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TeraFERMI is the new terahertz (THz) beamline for pump–probe studies on

the femtosecond time-scale, under construction at the FERMI free-electron

laser (FEL) facility in Trieste, Italy. The beamline will take advantage of the

coherent radiation emitted by the spent electrons from the FEL undulators,

before being dumped. This will result in short, coherent, high-power THz pulses

to be used as a pump beam, in order to modulate structural properties of matter,

thereby inducing phase transitions. The TeraFERMI beamline collects THz

radiation in the undulator hall and guides it along a beam pipe which is

approximately 30 m long, extending across the safety hutch and two shielding

walls. Here the optical design, which will allow the efficient transport of the

emitted THz radiation in the experimental hall, is presented.

1. Introduction

In the last few years, extreme ultra-violet (EUV) and X-ray

free-electron lasers (FELs) have become fully operational.

These fourth-generation light sources emit brilliant ultra-short

pulses with a high degree of coherence and polarization

control allowing performance of unprecedented experiments

investigating extreme and non-trivial conditions of matter in

all its physical states. All these machines are based on the

extraction and acceleration of electron bunches and the use of

chains of undulators. The linear acceleration sections (namely

LINACs) produce naturally terahertz (THz) radiation

permitting extension of the working range of operation of

these facilities by using dedicated undulators, bending

magnets (coherent synchrotron radiation; CSR) or a dedicated

target (coherent transition radiation; CTR) (Gensch et al.,

2008; Tavella et al., 2011; Stojanovic & Drescher, 2013; Carr

et al., 2002; Daranciang et al., 2011; Hoffmann et al., 2011).

In particular, these mechanisms overcome the limitations of

other standard THz sources where the maximum power and/

or bandwidth are limited. FERMI is a seeded FEL user facility

at Elettra-Sincrotrone Trieste, in Italy, based on a high-gain

harmonic generation (HGHG) scheme that provides almost

transform-limited radiation with sub-picosecond photon

pulses, narrow bandwidth and high intensity delivered to the

experimental end-stations (Allaria et al., 2010, 2012, 2013,

2015). It is composed of two undulator chains: FEL-1, already

commissioned, covering the wavelength range from 20 nm

up to 100 nm, and FEL-2, currently under development, but

available to users, from 4 nm up to 20 nm. In Table 1 the main

FERMI output parameters are shown. After the FEL process,
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the electron bunch is deflected from its trajectory by means of

a set of bending magnets delivering the electrons to the main

beam dump (MBD). Right before the MBD, a thin metallic

target screen allows exploitation of the CTR process in order

to obtain high-intensity polarized light in a wide terahertz

range [for details see Perucchi et al. (2013)]. This light will be

transported and used for a wide set of experiments by the

beamline TeraFERMI.

By making available high-power sub-picosecond THz

pulses, TeraFERMI will be employed to perform nonlinear

THz spectroscopy and pump–probe studies. Thanks to its

large bandwidth (extending from 0.3 to 15 THz) the Tera-

FERMI beamline will allow coherent control of matter

through nonlinear phononics (Subedi et al., 2014). The main

idea is to use the resonant excitation of a vibrational mode in

order to transiently change the conformation of the lattice

thus providing access to new dynamic electronic configura-

tions. With present bench-top technology (Kampfrath et al.,

2013) only a small fraction of the existing vibrational modes

can be efficiently reached for THz control of matter. Due to

its low repetition rate (10–50 Hz), the TeraFERMI facility

(Perucchi et al., 2013) will allow excitation of materials over

the complete phonon spectrum with negligible heating effects.

2. THz source properties

As mentioned in the Introduction, the

TeraFERMI source is located in the

MBD section, where electrons from

both FEL-1 and FEL-2 merge into a

single line, before being dumped. A

couple of meters before the MBD a

dedicated vacuum chamber hosts a set

of metallic screens that will be inserted

into the electron trajectory. When the

ultra-relativistic electrons pass through

the target, an intense current arises in

the metallic screen radiating in both the

forward and backward directions. A

sketch of the source is shown in Fig. 1.

The TeraFERMI source chamber is

equipped with two different screens for

CTR: either a 5 cm Si substrate covered

with a 1 mm-thick Al coating, or a free-standing 1 mm-thick Al

membrane. A variable slit between two Si-based emitters can

also be used as a source for coherent diffraction radiation. A

good prediction of the emission properties in both near and

far field can be obtained by applying the generalized Ginz-

burg–Frank formula (Frank & Ginzburg, 1945) as described

by Casalbuoni et al. (2005, 2009). The emitted radiation is

expected to be radially polarized with cylindrical symmetry

along the propagation axis, and with an effective source size of

reff = ��, where � is the Lorentz factor and � the wavelength

of the radiation. The angular divergence is a function of the

frequency as well, being larger at low frequencies, up to 14�.

The spectral range covered by TeraFERMI is expected to be

exceptionally wide: from 0.3 THz up to 15 THz, limited only

by the divergence of the photon beam and the transmission of

the optical elements (viewports, mirrors, filters, polarimeters)

with intensities ranging between 102 and 104 mJ with a pulse

length of 50 fs and an electron bunch of 500 pC.

At 75 mm from the source a 600 mm-thick CVD diamond

window separates the main chamber, in ultra-high vacuum

(UHV), from the rest of the beamline, in low vacuum. The

diamond has a high transmission across the whole TeraFERMI

frequency range, around 70%, and an almost constant index of

refraction, thus any dispersion will be negligible. With its clear

aperture of 20 mm, the window will be a natural filter: it will be

able to transmit only radiation above 0.3 THz due to the high

divergence at lower frequencies. The surfaces are wedges

of about 0.5� in order to maximize the transmission at all

the frequencies and avoid propagating multiple backward–

forward reflections. The residual tilt due to the wedge will be

compensated by the first plane mirror as described in the next

section.

3. Photon transport

After the window, the first chamber hosts a plane mirror and

the first diagnostic section. The diagnostic system is composed

of a translation stage with a screen coupled to a visible CCD

camera (in air) dedicated to the alignment of the source–

screen. In addition, an off-axis parabolic mirror will collect
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Figure 1
Coherent transition radiation (CTR) mechanism: the relativistic electron bunch interacts with a
metallic target and generates broadband terahertz radiation with a cylindrical transverse
distribution and high divergence. The slight asymmetry is due to the 45� incidence angle of the
electron bunch over the metallic screen.

Table 1
Main output parameters measured at FERMI during the commissioning
of both FEL-1 and FEL-2.

Parameter FEL-1 FEL-2

Electron beam energy (GeV) 0.9–1.5 0.9–1.5
Bunch charge (nC) 0.5–0.8 0.5–0.8
Peak current (A) 500–800 500–800
Wavelength (nm) 100–20 20–4
Pulse length r.m.s. (fs) 30�100 < 100
Spectral width ��/� FWHM 10�3 10�3

Central wavelength fluctuation < 10�4 < 10�4

Energy per pulse (mJ) > 100 20–100
Power fluctuation (%) < 25 < 50
Polarization Linear (H/V)–

circular (L/R)
Linear (H/V)–

circular (L/R)



and focus the radiation inside a pyroelectric detector for

measuring the emitted intensity in the whole frequency

spectrum. The first plane mirror is able to rotate and translate

in order to correct residual vertical misalignments of the

source, for instance, due to the wedged window. After the first

chamber a set of nine other chambers follow, hosting plane

and focusing mirrors. All the mirrors work at an incidence

angle of 45� and are 220 mm wide and 282.8 mm long (with an

elliptical lateral shape) in order to collect as much light as

possible, and avoid the diffraction by the aperture. Particular

attention has been paid to the finishing of the surfaces. Figure

errors and roughness might lead to aberrations of the wave-

front and scattered light with a loss of intensity and perfor-

mance at the sample in general. For this reason we have opted

for aluminium substrates gold-coated with a surface accuracy

peak-to-valley below 3 mm (in clamped conditions) and a

roughness below 8 nm (Ra, defined as the arithmetic average

of the absolute values). A sketch of the layout of the beamline

is shown in Fig. 2 and the mirror parameters are reported in

Table 2. The optical path has a ‘zigzag’ pattern in order to fulfil

the radiation safety regulations transporting the light from the

undulator hall to the experimental hall, passing through the

safety hutch. The adopted scheme employs four plane mirrors

and six focusing mirrors: the idea is to create intermediate

focuses along the beamline in order to limit the beam size

within the dimension of the optics. Spherical mirrors have not

been considered as an option because the placement of the

focal spot is different in the two directions (the focused beam

is astigmatic). For this reason we have opted for focusing

mirrors with a toroidal shape (manufactured by Kugler), i.e.

two different radii of curvature along the tangential and

sagittal axis. In this way the beam is stigmatic and limited in its

transverse dimension. Two long corrugated beampipes, one in

the undulator hall and the other in the safety hutch, will

scatter and absorb the undesired off-axis radiation at low

frequencies.

One of the by-products of the CTR is the emission of visible

light on-axis that will be used for alignment purposes. In fact,

before every mirror, a movable screen can be inserted and

seen by a CCD camera while the pointing can be changed by

moving the mirror upstream. The overall optical path from the

source to the entrance of the TeraFERMI hutch (located in

the experimental hall) is about 33 m. Before the hutch, the

beam is focused six times and the last focus lies at the

beginning of the experimental hutch with a maximum size of

around 30 mm at 0.3 THz and becomes smaller at higher

frequencies (for instance it reduces to 12 mm at 1 THz).

4. Beamline spots and transmission

The design and performance prediction of the whole beamline

have been calculated with the Terahertz-Transport code,

based on numeric two-dimensional Fourier transform. It is

worth noticing that the whole TeraFERMI beamline is in

the near-field condition since the far-field approximation is

fulfilled when D > �2�, thus, considering a representative � =

2300 and � = 1 mm, for very long distances. Starting from the

CTR emission the monochromatic beam was propagated

through the diamond window, plane and toroidal mirrors and
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Figure 2
Layout of the TeraFERMI beamline. From right to left: source chamber and plane/toroidal mirrors. The ‘zigzag’ pattern has been chosen to conform with
radiation safety regulations. A set of six toroidal mirrors create intermediate focuses in order to limit the transverse beam dimension while four plane
mirrors simply deflect the photon beam.

Table 2
Mirror names, distance from the source, type and focal length for the
TeraFERMI beamline.

All of the mirrors have a substrate with an elliptical outer shape with semi-
major axis of about 141 mm and semi-minor axis of 100 mm.

Mirror
Source distance
(mm) Mirror type f (mm)

PM1 480 Plane 1

TM1 1254 Toroidal 680
TM2 3900 Toroidal 510
TM3 5678 Toroidal 800
TM4 14070 Toroidal 3250
PM2 15570 Plane 1

TM5 22822 Toroidal 3000
PM3 24222 Plane 1

PM4 30180 Plane 1

TM6 31180 Toroidal 1400



apertures until the TeraFERMI hutch. In this way it was

possible to evaluate the focused spot size and transmission of

the beamline at the various frequencies. An example of the

simulation results in the whole working range is shown in

Fig. 3. These calculations have been performed for the whole

spectrum and then combined in order to evaluate the overall

spot at the entrance of the end-station.

In Fig. 4 the transmission of the beamline is shown after

taking into account the transmission of the diamond window

and the presence of the mirrors. It can be seen that the first

toroidal mirror (blue line) is the major cause of the decrease of

the total transmission due to finite acceptance. Nevertheless, it

is high enough in the whole frequency range from 83.5% (at

0.3 THz) to 95.3% (at 15 THz).

5. Refocusing section and experimental set-up

As previously mentioned, at the entrance of the TeraFERMI

hutch the beam is focused with a maximum dimension of

about 30 mm at 0.3 THz. This beam has to be filtered, polar-

ized, split, eventually recombined and, most importantly,

focused as much as possible in order to increase the electric

field amplitude at the sample. A wide range of experiments

planned at TeraFERMI have been considered and a versatile

set-up has been adopted. In the following we present the set-

up that will be used to perform commissioning and pilot

experiments. Our aim is to characterize the power and spectral

content of the THz beam as well as its time structure. This goal

can be achieved through electro-optic sampling, in the 0.3–

10 THz range (Casalbuoni et al., 2008). We also wish to

perform nonlinear experiments on prototype materials. The

scheme presented here allows us to easily switch from electro-

optic sampling to THz-pump/Vis-probe experiments with the

help of a synchronized laser (either 780 or 1560 nm) source.

Moreover, THz nonlinear transmission, i.e. the study of the

variations in the transmitted light as a function of the beam

intensity, will also be possible. A reference channel allowing

self-normalization of the results by taking into account

possible fluctuations of the source has been envisaged. The

optical layout has been designed as follows (see Fig. 5): the

incoming beam is focused by an off-axis parabolic mirror

(Par1) that focuses the beam at a distance of 215 mm while

passing through a set of filters and polarimeters. Afterwards it

propagates through a beam splitter where part of the radiation

is reflected to a second off-axis parabolic mirror (Par2)

focusing the radiation into a pyro-detector placed 61.6 mm

downstream, used as an on-line I0 monitor. The fraction of

radiation transmitted by the splitter is collected by another

off-axis parabolic mirror (Par3) which focuses the terahertz

radiation to the sample (hosted inside a dedicated chamber) at

a distance of 61.6 mm where the interaction between radiation

and matter will occur. Both Par2 and Par3 will be placed

500 mm downstream of Par1. The light transmitted by the

sample will then be collected by a fourth off-axis parabolic

mirror (Par4, 150 mm downstream of Par3) and focused into a

second pyro-detector placed 116 mm downstream.
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Figure 5
Schematic layout (plan view) of the TeraFERMI refocusing section for
the pump–probe pilot experiment. The THz beam is focused while being
filtered and polarized. Then it is split into two beams: one for the on-line
measurement of the I0 (with a dedicated mirror, Par2) and one that will
be used as a pump pulse. This pulse is focused close to the diffraction limit
by another focusing mirror (Par3). The beam is then refocused (Par4)
into a pyro-detector which measures the radiation transmitted by the
sample.

Figure 3
From left to right, simulated spots at 0.3, 0.4, 0.6, 1, 3, 5, 10 and 15 THz at the entrance of the TeraFERMI hutch in the FERMI experimental hall. The
size of each square image is 4 mm and the spot size dependence on the radiation frequency is evident.

Figure 4
Transmission due to the presence of the diamond window and the optical
elements. The red line is referred to the ideal case of infinitely long
mirrors while the blue line is the realistic case with the finite mirrors. It
can be seen that the first toroidal mirror is the main cause of the drop in
total transmission of the beamline.



All the parabolic mirrors work at an incidence angle of 45�.

Fig. 6 shows the results of the wavefront propagation simu-

lations over the parabolic mirrors and the relative focal spots

simulated with the Terahertz Transport code (http://www.

desy.de/~schmidtb/THz-Transport) at 1 THz.

6. Conclusion and outlooks

By taking advantage of the ultra-relativistic electrons of the

FERMI FEL, the coherent transition radiation mechanism

will be employed in order to create powerful, coherent,

polarized, broadband ultra-short THz pulses. The radiation

will be transported through the undulator hall, the safety

hutch and finally to the experimental hall where it will be

manipulated and focused according to user needs. The Tera-

FERMI beamline will allow performance of nonlinear THz

studies and achievement of coherent control of solids through

selective excitation of vibrational normal modes. The beam-

line will work on-line without perturbing the regular operation

of the undulator-based FERMI beamlines. TeraFERMI is

currently under construction and first light is foreseen by the

end of 2015 while the first pilot experiment is planned for the

beginning of 2016.
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Figure 6
Refocusing section spots simulated with the Terahertz-Transport code at 1 THz. From left to right: incoming focused spot from the last toroidal mirror
(TM6, FOV = 40 mm); footprint over the first parabolic mirror (Par1, FOV = 46 mm); intermediate focus due to Par1 (FOV = 10 mm); footprint on the
second/third parabolic mirrors (Par2/3, FOV = 100 mm); spot at the I0 pyro-detector and at sample (FOV = 3 mm); footprint on the last parabolic mirror
(Par4, FOV = 100 mm); and spot at the pyro-detector in transmission through the sample (FOV = 4 mm). The spot at the focus is expected to be at the
diffraction limit, i.e. around 1 mm at 1 THz.
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