 =
√

𝛥𝐸2
𝑆 + 𝛥𝐸2

𝐺𝑟 + 𝛥𝐸2
𝑆 (7)

where 𝐸 is the photon energy, ℎ the Planck constant (𝐸(eV) = ℎ𝑐∕𝜆 ≃
1239.842∕𝜆(nm)), 𝜎𝑆 the variance of the source distribution (i.e. the
standard deviation of the Gaussian beam), 𝜎𝐺𝑟 rms slope error of
the grating and 𝜎𝐷 the variance of the detector spatial resolution
(Gaussian-like response). For our study the WEST source nominal size
is considered either 2.4 μm or 1.1 μm (rms) depending on the de-
magnification of the FEL source provided by the ellipsoidal mirror for
different undulator chains of the FERMI source, namely FEL1 [39] or
FEL2 [40]. The detector pixel size is 13.0 μm and the measured slope
error of the substrate is below 1.9 𝜇rad (rms). The overall geometry has
been optimized by balancing energy resolution and efficiency using an
already available diffraction grating substrate (Table 1). In detail, the
best energy resolution was assessed by scanning the deviation (2𝜃 =
𝛼+𝛽) and scan angles (2𝛿 = 𝛼−𝛽) (Fig. 1b,c) as well as the entrance/exit
arms, the latter varied within the available boundaries (500 mm < 𝑟 <
2500 mm, 𝑟′ < 3000 mm). With this approach, three different regimes
3

have been determined, termed low (LE), medium (ME) and high photon
Table 2
WEST spectrometer main parameters.

Nominal total photon energy range 30–920 eV (1.3–41 nm)
Extended total photon energy range 20–1000 eV (1.24–62 nm)
Nominal photon energy range (LE) 30–159 eV (7.8–41 nm)
Nominal photon energy range (ME) 74–364 eV (3.4–16.8 nm)
Nominal photon energy range (HE) 270–920 eV (1.3–4.6 nm)
𝑓 , focal length of the ellipsoidal mirror 1400 mm
𝑟, TIMEX chamber-grating distance (LE) 1900 mm
𝑟, TIMEX chamber-grating distance (ME, HE) 800 mm
𝑟′, grating to CCD distance (LE) 2890–3050 mm
𝑟′, grating to CCD distance (ME) 1320–1620 mm
𝑟′, grating to CCD distance (HE) 480–850 mm
𝛼 + 𝛽, deviation angle (LE) 151.5 deg
𝛼 + 𝛽, deviation angle (ME) 167.5 deg
𝛼 + 𝛽, deviation angle (HE) 174.0 deg

energy (HE) range, each of them with its own invariant deviation angle
and entrance arm (Fig. 1b,d,e, Table 2). The variable exit arm length
has to be adjusted for accommodating the CCD on the grating focal
plane as a function of the photon energy. This simplifies the instrument
construction and provides a convenient way to move and align the
diffraction grating in a compact vacuum chamber.

2.3. Efficiency

The fundamental beam of FERMI lies in the extreme ultraviolet
region (EUV, 20–300 eV, 4–62 nm) with pulse intensities ranging from
a few to hundreds of microJoules. This high level of intensity allows
maximizing the spectral resolution of WEST, partially relaxing the
requirements for the grating efficiency. The high harmonics emission
extends the range of FERMI to the soft X-ray region (300–900 eV, 1.4–
4 nm) with a significant attenuation of the pulse intensity, at least 2
orders of magnitude less than the fundamental one [45]. In order to
compensate for the reduced FEL source brilliance, WEST is designed for
a lower spectral resolution in the soft X-ray, thus gaining more grating
efficiency.

A laminar grating profile was preferred to the blazed one as more
suitable to operate within the entire broad energy range fulfilling the
tight geometrical boundaries. Efficiency simulations carried out with a
Neviere’s based code (REFLEC [46,47]) over a set of different grating
parameters (groove depth, ratio, trapezoidal angle, coating type) has
lead to the values shown in Table 1. This solution guarantees efficien-
cies greater than 3% within almost the whole nominal spectral range of
WEST, reaching the maximum values of 22% (LE), 17% (ME) and 12%
(HE) (Fig. 2) in the first diffraction order. In the soft X-rays close to
1000 eV where the efficiency dramatically drops, the efficiency of the
second diffraction order actually reaches a remarkable value of about
3.5% to be considered when future upgrades of FERMI will further
extend the soft X-ray range.

2.4. Ray-tracing simulations and resolving power

Ray tracing simulations were run to validate the results obtained
with the theoretical calculations and to check the effect of misalign-
ments and mirror shape errors. The ShadowOUI [48] ray tracing code
was used to simulate the FERMI FEL sources, the photon beam transport
of TIMEX and finally the WEST spectrometer. In the simulation, the
actual profiles of the mirrors composing the beamline were taken into
account. The effect of the finite grating longitudinal size (90 mm) and
CCD sensor dimension (13.3 mm) was investigated in terms of overall
geometrical transmission. The focal distance 𝑟′ as a function of the
FEL wavelength (Fig. 3) and the footprint size of the FEL beam on
the grating (Fig. 1S, supplementary material) were calculated for the
diverse WEST configurations. Results reveal that the grating intercepts
a major fraction of the FEL beam in the spectral region with efficiency

greater than 3%.
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Fig. 2. Theoretical efficiency of the WEST diffraction grating; low (LE), middle (ME)
and high photon energy (HE) configurations are represented respectively by red, blue
and green curves. (a) first, (b) second diffraction order.

Fig. 3. Distance 𝑟′ between the diffraction grating and the CCD (Fig. 1, Table 2) for
he three configurations of WEST. Empty circles are theoretical calculations, curves are
est fit polynomial functions (coefficients in the supplementary material). Thick curves
ighlight the spectral regions where the diffraction grating exhibits efficiency greater
han 3%.

At the longest wavelengths attainable by the WEST configurations,
n particular for the LE and ME schemes, the decrease of diffraction
fficiency is accompanied by a significant geometrical loss as the FEL
eam becomes larger than the size of the grating as an effect of the
ncreasing beam divergence. Moreover, in the LE geometry, this effect
s further enhanced by the vertical size of the spectral line that exceeds
he dimensions of the CCD sensor. These effects lead to the decrease
f the transmitted intensity (supplementary material, Fig1S). Although
his is not generally a critical issue, as the FERMI source is very
4

Fig. 4. Resolving power of WEST (first diffraction order, CCD in normal incidence).
Filled points are ray-tracing calculations including shape errors of beam transport
optics, the thick gray curve is the best fit polynomial function (coefficients in the
supplementary material) of ray tracing data. Dashed curves are analytical calculations
(Eqs. (1)–(3)).

bright at long wavelengths, it could represent a limitation for certain
spectroscopies requiring a pronounced similarity between WEST and
PRESTO spectra [36]. Indeed, if the spectral content of the off-axis
radiation differs from that of the on-axis mode, WEST and PRESTO
could detect different spectra, being separated by a 37 m long beam
transport section (Fig. 1a) including various finite size optics [49].

At the shortest wavelengths, in particular for the ME and HE ge-
ometries, there is a drastic reduction of the FEL beam footprint (a few
mm) associated with the natural contraction of the FEL beam transverse
size. This is generally undesired, as the major part of the grating is
not illuminated and cannot contribute to the spectral dispersion. The
issue can be mitigated by increasing the incidence angle on the grating,
however this approach can be in conflict with the geometrical con-
straints. Therefore, the selected deviation angles of WEST represent a
compromise that balances diverse parameters. Ray tracing simulations
with realistic mirrors/grating profiles provide a useful estimation of the
grating focal length 𝑟′ as a function of the FEL wavelength (Fig. 3). This
information can be helpful for WEST’s users to focus the spectral image
on the CCD surface by manually adjusting the CCD translation stage
position.

Finally, the resolving power (𝑅𝑃 = 𝐸∕𝛥𝐸) has been assessed
through ray tracing by invoking the Rayleigh criterion for two energy
lines (supplementary material, Fig. 2S). The 𝑅𝑃 parameter reaches the
maximum values of about 7000, 4000 and 1000 for the low, medium
and high photon energy range, respectively (Fig. 4). The 𝑅𝑃 obtained
by ray tracing is in good agreement with the analytical calculations
(Eq. (4)–(7)) in the HE energy range. At longer wavelengths, probed
with ME and LE geometries, the ray tracing 𝑅𝑃 is smaller than the
theoretical one. This effect resides in the slope errors of the FERMI
beam transport optics, considered in the ray tracing calculations, that
get worse towards the edge of the optics thus being more evident for
more divergent beams.

The resolving power of WEST can be improved by positioning
the CCD detector non-normally to the incoming radiation. Indeed, by
rotating the CCD to the right [21,50], the sensor surface gets more
aligned with the focal plane of the grating that forms angles of about
17, 8 and 4 degrees with the FEL beam (LE, ME and HE, respectively).
Additionally, the effective CCD horizontal pixel size gets compressed
when the CCD is tilted. With this approach it would be possible to
increase the resolving power of 20%–40% (LE), 30%–70% (ME) and

30%–40% (HE). This geometry can be obtained modifying the Conflat
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flange adapter (CF100 to CF40) in front of the CCD’s chip (supplemen-
tary material). Clearly, operating the CCD in a tilted fashion adversely
affects its quantum efficiency and the overall photon sensitivity. A
theoretical estimation of the quantum efficiency for normal and almost
grazing incidence (70 degrees) for the CCD sensor type ‘‘BN’’ is shown
in the supplementary material (Fig. 10S). However, CCD rotations
greater than 45 degrees are not allowed as they cause mechanical
incompatibility between the Conflat adapter and the camera body. An
alternative approach to ameliorate the 𝑅𝑃 value is to position a pinhole
between the experimental sample and the grating. The pinhole limits
the beam to the central region of the diffraction grating mitigating the
detrimental effects of the slope errors. Therefore, the efficacy of this
method is expected to significantly increase with the FEL wavelength.
For example, an aperture of diameter 2.5 mm, placed 200 mm upstream
of the grating can effectively improve the resolving power of WEST
from 6000 up to 13000 at 25 eV (50 nm). Under those conditions, the
geometrical transmission is reduced from 55% to 16%.

2.5. Technical implementation

WEST operates in the FEL horizontal plane at a height of 1200 mm
from the floor. The entire WEST setup is kept under high vacuum (10−7

mbar) by a turbo pump and is connected to the rear gate valve of the
TIMEX experimental chamber. The diffraction grating, positioned at a
distance r from the TIMEX center where the FEL beam is focused, both
spectrally disperses and focuses the FEL beam at a distance 𝑟′ from the
grating (Fig. 1b). The final parameters of both the substrate and grating
are listed in Table 2. The grating is positioned in a dedicated high
vacuum chamber directly connected with the TIMEX chamber through
a DN40 CF straight connector.

The grating can be finely aligned by three independent piezo-
electric vacuum motors (SmarAct GmbH) associated with the con-
ventional rotational degrees of freedom (pitch, roll and yaw) and by
three linear axes of a manual manipulator. The motorized axes serve
to precisely steer the dispersed beam on the CCD. In particular, the
rotation of the pitch motor (around the vertical axes of the grating),
measured by the angle 𝛿 (Fig. 1c), can be adjusted to centering the
esired spectral line on the CCD. The manual axes serve to center the
rating on the primary FEL beam. The latter is a sporadic operation,
sually carried out only prior to starting the experiment. Having an
nvariant deviation angle for a given photon energy range, the setup
equires only one additional manual translation stage that put the CCD
n the best focus position defined by 𝑟′ (Fig. 1).

The used CCD is an Andor iKon-M SO X-ray model [51] equipped
with an uncoated back-illuminated 1024 × 1024 sensor (13 μm pixel
size). The CCD sensor is optimized for the operation in the EUV and
soft X-ray range through an enhanced fabrication process (termed
‘‘BEN’’ [51]) of its surface that substantially improves the quantum
efficiency. Moreover, the CCD can be cooled by a Peltier cell that
can reach, in combination with a chiller, the temperature of −90 ◦C.

he CCD is integrated with the acquisition system of FERMI and can
ommunicate with it at the repetition rate of the FERMI source (50 Hz)
hen operated in full vertical binning mode. The CCD readout in

maging mode is possible for a reduced repetition rate (10 Hz), either
imiting the image to a small region of interest of the CCD (about
00 rows, possibly on the top half of the CCD) or using a vertical
inning of 8 pixels. Full frame images are attainable only for single shot
easurements. The Andor camera’s body is connected to the grating

hamber through a DN40 CF straight connector and an edge welded
ellows with a maximum extension of 300 mm. This bellows permits
o position the CCD at the desired distance 𝑟′ from the grating.

Undesired off axis FEL radiation and scattered visible light (seed
aser, pump laser or ambient illumination) that can affect the back-
round of the spectrum are mitigated by a cylindrical aluminum col-
imator with an aperture diameter of 6 mm and length 110 mm
5

ositioned between the TIMEX chamber and the diffraction grating
Fig. 5. The WEST spectrometer is compared with the PRESTO spectrometer positioned
upstream of the sample, closer to the FERMI FEL source. The PRESTO spectra are
vertically shifted for better readability. (a) Example of single shot spectra during seeded
FEL operation; (b) example of single shot spectra during SASE FEL operation.

(Fig. 1b,d,e). A filter revolver equipped with 7 different metallic thin
foils is placed just in front of the collimator in the TIMEX chamber to
attenuate the FEL intensity when the CCD is saturated or to further
screen visible and infrared scattered light. A set of double slits (both
vertical and horizontal) are available in the LE and ME configurations
(Fig. 1b,d) for improving screening of residual background light or
protecting the CCD from very intense spectral features that adversely
affect the measurements.

3. Experimental results

The WEST spectrometer was successfully used during various exper-
imental campaigns carried out at the TIMEX beamline. Typical single
shot spectra delivered by FERMI at the photon energy of 100 eV in
standard seeding mode [29] and SASE optical klystron mode [36] are
shown in Fig. 5 as measured by both WEST and PRESTO spectrometers.
At 100 eV, the expected resolving power of WEST is about 3500, while
that one of PRESTO is about 20000 (using the grating ‘‘ G2’’ [6]). The
spectra are nicely comparable and very well correlated. This is a really
important achievement as the distance between the two spectrometers
is considerable (more than 37 m) and WEST was designed with much
tighter boundaries than PRESTO and with a single laminar grating only
instead of three VLS gratings as for PRESTO.

High shot-to-shot spectral correlation between different measure-
ments of the same FEL spectrum is a crucial prerequisite for various
experimental techniques based on the spectral analysis of the FEL
beam upstream and downstream of the sample. Pronounced correlation
between spectra allows detecting linear and more subtle nonlinear spec-
tral effects driven by the interaction of the intense single FEL pulse with
the sample. Typical linear correlation coefficients between integrated
spectra intensities of PRESTO and WEST can be larger than 0.99. The
second order spectral correlation function (𝑔(2)) of PRESTO and WEST
pectra across 100 eV reveals that excellent correlation between the
wo spectrometers can be achieved on a single shot basis [36].
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Fig. 6. Single-shot normalized spectra of FERMI as measured by WEST at four different
FEL wavelengths. Spectra are plotted as a function of the variation from a central
wavelength indicated in the legend.

Several FERMI single-shot spectra measured by WEST during dif-
ferent experimental runs are presented in Fig. 6. The figure reveals
the impressive spectral properties of the FERMI FEL source inherited
by the seed laser pulse. The spectral shape approximates that of a
transform limited pulse in a wide photon energy range without using
any monochromator. Estimated FEL FWHM bandwidths are 1.1 eV at
1.77 nm (700 eV), 0.1 eV at 12.4 nm (100 eV), 70 meV at 32.1 nm
(39 eV), 60 meV at 42.2 nm (29 eV). The resolving power of WEST
is appropriate to reproduce the FERMI spectrum in the entire spectral
range of FERMI with an outstanding signal to noise ratio and almost
negligible background.

Analysis of the photon energy mesh in the peaks of Fig. 6 confirms
the theoretical trend of the WEST resolving power shown in Fig. 4 and
provides indication that the experimental spectral resolution is com-
patible with the ray tracing simulations. Achieving the best resolving
power requires the optimization of the distance 𝑟′. It was found during

EST operations that the depth of field of the grating is actually rather
arge, in the order of some centimeters. Therefore, the optimal focus of

EST can be set rather rapidly.
The photon detection sensitivity of WEST was found to be remark-

ble in the whole spectral range including the soft X-ray region. This
eature permits to monitor on a single shot basis even the low intensity
igh harmonics emission of FERMI [45] extending significantly the
ange of accessible photon energies for various experimental techniques
uch as time resolved XAS.

. Conclusions

We have described in detail the WEST spectrometer operating in
ransmission mode downstream of the TIMEX end station at the FERMI
EL. The design strategy of WEST, based on a slitless approach and
ingle diffraction grating radically cuts fabrication and operation costs
nd can be easily exported to other soft X-ray FEL facilities interested
n readily improving spectroscopies in transmission geometry. The
asic parameters of WEST have been optimized for FERMI and the
IMEX beamline obtaining the best balance between efficiency and
esolving power. The instrument maps the whole FERMI source spectral
ange including both the fundamental (EUV) and the highest harmon-
cs emission (soft X-ray). Single-shot FEL spectra can be measured
ith excellent signal-to-noise ratio and negligible background. WEST

s a versatile spectrometer that can be easily upgraded, for example
6

changing the diffraction grating or the deviation angle, and adapted
to different experimental soft X-ray FEL setups. A significant increase
of the resolving power can be achieved either by operating the CCD
of WEST in a more grazing incidence with respect to the FEL beam
or positioning a suitable pinhole between the sample and the diffrac-
tion grating. Finally, WEST can be effectively employed in various
emerging classes of FEL experiments encompassing, for example, time
resolved absorption spectroscopy, stochastic spectroscopies, harmonics
generation and stimulated emission.
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