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A portable and compact photon spectrometer to be used for photon in-photon out experiments, in
particular x-ray emission spectroscopy, is presented. The instrument operates in the 25–800 eV energy
range to cover the full emissions of the FEL1 and FEL2 stages of FERMI. The optical design consists
of two interchangeable spherical varied-lined-spaced gratings and a CCD detector. Different input
sections can be accommodated, with/without an entrance slit and with/without an additional relay
mirror, that allow to mount the spectrometer in different end-stations and at variable distances from
the target area both at synchrotron and at free-electron-laser beamlines. The characterization on the
Gas Phase beamline at ELETTRA Synchrotron (Italy) is presented. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4898315]

I. INTRODUCTION

X-ray emission spectroscopy (XES) and Resonant In-
elastic X-Ray Scattering (RIXS) are standard techniques
in surface and solid-state investigations at third generation
synchrotron radiation sources.1–4 However, the development
of 4th generation free-electron-laser (FEL) sources such as
FERMI, FLASH, LCLS, and XFEL opens new perspectives
for single-shot XES and RIXS measurements of low-density,
liquid, and condensed matter.5–9 The availability of 1012–1014

X-ray photons in a single pulse in the sub-ps range allows
to study ultrafast single and multi-photon excitation and, by
means of pump and probe schemes, excitation dynamics in-
volving core levels. The high photon yield per pulse, achiev-
able in principle with FEL sources, allows also an improve-
ment in the collection of high-quality spectra with a single
shot or with a limited number of pulses of selected inten-
sity. All these features open the way to novel applications
of XES and RIXS to materials under extreme conditions or
to isolated molecules and clusters in the soft and hard X-
ray regimes. The instrument that is presented here is de-
signed for photon in-photon out experiments at synchrotron
and FEL beamlines. In particular, the equipment is intended to
be used at the Low-Density-Matter (LDM)10 and Elastic and
Inelastic Scattering - TIme-resolved studies of Matter under
EXtreme and metastable conditions (EIS-TIMEX)11 beam-
lines of FERMI.12

In the field of atomic and molecular physics, the use
of XES and RIXS techniques is still limited, the main lim-
iting factors being the low density of the sample and the

a)Author to whom correspondence should be addressed. Electronic mail:
poletto@dei.unipd.it.

small solid angle of collection for photons. Nevertheless new
projects are currently developed at the 3rd generation syn-
chrotron machines, taking advantage of the improvement in
beamlines and spectrometer performances. At the same time,
the complexity of systems whose electronic structure can be
investigated in the gas phase with inner-shell photoexcitation
and photoionization techniques is continuously increasing. It
is now possible to perform experiments on a wide choice
of organic molecules of biological interest,13 metal-organic
complexes,14 and clusters.15 Given the extremely low num-
ber of target particles in typical experiments, it is expected
that inner-shell studies of clusters would greatly benefit from
the advances in the FEL radiation sources. Indeed, an inner-
shell photoionization study of rare-gas clusters was among the
first experiments performed at the first European FEL facility
(TESLA, Hamburg).16 Photon in–photon out experiments are
foreseen at FERMI, its low-photon energy (25–100 eV) and
in its high photon-energy (100–800 eV) configurations, called
as FEL-1 and FEL-2, respectively. In particular access will
be gained not only to the 1s edges of light elements such as
carbon, nitrogen, and oxygen but also to L-edges of most 3d
metals. Additional perspectives in RIXS schemes are added
when considering pump-probe experiments. When using an
optical laser photon as a pump, the probing of core electrons
will allow a direct investigation of photophysical and photo-
chemical processes with the elemental sensitivity of core elec-
tron spectroscopies. Finally, experimental applications of the
apparatus concern time-resolved pump-probe experiments in
the strong-optical-field regime, since such experiments will
exploit the combination of an atomic/molecular gas jet, FEL
radiation and synchronized ultrashort and intense optical laser
pulses.
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Various combination of photon-in photon-out spectro-
scopies have been used for chemical and structural inves-
tigations of condensed matter.17 The availability of an effi-
cient detector for XES would help the deeper understanding
of ultrafast transitions occurring in solid targets (surfaces and
thin films) as an effect of the interaction with sub-picosecond
pulses. The simplest configuration that can be adopted in a
typical pilot experiment using FEL radiation is to use the
beam as a pump to produce excited states up to the warm
dense matter regime (see Ref. 18 and references therein). Sim-
ple calculations show that extreme high pressure and tempera-
ture regimes are obtained and kept, at solid-state densities, for
a few picoseconds after the pulse. The X-ray emission will be
then that characteristic of the strongly excited system and new
information about the electron and atomic structure can be
obtained by these challenging single-shot measurements. We
expect that for high intensities (>1012 photons/pulse), mea-
surements with reasonable statistics collecting a few FEL ex-
citation events are obtained. Typical experiments include sim-
ple ultra-thin foils and/or surfaces of light elements and com-
pounds (Si, Al, and their oxides) and light metals (Li, Na, and
Mg) for which electron excitation energies are found in the
energy range of FEL-1. Those experiments can be extended
to Be, B, and C using the FEL-2 source. An important ad-
vantage of XES experiments by means of an FEL operated at
given wavelength is that they can provide the spectroscopic
energy-resolved response of the system as a function of the
intensity of the pulse. As an example, we envisage that by
tuning the FEL energy just below an absorption edge, the
single-shot XAS (X-ray Absorption Spectroscopy) spectrum
can be reconstructed using the Kramers-Heisenberg relation-
ships, as already demonstrated experimentally using 3rd gen-
eration facilities.19, 20 In this way, structural XAS determina-
tions on materials under extreme transient conditions would
be available using a single (or a series of) FEL shot of given
wavelength.

We present here the design, realization, and characteri-
zation of a compact spectrometer for X-ray emission experi-
ments to be performed at FERMI. The instrument has two in-
terchangeable gratings in the 25–800 eV energy range. It can
be equipped with different input sections, with/without an en-
trance slit and with/without an additional relay mirror. These
characteristics are achieved in a compact environment result-
ing in a portable equipment that can be interfaced with differ-
ent experimental end-stations and covers the whole spectral
range of FERMI.

II. INSTRUMENT DESIGN

The optical design of the instrument is well established
for the use with ultrafast high-order laser harmonics21 and
FEL radiation.22 It consists of a diffraction grating working
in grazing incidence and a detector. The grating has a spher-
ical shape with variable line spacing (VLS) along the sur-
faces, to provide a flat spectral focal plane that is almost per-
pendicular to the direction of the diffracted light.23 The 25–
800 eV region is covered by two grazing-incidence VLS
spherical gratings (Hitachi cod. 001-0437, 1200 gr/mm cen-
tral groove density and cod. 001-0450, 2400 gr/mm central

groove density) that are accommodated on a manually oper-
ated linear translation stage to perform the grating selection.
The detector is a back-illuminated CCD camera (Princeton
Instruments PIXIS-XO 400B, 1340 × 400 pixel, 20-μm pixel
size). Since the length of the focal plane of the 1200 gr/mm
grating is longer than the detector size, the latter is mounted
on a motorized linear translation stage and is connected to the
grating stage by a bellow, therefore it can be moved so that
the central energy can be acquired at the center of the detector
plane.

In order to have a flexible instrument that can be accom-
modated in experimental chambers with different sizes and
distances from the target area, three configurations can be re-
alized by interfacing three different input stages to the grating
block.

Configuration A, as shown in Fig. 1, has a variable en-
trance slit that can be manually adjusted from outside. Con-
figuration B, as shown in Fig. 2, has an additional grazing-
incidence cylindrical mirror acting as a relay section between
the slit and the grating. In his way, the distance between the
input point and the grating can be increased. This feature is
needed in case of large experimental chambers. Both config-
urations were especially designed for measurements on gas
samples. The gas cell (or gas jet) is placed in close proximity
of the entrance slit. The instrument is independently pumped
by a high-vacuum pumping system and is closed by a shield
that aims to maintain the pressure gradient between the inner
part and the experimental chamber. Configurations A and B
were tailored to the needs of the experimental chambers of
the Gas Phase beamline of Elettra and the LDM beamline of
FERMI.

Configuration C, shown in Fig. 3, is operated without an
entrance slit, since the FEL focal spot on the sample acts as
the point-like source of the instrument. It is mainly planned
to be used in the EIS-TIMEX chamber of FERMI for mea-
surements on solid targets. The FEL radiation is focused on
the sample by a grazing-incidence ellipsoidal mirror, giving a
focal spot in the 5–15 μm range, which is definitely suitable
to act as the source of the spectrometer. Since the entrance
arm of the grating is relatively short, i.e., 237 mm, a grazing-
incidence cylindrical mirror was added to the configuration.
It acts as a relay section between the source and the grating
and adapts the envelope of the instrument to the size of the
experimental chamber that is about 800 mm in diameter.

The change among the different configurations is a rel-
atively simple operation, since it consists of attaching the
proper input stage to the grating block. A photograph of the
instrument in Configuration A is shown in Fig. 4. The main
instrumental parameters of the spectrometer are summarized
in Table I.

The spectral extension of the resolving element, defined
as the energy dispersion on the 20-μm detector pixel, is shown
in Fig. 5. The curve has been inferred from the calibration
measurements that will be described below. The efficiency
of each component, namely the gratings, the detector and the
mirrors, were measured using the calibration facilities avail-
able at CNR-IFN Padova (Italy). The global response of the
instrument, in terms of counts per input photon, is shown in
Fig. 6.
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FIG. 1. Spectrometer in configuration A. The detector is mounted on a linear translation stage to be moved along the focal plane and is connected to the
instrument flange through a bellow. Gratings can be manually selected from the air side. The input stage has a variable-width entrance slit that can be also
actuated from the air side. The instrument is completely shielded to maintain high-vacuum operation and protect it from diffused light. The source-to-grating
distance is 237 mm and the total size of the instrument is about 700 mm × 250 mm × 250 mm.

The collection angle in the direction of the spectral dis-
persion is limited by the angular acceptance of the gratings,
which corresponds to 10 mrad for G1200 and 5 mrad for
G2400. In the direction perpendicular to the dispersion, the
collection angle is limited by the size of the detector, whose
area is 26.8 mm × 8 mm. In case the long detector side
(26.8 mm) is used for acquisition in the spectral direction,
the acceptance in the perpendicular direction is in the range
9–17 mrad, where clearly the shorter the source-to-detector
distance the higher the acceptance. The acceptance is in-
creased by a factor 3.4 if the detector is rotated 90◦, in order
to have the short side of the detector (8 mm) in the dispersion

plane. In this case, the spectral range that is simultaneously
acquired is correspondingly reduced by a factor 3.4. The val-
ues are resumed in Table II. In case a larger CCD detector
is adopted (e.g., the Princeton 1340 × 1340 format, 20-μm
pixel size), both the angular acceptance and the extension of
the spectral region are maximized.

III. INSTRUMENT CHARACTERIZATION

The instrument has been preliminary characterized using
the facilities available at CNR-IFN Padova (Italy), consisting
of two types of sources emitting in the extreme-ultraviolet and

FIG. 2. Spectrometer in configuration B. The input stage has a variable-width entrance slit that can be actuated from the air side and a grazing-incidence
cylindrical mirror acting as a relay section, to increase the distance between the source point and the grating. With respect to configuration A, the source-to-
grating distance has increased to 457 mm and the total size to 900 mm × 250 mm × 250 mm.
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FIG. 3. Spectrometer in configuration C. The input stage has a grazing-incidence cylindrical mirror acting as a relay section. The entrance-to-grating distance
is about 460 mm and the total size is about 900 mm × 250 mm × 250 mm.

soft X-ray, a grazing-incidence monochromator to increase
the spectral purity of the emission and a refocusing section
to redirect the monochromatized light to the instrument to
be tested.24 The available sources are a microfocus electron-
bombarded source with interchangeable anodes to be used
in the 50–400 eV region and a hollow-cathode source to be
used in the 25–53 eV region. The instrument was interfaced
to the experimental chamber and illuminated with monochro-
matic light at different energies. All the three configurations
(A, B, and C) have been tested with the two gratings. Some
of the spectra acquired with the G1200 grating are shown in
Fig. 7. Fig. 7(a) shows the spectrum measured with the
hollow-cathode lamp filled with He. The width of the spec-
tral lines is about 3 pixels, which is in good agreement with
the slit aperture (100 μm) and the demagnification factor due
to the grating anamorphism. Figure 7(b) shows the emission
of the soft-X-ray source with Al anode at the L-edge at 76 eV.
Finally, Fig. 7(c) shows the emission of the soft-X-ray source
with C anode. The spectral features are clearly defined and
this confirms the good spectral focusing of the instrument.

FIG. 4. Picture of the spectrometer in Configuration A. The CCD is mounted
on a motorized linear translation stage and it is connected to the grating stage
by a bellow. The position of the grating and the slit’s aperture can be varied
by means of two linear drives placed on the frame of the instrument.

The instrument was further characterized at the Gas
Phase beamline25 of Elettra synchrotron by measuring flu-
orescence spectra both from solid and gas targets. The

TABLE I. Instrumental parameters of the spectrometer.

Grating G1200

Grating type Spherical VLS
Central groove density 1200 mm−1

Energy interval 25-250 eV
Incidence angle 87 deg
Entrance arm 237 mm
Grating-to-detector distance 235 mm
25–250 eV spectral extension 58 mm

Grating G2400
Grating type Spherical VLS
Central groove density 2400 mm−1

Energy interval 180–800 eV
Incidence angle 88.7 deg
Entrance arm 237 mm
Grating-to-detector distance 235 mm
180–800 eV spectral extension 23 mm

CCD detector
Format 1340 × 400
Pixel size 20 × 20 μm
Detector area 26.8 × 8 mm

Configuration A: entrance slit + grating
Slit width 0.02÷1 mm
Slit-to-grating distance 237 mm

Configuration B: entrance slit + relay mirror + grating
Slit width 0.02÷1 mm
Slit-to-grating distance 457 mm
Relay mirror input/output arms 110 mm
Relay mirror incidence angle 88 deg

Configuration C: relay mirror + grating
Source-to-grating distance 637 mm
Relay mirror input/output arms 200 mm
Relay mirror incidence angle 88 deg
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FIG. 5. Spectral extension of the spatial resolving element, defined as the
energy dispersion on the 20-μm detector pixel.

instrument was set in configuration A and was mounted
perpendicular to the direction of the synchrotron beam (i.e.,
the angle between the propagation direction of the monochro-
matized synchrotron beam and the optical axis of the spec-
trometer was 90◦) with the entrance slit 10 mm away from
the focal point of the low-energy branch of the Gas Phase
beamline. Since the fluorescence spectra that are presented
here were acquired with a 200-μm slit aperture, the angu-
lar acceptance in the spectral direction is limited by the grat-
ing acceptance, which is 10 mrad for G1200, and not by the
slit-to-sample distance, as this would give an acceptance of
20 mrad. The CCD detector was mounted with its long side
parallel to the dispersion plane. The spectrometer was inde-
pendently pumped through the rear pumping flange to assure
high-vacuum operations also with gas targets. The photon flux
on the sample was in the 109–1011 ph/s range, the lower flux
being measured above 150 eV, where the plane mirror of the
branch line has its cutoff in reflectivity.

A gold-coated mirror placed at 45◦ incidence angle was
initially used as a target to redirect the synchrotron beam to-
ward the spectrometer. Both G1200 and G2400 gratings were

FIG. 6. Global response of the spectrometer, defined as counts on the de-
tector per input photon. It was determined by measuring grating efficiency,
detector response and mirror reflectivity (the latter only for configurations B
and C).

TABLE II. Angular acceptance and spectral range simultaneously acquired
on the spectrometer for the two orientations of the detector.

Detector spectral extension (long side, 26.8 mm)

G1 (three detector positions) 25–50 eV
40–112 eV
60–250 eV

G2 180–800 eV
Detector spectral extension (short side, 8 mm)
G1 (some examples) 25–30 eV

40–51 eV
100–160 eV
140–250 eV

G2 (three detector positions) 180–270 eV
330–600 eV
400–800 eV

Acceptance angle, spectral dispersion plane
G1200 10 mrad
G2400 5 mrad
Acceptance angle, plane ⊥ to the dispersion
Detector short side ⊥ to the dispersion
Configuration A 17 mrad
Configuration B 12 mrad
Configuration C 9 mrad
Detector long side ⊥ to the dispersion
Configuration A 57 mrad
Configuration B 40 mrad
Configuration C 30 mrad

calibrated in energy by acquiring the signal reflected by the
mirror and entering into the spectrometer in the 250–25 eV
energy region. The synchrotron bandwidth was narrower than
the spectral extension of the CCD pixel. We measured sharp
spectral lines that were about 3 pixels wide when using a 100-
μm slit, again confirming the good spectral focusing of the
configuration as already mentioned. Furthermore, we have ac-
quired several spectra at different energies that confirm the
dispersion curve as shown in Fig. 5. Although the mirror was
set at 45◦ incidence angle and a relatively low photon flux,
especially above 150 eV, was expected, the reflected signal
was acquired in 0.1–1 s. At 250 eV, where the photon flux is
expected to be definitely lower than 109 ph/s and the sample
reflectivity lower than 10−4, the calibration spectra were ac-
quired in 1 s. This confirms the good instrumental sensitivity.

A. Fluorescence on solid samples

The characterization of the spectrometer as an instrument
for photon in-photon out experiments was initially performed
by investigating fluorescence from solid samples. Measure-
ments were performed on a piece of silicon wafer and on pel-
lets of boron and boron nitride, pressed from powder. All the
samples were positioned on the focus of the branch line (fo-
cus size ≈ 200 μm) at an incidence angle in the range 60◦–
80◦, in order to have the elastic contribution definitely out
from the acceptance of the spectrometer and to collect only
the isotropic inelastic portion.

A fluorescence spectrum of Si taken at the Si L edge
is shown in Fig. 8. The spectrum resembles and is in
overall agreement with previously published data on crys-
talline Si films.26 The peaks near 89 and 92 eV originate from



103112-6 Poletto et al. Rev. Sci. Instrum. 85, 103112 (2014)

FIG. 7. Spectra obtained with the G1200 grating in the laboratory characteri-
zation: (a) hollow-cathode lamp filled with He; (b) microfocus source with Al
anode; and (c) microfocus source with C anode. The spectra have been taken
with 100-μm entrance slit. All the three configurations have been measured
and give almost the same spectra.

nonbonding s states and sp-hybridized states, respectively. B
and BN fluorescence spectra taken at the B K edge are shown
in Fig. 9. The emission peaks, characteristic of the Kα tran-
sition in B, are observed at 180 eV for both B and BN, in
agreement with data already reported in the literature.27

B. Fluorescence on gas-phase

The spectrometer was characterized also as an instrument
to measure fluorescence from gas-phase targets. A suitable

FIG. 8. Si L emission fluorescence spectrum for crystalline Si sample mea-
sured with the G1200 grating. The exciting photon energy is 100.5 eV and
the acquisition time 15 min.

gas cell was mounted close to the entrance slit of the spec-
trometer, having entrance and exit holes for the synchrotron
beam and a lateral slit (120-μm wide and 5-mm long) par-
allel to the entrance slit of the spectrometer, to maximize
the throughput of the fluorescence collected by the instru-
ment. Fluorescence spectra of helium and krypton were ac-
quired. When the gas was injected in the cell, the pressure in
the experimental chamber was stabilized to ≈1 × 10−3 mbar
and the pressure inside the gas cell was estimated to be in
the several-10−1 mbar range. The entrance slit was kept at
100 μm. The instrument could be operated at a pressure of
≈10−4 mbar thanks to the differential vacuum stage provided
by the slit and the independent pumping system.

As a test run with He, we measured spectra emitted when
the exciting photon energy was fixed either to the (3,0) reso-
nance at 64.118 eV or to the (4,−1) resonance at 64.133 eV.
The beamline monochromator was set to give an output band-
width of 11 meV at 64 eV. The emission lines observed with

FIG. 9. B (a) and BN (b) Kα emission fluorescence spectra measured with
the G1200 grating. In case of B, the exciting photon energy is 220 eV and the
acquisition time 15 min. In case of BN, the exciting photon energy is 200 eV
and the acquisition time 90 min. The G1200 grating was used.
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FIG. 10. He fluorescence spectra from the doubly excited states of helium
below the N = 2 ionization threshold measured with the G1200 grating. The
acquisition time was 10 min and the gas cell pressure 0.8 mbar. (a) (3,0)
resonance at 64.114 eV and (b) (4,−1) resonance at 64.133 eV.

the spectrometer in the different experimental conditions are
shown in Fig. 10 and are in agreement with the data already
available.28 When exciting at 64.118 eV, a peaked photon
emission due to the (2p3d)1P-(1s3d)1D transition is measured,
whereas the emission at 40.81 eV is due to Helium pho-

FIG. 11. Krypton fluorescence spectrum with 91.2 eV exciting photon en-
ergy measured with the G1200 grating. The acquisition time was 15 min.

toionization from higher-orders synchrotron light transmitted
through the beamline monochromator. The emission spectrum
changes when different resonances of He are populated, as the
case of the (4,−1) resonance at 64.133 eV. Note that the ac-
quired spectra exhibit a higher signal-to-noise ratio than those
reported in the literature.

Fluorescence emission from Kr excited at the M4,5 edge
was also measured. Fig. 11 shows the spectrum with exciting
photon energy at the Kr 3d5/2 → 5p resonance (91.2 eV). The
Kr 3d−1

5
2

5p3/2(J = 1) → 4p−1
3
2

5p 3
2
(J = 0, 2) transitions are

clearly visible around 80 eV, while the elastic peak can be
seen at 91.2 eV.

IV. CONCLUSION

We have presented the design and characterization of
a portable and compact photon spectrometer to be used for
photon in-photon out experiments at synchrotron and FEL
sources. The instrument was fully characterized by measur-
ing fluorescence spectra both from solid and gas targets. The
collected spectra are in full agreement with data reported in
the literature, in particular the fluorescence spectra from gas
targets have a higher signal-to-noise ratio than the data re-
ported in the literature, opening the way to the use of the spec-
trometer for specific gas targets where experimental data are
missing.

Besides the use in synchrotron beamlines, the instrument
is specially designed to be interfaced on the LDM and EIS-
TIMEX beamlines at FERMI, where research activities in the
field of atomic and molecular physics and in condensed mat-
ter are conducted. The apparatus may be also used for time-
resolved pump-probe experiments in the strong-optical-field
regime, that is obtained by combining the FEL radiation with
the ultrashort 780-nm laser that is also available at FERMI. Fi-
nally, it is also possible to mount it at the end of the beamlines
with its own support as a diagnostic tool complementary to the
high-resolution spectrometer presently available at FERMI to
monitor the FEL spectral emission.29 The spectrometer was
already employed at FERMI to measure single-shot FEL-2
emission in the 300–800 eV region.
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