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Abstract

SABINA (Source of Advanced Beam Imaging for Novel
Applications) is a new IR/THz FEL source under construc-
tion at the INFN Laboratori Nazionali di Frascati (LNF).
The FEL is a single-pass amplifier designed to operate in
the 10-100 THz spectral range using the SPARC infrastruc-
ture. The amplifier, consisting of three Apple-X undulator
modules built by KYMA S.p.a, will deliver pulse energies
of tens of microJoule with variable polarisation.

The undulators were delivered to LNF in 2023. In collabo-
ration with ENEA, the mechanical structure was investigated
for stability and deformations, by strain measurements based
on Fiber Bragg Gratings (FBG). An FBG is a phase grating
inscribed in the core of a single-mode fiber, whose Bragg-
diffracted light propagates back along the fiber. Any defor-
mation of the grating affects its pitch, which changes the
diffracted Bragg wavelength thus giving information about
the occurred deformation. The technique allows performing
strain measurements with 1 pStrain resolution. Each undula-
tor has four magnetic arrays that can be moved radially to set
the operating gap. Two arrays can also move longitudinally
for phase displacement. Measurements have been performed
with FBGs acting as strain sensors on the undulator structure.
The measurements have shown a clear deformation of the
structure in the presence of varying magnetic forces. The
results will be presented in this contribution.

RESEARCH CONTEXT

SABINA [1] is a project developed at the Frascati National
Laboratories (LNF) of the Italian Institute of Nuclear Physics
(INFN) co-funded by the Lazio Region. It aims to upgrade
the already existing SPARC_LAB research facility [2] that
will be completed with EUPRAXIA @SPARC_LAB [3] in
the next future.

SABINA

The project was initiated as part of a regional call for the
development of research infrastructures. It foresees the real-
ization of a research facility that will be made available to
external users, whether they are researchers or from other
industrial or technological backgrounds. In order to achieve
these objectives several steps were required to ensure the
reliability of the SPARC accelerator: consolidation of the
technological equipment to limit the faults and increase the
uptime; replacement of some ancillary equipment with mod-
ern equipment to improve the overall performance: imple-
mentation of two user lines, a laser target line and a THz/IR
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radiation line. The former will be used as an irradiation
facility for samples such as vacuum optics for aerospace,
while the latter will be used as a research tool for various
fields. The radiation will be generated by the undulators
which are the main subject of this paper.

THZ/IR line

The THz/IR free-electron laser source uses the high-
brightness electron beam generated by the photocathode
at SPARC LINAC and tuned to energies between 30 and
100 MeV. A dogleg directs the beam to the THz/IR ampli-
fier which consists of three APPLE-X undulators operating
in self-amplified spontaneous emission (SASE) mode in the
spectral range from 3 to 30 THz. The amplifier is expected
to generate pulses with variable polarisation, picosecond
duration, and an energy of tens of uJ. A dedicated THz
transport line delivers photons to a user’s experimental area.
The facility will allow non-invasive investigation studies for
both research and industrial applications in several fields,
from physics to chemistry, material science, and cultural
heritage.

EXPERIMENTAL SETUP

The undulators were designed and produced by KYMA
S.p.a. [4] in accordance with the requirements and con-
straints of the INFN technical specification. During the
design phase, a thorough structural analysis was performed
on critical elements to validate the lightweight design of
this application. The result is an innovative, compact, and
lightweight design of an Apple X-type undulator. A test of
the mechanical structure deformations has been carried out
on the mechanical structure by strain measurements, with
the support and use of Fiber Bragg Grating instrumentation
of the ENEA Fiber Optic Sensors Laboratory [5].

APPLE-X Undulator

The undulator [6] consists of four magnetic arrays
mounted on identical magnetic girders, which are fixed to
the guide rail carriages of the gap drive mechanism (see
Fig. 1). The gap between the arrays can be varied by simul-
taneous movements of the girders hosting the magnets. Two
of the four arrays, positioned diagonally, can also be moved
longitudinally to induce a field phase displacement between
the arrays of half a period. Each magnet block is precisely
positioned on a magnet holder. Along the length of the array,
the magnet holders are screwed on top of three aluminum
plates. These latter are then sustained by one interface plate
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towards the girder. The three holder plates and the inter-
face plate are shown in Fig. 1 and are the structures under
investigation.

MAGNETIC ARRAY ON
MAGNET HOLDERS

THREE HOLDER PLATES
INTERFACE PLATE

Figure 1: Mechanical structure under investigation.

Fiber Bragg Grating Sensors

The Fiber Bragg Grating (FBG) [7] is an optical fiber
sensor in which a periodic microstructure is locally photo-
inscribed to create a diffraction grating with the desired
optical properties. The periodic change in the fiber refrac-
tive index determines the transmitted/reflected spectrum of
the light passing through the fiber core. Any deformation of
the grating is detected as a shift in the characteristic wave-
length of the sensor. The selected sensors were 1 cm long
(Broptics OS 1500 optical sensors) and were used with Mi-
cron Optics FBG interrogation instruments [8]. The sensors
were bonded to the surfaces facing the inside part of the
undulator using Araldite epoxy adhesives. The plotted pa-
rameter is the wavelength shift induced by the deformation
of the fiber. The wavelength shift A4 can be converted into
a strain parameter considering that 1 strain (= 1 um/m) of
deformation corresponds to A1 = 1.2 pm. These sensors
were used in two different ways: as strain measurements, by
gluing the fiber fully adhered to the surface of the magnet
holder-plates; as gap measurement devices, by placing the
sensors between adjacent plates. In both cases the measure-
ment is local, but in the first case, the reference length is
the length of the sensor. In the second case, the reference
length is the separation between the adjacent plates. The
two undulator arrays allowed to shift longitudinally were
considered. A total of 28 sensors have been used, as shown
in Fig. 2:

* 1 FBG to monitor the temperature of the environment

* 20 FBGs placed between metal bars (gap sensors)

» 7 FBGs completely adherent to the metal (strain sen-
SOrS)

RESULTS

The results of these kinds of measurements can not be
unambiguous and clear since the FBG reacts both at a de-
formation of the grating itself due to temperature changes
and at the mechanical movements of the element under in-
vestigation. The most relevant results are shown in the next
paragraphs.
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Figure 2: FBG placement on the mechanical plates of two
diagonal plates. “A” is the top array with longitudinal move-
ments, ”C” is the bottom one.

Environment

A static measurement was carried out over a time interval
of 22 hours. During this period the environment temperature
varied by about 3°C (see Fig. 3a). FBG sensors are sensitive
to the temperature. The dependence of the strain measured
as a function of the temperature is shown in Fig. 3b.

Environment

uuuuu

Figure 3: a) Temperature sensors. RED, is the sensor close
to the undulator that gives the environment trend; BLUE is
the sensor adherent with the metal close to the Environment
FBG sensor. b) FBG sensors results for a different kind of
investigation.

The maximum variation is found in the horizontal gap
sensor in the lower array, while the minimum variation is
found in the sensor completely adhering to the metal plate,
but on the outer part of the undulator. This indicates that the
gap sensors which mainly measure the empty space between
the plates undergo a more significant change with respect to
the others, which are sensitive to the thermal expansion of
the metal part.

Gap Opening

This test was performed in two ways: by moving the four
arrays all together from the minimum gap to the maximum
gap, and in small steps from minimum gap to 50 mm of gap
opening. The two sets of plots represent both measurements
for a chosen set of sensors relevant to this study. The re-
maining sensors have shown negligible strain values and
have been excluded from the plots. Figure 4, shows the
full operation in the measurement range where the undulator
goes from fully closed (5 mm) to fully open (150 mm) with a
velocity of the arrays of 1 mm/s. The measurements are sep-
arated in terms of the orientation of the sensor. The left plot
shows sensors oriented vertically, while the right plot shows
horizontally oriented sensors. Figure 5 shows the same pa-
rameters acquired by progressively opening and closing the
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gap in steps of 5 mm, every two minutes each. The total
measurement time was less than one hour. For this reason,
the measurement should be unaffected by environmental
temperature variations.

. . T [—
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Figure 4: a) Vertical sensors. b) Horizontal sensors. Note
that the y-axes are not on the same scale to appreciate the
behavior of the vertical sensors. The movements performed
are undulator fully closed on the left part of each plot, and

fully open on the right part of each plot.

Figure 5: a) Vertical sensors. b) Horizontal sensors. Note
that the y-axes are not on the same scale to appreciate the
behavior of the vertical sensors. The movement shown is
from undulator fully closed on the left part of each plot, and
at 50 mm on the right part of each plot. Each noticeable step
corresponds to a movement of 5 mm.

The maximum deformation with respect to the closed gap
condition, is reached at a gap of about 20 mm. The hori-
zontal sensors plotted on the right show a different behavior
and a larger deformation. It is interesting to note that in
the first phase of the gap aperture, the sensors on the top
array (FBG13 and FBG15) go in opposite directions with
respect to the other sensors (FBG42 and FBG43). When the
distance reaches about 20 mm the trend changes for FBG15
and FBG42. A possible explanation is that when the mag-
netic force becomes weaker the central plate moves laterally
causing the two sensors on the same array to indicate strains
in opposite directions. If a gap sensor is stretched, the other
is compressed. FBG42 shows an additional change in the
strain before reaching the plateau corresponding to the max-
imum aperture, which is probably related to the effect of the
sum of magnetic and gravitational forces that change sign.

Phase Shifting

The shift of the phase of the field is obtained by translating
longitudinally the two arrays that are monitored with FBGs.
A further test, similar to the gap opening, was carried out by
shifting the phase at different undulator gaps. In Fig. 6 the
effect of a phase shift with the undulator tuned at minimum
gap is shown. This corresponds to the condition with the
maximum magnetic forces. The phase shift causes a strain
in the horizontal sensors only slightly higher than in other
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measurements (Fig. 6b). The strain is symmetric with re-
spect to the phase, i.e. setting the phase at i% induces the
same strain reaction. All the vertical sensors (Fig. 6a) still

show a variation but correspond to a relatively small strain.

Figure 6: a) Vertical sensors. b) Horizontal sensors. Note
that the y-axes are not on the same scale to appreciate the
behavior of the vertical sensors. The movements are per-
formed with the undulator closed, shifting the phase from 0
to almost % then 0, to almost —% then O again.

CONCLUSION

The largest observed wavelength shift is ~0.2 nm for the
gap sensors and a factor 2-5 lower for the strain sensor de-
vices. In the case of the gap sensors,the reference length is
the plates separation. We may then estimate a gap variation
of about 167 nm (over a 1 mm gap). In the case of the strain
sensor, the deformation occurs over the entire sensor length.
The local deformation is therefore of the order of 330 nm/cm.
These measurements show the extreme sensitivity of this
diagnostic. The deformations are compatible or lower than
those calculated by finite elements methods [6] and confirm
the reliability of the undulator mechanical structure.
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