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Abstract: The calibration activities of the COmpact SPectrometer—COSP for the FERMI
Free-Electron Laser (FEL) facility at the Elettra Synchrotron (Italy) are presented. COSP is
an in-house built grating spectrometer designed to be used during the optimization of the
FERMI parameters and to control the relative stability between different FEL harmonics
in the multi-harmonic emission mode. The spectrometer is designed to work in single-
shot mode at a repetition rate of 50 Hz providing medium resolution in a wide spectral
range in order to either measure the separate intensities of the harmonics being mixed in a
multi-color experiment or to quantify the amount of possible spurious harmonics. These
activities are of key importance in the new class of experiments based on the wave mixing
paradigm tested at the seeded FEL FERMI.

Keywords: spectrometer; harmonics; calibration

1. Introduction
Seeded Free-Electron Lasers (FELs) have opened the possibility to produce the complex

illuminating schemes necessary for cutting-edge experiments [1,2]. The FERMI (Free-
Electron Laser Radiation for Multidisciplinary Investigations) facility of Elettra Sincrotrone
Trieste is at the forefront of this research. The generation and control in amplitude and phase
of multiple harmonics have been demonstrated at FERMI over the past few years [3,4].
In particular, the generation of reproducible high-energy (microjoule level) attosecond
waveforms has been demonstrated, with control on amplitude and phase of the harmonic
components of attosecond pulse trains. This class of experiments is made possible by the
generation of multiple harmonics of the seeded FEL, with relative intensity and phase that
can be fully controlled. These capabilities offer the possibility to perform time-resolved
experiments at FERMI with attosecond time resolution, such as measurements of attosecond
time delays in photo-ionization [5]. To this end, an attosecond timing tool has recently
been demonstrated at FERMI with a resolution approaching the atomic time unit (24 as) [3].
This resolution is essentially limited by the single-shot fluctuations in the intensity of the
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individual harmonics and therefore, requires a suitable spectrometer capable of measuring
the intensity of each harmonic on a single-shot basis over a rather broad spectral range.

Moreover, for future coherent control experiments based on the shaping of attosecond
waveforms, the intensity of the FEL harmonics has to be finely tuned and measured.

Finally, even in single-harmonic experiments a small fraction of spurious harmonics
is generally present in the spectrum and the users may be interested in suppressing [6] or
enhancing them [7]. This is even more so when FERMI is operated in the echo-enabled
harmonic generation (EEHG) configuration [8].

The future developments for seeded FEL in the extreme ultraviolet range planned at
FLASH [9] and SXFEL [10] make the availability of such a spectrometer highly desirable for
conducting coherent multi-harmonic experiments at various international facilities in the
near future [11]. A grating spectrometer, suitably designed to provide medium resolution
over a wide spectral range, is an optimal solution to meet all these user requirements. It
can be used both in multi-color experiments, to measure the intensity of the FEL harmonics
mixed during the experiment and, in single-color experiments, to measure the intensity
of spurious weak harmonics. In all these cases, it plays an important role as a real-time
monitor of the FEL operation, and the information gathered can be used to validate data in
a multi-messenger (electrons/photons) approach.

2. Materials and Methods
COSP (COmpact Spectrometer) was built primarily for utilization at the different end-

stations of the FEL FERMI. The design of COSP originates from a compact spectrometer
already tested at FLASH; however, it is tailored for higher energies [12]. The optical layout
and a picture of the mechanical setup are shown in Figure 1. COSP consists of a flat-field
concave replica grating (Model L0300-20-80 Shimadzu Corp., Kyoto, Japan) with a groove
density of 300/mm, optimized to disperse the spectrum between 20 and 80 nm. The
geometry of the grating is shown in Figure 1a. The grating is fixed within its support
at an incidence angle of α = 87◦ and a distance of r = 210 mm from the entrance slits,
whose aperture can be manually adjusted from 0 to 2 mm; their height is fixed at 8 mm.
The detector is a 40 mm diameter MCP (Micro Channel Plate) with a MgF2 photocathode
and phosphor screen (PHOTEK VID140, Hastings, UK); the exit viewport is mounted
on a CF63 bellows coupled to a linear translation stage, allowing its displacement along
the detector plane. The phosphor is read out by a CMOS camera (Basler acA1300-75 gm,
1280 × 1024 pixel, Ahrensburg, Germany) on a single-shot basis (50 Hz repetition rate).
The camera is rigidly mounted on the exit viewport, orthogonally with respect to the optical
axis of the instrument, to limit the physical size of the instrument. A plane mirror mounted
at 45◦ redirects along the vertical direction of the light emitted by the phosphor screen and
an F = 1.5 objective collects it and focuses it onto the camera sensor. An adjustable blade is
positioned between the grating and the MCP and can be inserted to block the propagation of
the intense fundamental FEL emission, permitting the use of the full dynamic range of the
detector to monitor weaker FEL harmonics, if desired. The grating stage instead features a
small copper structure used to block the zeroth-order diffraction. The entrance slit is coated
with phosphor powder and can be observed from three different CF16 viewports positioned
at 45◦ polar angle (relative to the entrance axis of the spectrometer); the intense blue glow
of the powder when hit by FEL radiation greatly facilitates the alignment procedure with
the FEL beam. All three viewports are equipped with dark lockable covers meeting the
laser safety standards in force at FERMI. The instrument features its own turbomolecular
vacuum pump backed by a scroll pump, to independently achieve a level of ultrahigh
vacuum (≈5 × 10−8 mbar) compatible with that of the experimental chamber.
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Figure 1. (a) Schematic of COSP; the blue line represents the zero order radiation while the green
lines represent some of the diffracted orders radiation. (b) Picture of COSP installed at Elettra
Sincrotrone Trieste.

3. Results
3.1. COSP Calibration with Synchrotron Light

The spectral calibration of COSP has been performed at the CiPo—Circular Polar-
ization beamline of the Elettra Synchrotron. CiPo can provide synchrotron radiation of
adjustable polarization over a wide spectral range, from the UV to the soft X-ray (5 to
900 eV). COSP has been installed at a distance of 1 m after the final beamline focus. The
calibration is performed using the low-energy undulator, selecting various resonance ener-
gies between 80 eV and 250 eV, each of which produces a multitude of lines on the COSP
detector, easily assigned to the different harmonics from the undulator transmitted through
the CIPO monochromator and the different diffraction orders from the COSP grating. The
spectra have been acquired with the detector stage in the zero displacement position (d = 0).
Each input energy has been observed with the CMOS gain set to 1 and an exposure time
of 1 s. A dark reading is recorded at the same exposure time, that is used to cancel out all
possible stray light and pixel gain non-uniformity from the target image. The MCP voltage
is set between 300 and 750 V, the phosphor screen voltage is set between 3000 and 4000 V. A
typical acquired spectrum is shown in Figure 2a. Peak positions have been extracted from
the collected images, as shown in Figure 2a. The corresponding theoretical positions on the
detector have been calculated from the grating equation, considering the geometry shown
in Figure 3a. The comparison is shown in Figure 3a, obtaining a very good agreement
between measurement and theory. Small differences are observed between the measured
and the theoretical positions of the peaks, as shown in the inset of Figure 3a. The differences
are minimal in the range of 20–80 nm (15–60 eV), that is the interval where the grating
parameters are optimized to give a flat focal surface.

The experimental data are fitted by a third order polynomial fit as follows:

px = −24.656 + 24.74 λ − 0.216 λ2 + 0.0011 λ3 − d/w (1)

where λ is the selected wavelength, d is the displacement of the detector, and w is the
dimension of the image pixel, 33 µm.
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Figure 3. (a) Geometry of the setup. (b) Comparison between theoretical and measured positions at
different energies. The uncertainties in the energy input are evaluated at ±2.5% at the CiPo beamline,
while the peak position has an uncertainty of 1 pixel.

3.2. COSP Energy Response

The energy response of COSP depends on the efficiency of the grating and detection
system. The grating efficiency is provided by the manufacturer, while the detector response
is assumed equal to that of a detecting system with the same MCP intensifier (PHOTEK
VID40) as described in Ref. [13] and shown in Figure 4a. The combination of grating and
detector efficiency is shown in Figure 4a. Since the detector has an almost constant response
between 20 and 80 nm, the response is strongly influenced by the grating efficiency, which
decreases for long wavelengths.
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3.3. COSP Calibration with FEL Light

The calibration phase at FERMI was performed at the Low-Density Matter (LDM)
beamline, which serves the atomic, molecular, and cluster physics community [14,15]. The
spectrometer was connected to the back of the LDM end-station through a small chamber
where a gold mirror deflects the FEL beam into the spectrometer at 60◦ incidence angle
(from normal). This chamber also provides an amount of differential pumping, since the
pressure in the LDM detector chamber is an order of magnitude lower than in the COSP
chamber, the latter being anyway below 5 × 10−8 mbar. The analysis is performed by
tuning the emission from FERMI at two harmonics of the fundamental seed wavelength,
using two sets of undulators at the 7th and 5th harmonics, corresponding to photon energies
of 35 eV and 25 eV, respectively. Since the slit is placed at a distance of about 1 m from the
LDM focus, the footprint of the FEL beam on the entrance plane of COSP is about 20 mm in
diameter. The spectrometer is generally operated with the slit in the fully opened position
(≈0.5 mm in width), to maximize the measured signal and the portion of the FEL beam that
is sampled. Indeed, the resolving power is not of concern for the intended use of COSP,
since it largely exceeds in all cases the separation between different harmonic lines. The
footprint of the beam at the entrance slit depends on its divergence [16] and is smaller and
larger than the slit’s acceptance in the horizontal (dispersing) and vertical (non-dispersive)
direction, respectively. A typical image from the MCP intensifier is shown in Figure 5.

Photonics 2025, 12, x FOR PEER REVIEW 6 of 9 
 

 

 

Figure 5. Single-shot spectral lines observed during calibration at FERMI at the first diffraction order 
of the 7th and 5th harmonics (35 and 25 eV), then their second diffraction order (apparent energies: 
17.5 and 12.5 eV) and the third diffraction order of the 7th harmonic (apparent energy: 11.67 eV). 

In order to define the conditions for a linear response, different spectra were acquired 
changing the voltage applied to the MCP (350 ÷ 800 V) and the acceleration voltage be-
tween the MCP and the phosphor screen (3000 ÷ 4500 V). The ratios between the intensity 
of the first and second diffraction orders for the two photon energies are plotted in Figure 
6. The curves were obtained either by changing the MCP-to-phosphor voltage at fixed 
MCP voltage (Figure 6a) or the MCP voltage at fixed MCP-to-phosphor voltage (Figure 
6b). The phosphor screen voltage has no effect on the linearity of the response, while the 
MCP voltage clearly shows evidence of saturation for voltages higher than 550 V at these 
photon intensities, with a significant non-linearity in the response. 

  
(a) (b) 

Figure 6. (a) Ratio between the first and the second diffraction orders as a function of the phosphor 
screen voltage supply. (b) Ratio between the first and the second diffraction orders as a function of 
the MCP voltage supply. 

A further test was performed using the 7th, 6th, and 5th FEL harmonics to find the 
range of voltages applied to the MCP giving a linear response, with the phosphor screen 
voltage set at 4000 V. As plotted in Figure 7, the MCP exhibits a linear response when the 
voltage is in the range of 450–550 V. 

Figure 5. Single-shot spectral lines observed during calibration at FERMI at the first diffraction order
of the 7th and 5th harmonics (35 and 25 eV), then their second diffraction order (apparent energies:
17.5 and 12.5 eV) and the third diffraction order of the 7th harmonic (apparent energy: 11.67 eV).

In order to define the conditions for a linear response, different spectra were acquired
changing the voltage applied to the MCP (350 ÷ 800 V) and the acceleration voltage between
the MCP and the phosphor screen (3000 ÷ 4500 V). The ratios between the intensity of
the first and second diffraction orders for the two photon energies are plotted in Figure 6.
The curves were obtained either by changing the MCP-to-phosphor voltage at fixed MCP
voltage (Figure 6a) or the MCP voltage at fixed MCP-to-phosphor voltage (Figure 6b). The
phosphor screen voltage has no effect on the linearity of the response, while the MCP
voltage clearly shows evidence of saturation for voltages higher than 550 V at these photon
intensities, with a significant non-linearity in the response.
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A further test was performed using the 7th, 6th, and 5th FEL harmonics to find the
range of voltages applied to the MCP giving a linear response, with the phosphor screen
voltage set at 4000 V. As plotted in Figure 7, the MCP exhibits a linear response when the
voltage is in the range of 450–550 V.
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and 550 V.

The saturation of the detection system depends on the radiant fluence of the input
signal and on the detector gain, and similar studies have shown that their product (i.e., the
amount of charge at the output of an MCP pore) is a good metric [16]. For each experiment,
the parameters of the FEL beam, in particular the energy per pulse, are optimized to match
the requirements of the users. Furthermore, COSP has been built as a portable instrument,
and the geometry of an experiment may call for a different distance of the spectrometer
from the FEL focusing position or a different width of the entrance slits. Thus, a preliminary
assessment of the linearity curve is recommended before running an experiment.

4. Discussion
We characterized the COSP response in order to make it available as a standard

diagnostic to the users of the FERMI FEL at the LDM beamline. Specifically, we have
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measured the relative response as a function of the energy and the linearity behavior to
define the optimal working parameters.

COSP extends the diagnostic capabilities of FERMI beyond the original design [17]
to address new modes of operation [3,6,18]. Most naturally, COSP becomes a secondary
intensity monitor, to supplement the calibrated gas intensity monitor [19]. This is based on
the linearity of response of the two instruments (which can be verified on a case-by-case
basis) and on the assumption (fulfilled, for a well-behaved mode structure of the beam)
that the portion of the beam being sampled is representative of the entire beam. In this
role COSP is particularly useful at low photon energies, below the ionization energy of the
intensity monitor working gas (N2, 15.5812 eV), or at very short wavelengths where the
ionization cross-section of nitrogen becomes small [20]. Additionally, it can be useful in
diagnosing transport problems due to alignment or degradation of the transport optics.
As compared to a calibrated photodiode, or a fluorescent screen + camera combination
(which the beamlines do use, and are preferable for their simplicity), it has the advantage of
spectral selectivity. In particular, the MgF2 photocathode on the MCP is totally insensitive
to residual seed laser photons (wavelength range ~260 nm), to which the latter instruments
are instead overly sensitive.

COSP becomes indispensable for machine preparation in a multi-harmonic configura-
tion [3], considering that all harmonics use the same set of electrons as the gain medium
and that FEL light generation is, as expected, a strongly non-linear process. This implies
that separate optimization of the machine for each harmonic is not viable. On the other
hand, passive spectral separation using metallic filters is often not possible due to their
generally broad bandpass width, aggravated by a very limited choice of suitable filter
materials at these wavelengths [21]. A special case is that of a two-color coherent control
‘ω − 2ω” experiments [18] where the observable of choice is a photoelectron, and one
monitors the interference between a single-photon path (2ω) and a two-photon path at
half the photon energy (ω); in such experiments the energy per pulse of the two colors is
strongly unbalanced, to compensate for the unbalanced cross-section of the two paths, and
COSP will be useful as an intensity monitor of the weak 2ω component, as well as to assess
the balance ω/2ω. In all these activities the possibility of comparing the intensity informa-
tion provided by COSP with that provided by the main instrument in a user experiment
(e.g., an energy-resolving photoelectron spectrometer will be highly beneficial in terms of
data validation and post-processing statistical analysis.

5. Conclusions
We have reported the calibration and commissioning of a new COmpact SPectrometer,

COSP, as a standard diagnostic for experiments at the FERMI FEL. COSP is not only a useful
tool during the preparatory phase for the optimization and control of the machine output,
particularly in the multi-harmonics emission mode, but it is also useful for experiments
when relative stability between different harmonics must be monitored.

The spectrometer has already been used both in the preparatory and experimental
phases for time-resolved experiments, demonstrating its capability of measuring in single-
shot the intensity of several different harmonics, leading to the systematic optimization of
the machine parameters.

Author Contributions: Conceptualization, F.F. and L.P.; formal analysis, G.Z.; investigation, G.Z.,
F.F., L.P., M.D.F., M.C., G.S., A.C. and C.C.; funding and project management, L.P.; writing—original
draft, G.Z.; writing—review and editing, G.Z., M.D.F., C.C., G.S. and L.P. All authors have read and
agreed to the published version of the manuscript.



Photonics 2025, 12, 211 8 of 9

Funding: The development activities at the CNR Institute for Photonics and Nanotechnologies in
Padova have been performed in the framework of the I-PHOQS facility, Activity 3.1: Optics for ultrain-
tense and ultrashort beams ((Integrated Infrastructure Initiative In Photonic and Quantum Sciences,
https://www.i-phoqs.eu, (accessed on 25 February 2025) PRR.AP026.016—CUP B53C22001750006),
funded by the National Recovery and Resilience Plan.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Allaria, E.; Appio, R.; Badano, L.; Barletta, W.; Bassanese, S.; Biedron, S.; Borga, A.; Busetto, E.; Castronovo, D.; Cinquegrana, P.;

et al. Highly coherent and stable pulses from the FERMI seeded free-electron laser in the extreme ultraviolet. Nat. Photonics 2012,
6, 699–704. [CrossRef]

2. Allaria, E.; Castronovo, D.; Cinquegrana, P.; Craievich, P.; Dal Forno, M.; Danailov, M.B.; D’Auria, G.; Demidovich, A.; De Ninno,
G.; Di Mitri, S.; et al. Two-stage seeded soft-X-ray free-electron laser. Nat. Photonics 2013, 7, 913–918. [CrossRef]

3. Maroju, P.K.; Grazioli, C.; Di Fraia, M.; Moioli, M.; Ertel, D.; Ahmadi, H.; Plekan, O.; Finetti, P.; Allaria, E.; Giannessi, L.; et al.
Attosecond pulse shaping using a seeded free-electron laser. Nature 2020, 578, 386–404. [CrossRef]

4. Maroju, P.K.; Di Fraia, M.; Plekan, O.; Bonanomi, M.; Merzuk, B.; Busto, D.; Makos, I.; Schmoll, M.; Shah, R.; Rebernik Ribič, P.;
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8. Ribič, P.R.; Abrami, A.; Badano, L.; Bossi, M.; Braun, H.-H.; Bruchon, N.; Capotondi, F.; Castronovo, D.; Cautero, M.; Cinque-
grana, P.R.; et al. Coherent soft X-ray pulses from an echo-enabled harmonic generation free-electron laser. Nat. Photonics 2019, 13,
555–562. [CrossRef]

9. Beye, M.; Gühr, M.; Hartl, I.; Plönjes, E.; Schaper, L.; Schreiber, S.; Tiedtke, K.; Treusch, R. FLASH and the FLASH2020 +
project—Current status and upgrades for the free-electron laser in Hamburg at DESY. Eur. Phys. J. Plus 2023, 138, 193. [CrossRef]

10. Liu, B.; Feng, C.; Gu, D.; Gao, F.; Deng, H.; Zhang, M.; Sun, S.; Chen, S.; Zhang, W.; Fang, W.; et al. The SXFEL Upgrade: From test
facility to user facility. Appl. Sci. 2022, 12, 176. [CrossRef]

11. Callegari, C.; Grum-Grzhimailo, A.N.; Ishikawa, K.L.; Prince, K.C.; Sansone, G.; Ueda, K. Atomic, molecular and optical physics
applications of longitudinally coherent and narrow bandwidth Free-Electron Lasers. Phys. Rep. 2021, 904, 1–59. [CrossRef]

12. Frassetto, F.; Coraggia, S.; Gerasimova, N.; Dziarzhytski, S.; Golz, T.; Weigelt, H.; Poletto, L. Compact spectrometer for photon
diagnostics of the extreme-ultraviolet free-electron-laser radiation. Nucl. Inst. Meth. A 2011, 635, S94–S98. [CrossRef]

13. Poletto, L.; Tondello, G.; Villoresi, P. Optical design of a spectrometer–monochromator for the extreme-ultraviolet and soft-x-ray
emission of high-order harmonics. Appl. Opt. 2003, 42, 6367–6373. [CrossRef] [PubMed]

14. Lyamayev, V.; Ovcharenko, Y.; Katzy, R.; Devetta, M.; Bruder, L.; LaForge, A.; Mudrich, M.; Person, U.; Stienkemeier, F.; Krikunova,
M.; et al. A modular end-station for atomic, molecular, and cluster science at the Low Density Matter beamline of FERMI@Elettra.
J. Phys. B At. Mol. Opt. Phys. 2013, 46, 164007. [CrossRef]

15. Svetina, C.; Grazioli, C.; Mahne, N.; Raimondi, L.; Fava, C.; Zangrando, M.; Gerusina, S.; Alagia, M.; Avaldi, L.; Cautero, G.; et al.
The Low Density Matter (LDM) beamline at FERMI: Optical layout and first commissioning. Synchrotron Radiat. 2015, 22, 538–543.
[CrossRef] [PubMed]

16. Milnes, J.S.; Conneely, T.M.; Horsfield, C.J. Analogue saturation limit of single and double 10 mm microchannel plate photomulti-
plier tubes. Rev. Sci. Instrum. 2016, 87, 11D832. [CrossRef] [PubMed]

17. Zangrando, M.; Abrami, A.; Bacescu, D.; Cudin, I.; Fava, C.; Frassetto, F.; Galimberti, A.; Godnig, R.; Giuressi, D.; Poletto, L.; et al.
The photon analysis, delivery, and reduction system at the FERMI@Elettra free electron laser user facility. Rev. Sci. Instrum. 2009,
80, 113110. [CrossRef] [PubMed]

https://www.i-phoqs.eu
https://doi.org/10.1038/nphoton.2012.233
https://doi.org/10.1038/nphoton.2013.277
https://doi.org/10.1038/s41586-020-2005-6
https://doi.org/10.1038/s41566-022-01127-3
https://doi.org/10.1088/0953-4075/45/18/183001
https://doi.org/10.1364/OPTICA.447436
https://doi.org/10.1103/PhysRevA.105.053524
https://doi.org/10.1038/s41566-019-0427-1
https://doi.org/10.1140/epjp/s13360-023-03814-8
https://doi.org/10.3390/app12010176
https://doi.org/10.1016/j.physrep.2020.12.002
https://doi.org/10.1016/j.nima.2010.11.004
https://doi.org/10.1364/AO.42.006367
https://www.ncbi.nlm.nih.gov/pubmed/14649280
https://doi.org/10.1088/0953-4075/46/16/164007
https://doi.org/10.1107/S1600577515005743
https://www.ncbi.nlm.nih.gov/pubmed/25931066
https://doi.org/10.1063/1.4961279
https://www.ncbi.nlm.nih.gov/pubmed/27910598
https://doi.org/10.1063/1.3262502
https://www.ncbi.nlm.nih.gov/pubmed/19947720


Photonics 2025, 12, 211 9 of 9

18. Prince, K.C.; Allaria, E.; Callegari, C.; Cucini, R.; De Ninno, G.; Di Mitri, S.; Diviacco, B.; Ferrari, E.; Finetti, P.; Gauthier, D.; et al.
Coherent control with a short-wavelength Free Electron Laser. Nat. Photonics 2016, 10, 176–180. [CrossRef]

19. Trickl, T.; Cromwell, E.F.; Lee, Y.T.; Kung, A.H. State-selective ionization of nitrogen in the X2 ∑+
g + v+ = 0 and v+ = 1 states by

two-color (1 + 1) photon excitation near threshold. J. Chem. Phys. 1989, 91, 6006–6012.
20. Yeh, J.J.; Lindau, I. Atomic subshell photoionization cross section and asymmetry parameters: 1 ≤ Z ≤ 103. At. Data Nucl. Data

Tables 1985, 32, 1–155.
21. Available online: https://luxel.com/wp-content/uploads/2014/05/LuxelModeledFilterTransmittance.pdf (accessed on

25 October 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/nphoton.2016.13
https://luxel.com/wp-content/uploads/2014/05/LuxelModeledFilterTransmittance.pdf

	Introduction 
	Materials and Methods 
	Results 
	COSP Calibration with Synchrotron Light 
	COSP Energy Response 
	COSP Calibration with FEL Light 

	Discussion 
	Conclusions 
	References

