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The two single-pass, externally seeded free-electron lasers (FELs) of the FERMI user facility are
designed around Apple-II-type undulators that can operate at arbitrary polarization in the vacuum
ultraviolet-to-soft x-ray spectral range. Furthermore, within each FEL tuning range, any output wavelength
and polarization can be set in less than a minute of routine operations. We report the first demonstration of
the full output polarization capabilities of FERMI FEL-1 in a campaign of experiments where the
wavelength and nominal polarization are set to a series of representative values, and the polarization of the
emitted intense pulses is thoroughly characterized by three independent instruments and methods,
expressly developed for the task. The measured radiation polarization is consistently > 90% and is not
significantly spoiled by the transport optics; differing, relative transport losses for horizontal and vertical
polarization become more prominent at longer wavelengths and lead to a non-negligible ellipticity for an
originally circularly polarized state. The results from the different polarimeter setups validate each other,
allow a cross-calibration of the instruments, and constitute a benchmark for user experiments.
DOI: 10.1103/PhysRevX.4.041040

Subject Areas: Interdisciplinary Physics,
Particles and Fields, Photonics

I. INTRODUCTION
Circularly polarized light is a critical tool to investigate
many important properties of matter. In atomic and
molecular physics, circular polarization is directly associated with angular-momentum selection rules, resulting in
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different final states being accessible (in particular, different angular distribution of photoelectrons [1]). Circular
dichroism can be used to directly probe the chirality of a
system, which may stem from geometry, typically in
biomolecules [2], or from magnetic properties. In the latter
case, spin-orbit interactions provide a handle to access
and manipulate these properties with optical photons on the
femtosecond time scale [3]. At x-ray wavelengths, circular
polarized light has also been used to produce highresolution, holographic images of magnetic domains [4]
and to study the time evolution of the magnetization
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recovery in order to distinguish the different time scales
of the spin and orbital angular momenta [5]. As a final
example, polarization of the incoming or outgoing radiation
can be directly related to the three-dimensional electron
wave function through recently developed methods of
electron tomography [6] and angular streaking [7].
Up to and including the near-UV range, materials and
methods for generating and measuring circular polarization
are well developed and affordable, with a multitude of
applications [8]. At higher photon energies ranging up to
hard x rays, variable polarization undulators have been
utilized in synchrotron light sources to provide circularly
polarized light [9–13], albeit at time scales that are typically
much longer (i.e., tens of ps or longer) and at peak brightnesses much below those provided in linear polarization by
the new generation of soft and hard x-ray free-electron lasers
(FELs) [14] such as FLASH [15], LCLS [16], and SACLA
[17]. These machines were designed and currently operate
with linearly polarized undulators for multiple reasons,
including the desire for high magnetic fields at short
undulator periods to maximize the FEL gain and lower
construction cost. Linearly polarized undulators are also
believed to have smaller error fields than those generally
found in variable gap, variable polarization undulators of
the Apple-II type [18] and related designs [19].
However, there remains a strong need for intense,
femtosecond time-scale, short-wavelength radiation with
variable polarization [20]. With such light, fields such as
time-resolved x-ray magnetic circular dichroism (XMCD)
spectroscopy can explore ultrafast magnetization dynamics. The femto-slicing technique [21] on synchrotron light
sources has produced circularly polarized, hard x-ray
ultrashort pulses but with quite limited peak power and
total pulse energy. In the soft x-ray spectral range, highharmonic-generation sources (HHG), previously thought to
be limited to only linearly polarized emission, may be
manipulated to produce elliptically polarized light [22].
Here too, though, both the peak power and total pulse
energy are extremely small compared to what is commonly
produced by the aforementioned FEL sources such as
LCLS and SACLA. Although methods for partial control
of the output x-ray polarization for these nominally linearly
polarized sources by means of either polarizer filters [23] or
via crossed-field undulators [24,25] have been proposed
and in part demonstrated, in principle [26,27], none has
been operationally implemented yet; both SACLA and
LCLS are working toward possible solutions that would
allow users to choose the FEL polarization. Very recently,
by means of specially designed diamond-crystal optics that
can be used in the hard x ray as a phase retarder, the
SACLA team has measured a high degree of circular and
also vertically polarized radiation at about 1 angstrom [28].
A special Delta-type undulator is under construction [29]
and is to be placed at the end of LCLS to generate x-ray
radiation with a significant degree of circular polarization.

FERMI [30,31] is the first operational, externally seeded
FEL facility designed for user experiments. Based on the
high-gain harmonic generation scheme (HGHG) [32],
FERMI produces 100-fs duration, 100-MW to multi-GW
peak intensity radiation pulses in the vacuum ultraviolet
(VUV)-to-soft x-ray spectral range that are characterized
by an unprecedented photon energy stability and a high
degree of longitudinal and transverse coherence [33,34]. A
crucial difference that distinguishes FERMI from other
high-power, short-wavelength FEL user facilities is its use
of variable-gap Apple-II undulators, thus giving users the
ability to vary and control both the wavelength and the
polarization of the emitted light on time scales of minutes
or less. Over the past year, users at FERMI have already
taken advantage of these unique capabilities, e.g., to study
dichroic effects via atomic photo-ionization [35] and
coherent imaging in ferromagnetic materials [36–38].
Inasmuch the actual purity of the output polarization is
both an important quantity for many users and, in principle,
can be degraded by undulator magnetic topology errors
and, given the high-gain environment, possibly also electron-beam trajectory errors, we conducted a systematic
characterization of the polarization states of FERMI’s
FEL-1 radiation. This effort involved a dedicated experiment that employed three different and independent methods to measure the output radiation polarization over a
resonant wavelength range extending from 26 to 54 nm.
Our results constitute the first systematic characterization
of the polarization states produced by a high-gain, highpeak-power FEL operating in the VUV spectral range with
variable polarization undulators. At each measured wavelength, all the experimental diagnostics confirm that, as
expected from standard single-particle emission theory [39],
FERMI’s output polarization state may be controlled and
adjusted directly via the undulator polarization. Our findings
are in accordance with earlier polarization measurements
made on visible and UV FEL light, both for a storagering FEL [40] and for low-gain, single-pass seeded FELs
[27,41–43] where a very high degree of polarization was
found both at the resonant FEL wavelength and at the higher
harmonics [42]. They also agree with a recent FERMI user
experiment [35] that provided independent evidence at a
single VUV wavelength (25.6 nm) of a similar high degree
of polarization for the output light of FERMI’s FEL-1.
The remainder of this paper is organized as follows.
First, in Sec. II, we briefly describe the FERMI FEL system
used in this experiment. Section III reports a description of
the three independent polarimeters used. Section IV
presents the results obtained from each polarimeter and
their analysis. We finish with a general discussion of the
measurements and with our conclusions.
II. FERMI’s FEL-1
The dedicated polarization experiment was performed at
FEL-1, the first of two FELs in operation at FERMI
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TABLE I. Parameters characterizing the electron beam used in
the experiment.
Energy
Slice energy spread (rms)
Slice transverse normalized emittance
Peak current
Average beam transverse size
in the undulator (rms)
Repetition rate

1.22
150
≈1
600
150

GeV
keV
mm mrad
A
μm

10

Hz

[30,31]. FERMI is a FEL user facility designed to operate
in the VUV soft x-ray spectral range with two FEL lines
that share the same electron accelerator [44]. FEL-1 covers
the longer-wavelength spectral range (100–20 nm), while
FEL-2 can reach wavelengths as short as 4 nm by means of
a double-stage HGHG configuration [34]. Both FELs use
the electron beam accelerated by a normal-conducting,
S-band radio-frequency (RF) linac, whose final electronbeam energy can be varied in the range 0.9–1.5 GeV; a
detailed description of the linac can be found in Ref. [45].
For the reported experiment, the accelerator has been
operated to produce an electron beam whose characteristics
are reported in Table I. The FERMI FEL-1 HGHG
undulator system is sketched in Fig. 1 and described in
Sec. II B; the value of its main parameters, specific to this
experiment, are reported in Table III.
The HGHG process is initiated by the interaction
between the electron beam and the external seed laser,
occurring in the first undulator (modulator). The interaction
gives rise to beam-energy modulation and bunching at the
harmonics of the seed-laser wavelength. This bunching
promotes coherent emission at the desired harmonic, which
is further amplified by the FEL gain process occurring in the
successive six undulator segments (radiators) (see Fig. 1).

PHYS. REV. X 4, 041040 (2014)
TABLE II. Seed-laser parameters used in this work for the two
possible modes of operation (THG and OPA).

Wavelength
Bandwidth
Pulse length (FWHM)
Energy per pulse
Average beam size
in the undulator (rms)

THG

OPA

261
0.8
150
10
300

268.5
1.2
180
10
300

nm
nm
fs
μJ
μm

TABLE III. Main parameters for the FERMI FEL-1 undulators.
The tuning range is estimated for the electron-beam energy used
in the experiment, i.e., 1.2 GeV.
Modulator
Magnetic period
100
Tuning range
300–100
Maximum undulator
7.3
deflection parameter (rms)
Number of periods
30
per segment
Number of segments
1
Polarization
Horizontal

Radiators
55
70–20
3.7

mm
nm

42
6
Elliptical
(adjustable)

of the Ti:Sapphire laser at 261 nm is used (THG configuration) and affords some extra flexibility on seed-laser
power and other seed-laser parameters. This is the configuration used with the other polarimeters (Secs. III B
and III C). The nominal seed-laser parameters for the two
configurations are summarized in Table II.
B. The undulators

A. The seed laser
Two modes of operation are possible for the FERMI
seed-laser system, both driven by a fixed-wavelength
(783 nm) Ti:Sapphire laser. When continuous tunability
of the FEL wavelength is needed, the Ti:Sapphire pumps
an optical parametric amplifier (OPA) [46]. This is the
configuration used with the fluorescence polarimeter
(Sec. III D), where the FEL wavelength must match an
atomic resonance (53.7 nm, corresponding to the 5th
harmonic of the seed OPA tuned to 268.5 nm). If fixedseed-wavelength operation is sufficient, the third harmonic

FIG. 1. Schematic layout of the FEL-1 undulator system. See
text for details.

The system consists of a fixed-polarization permanentmagnet modulator (MOD), an electromagnetic dispersive
section (DS), and six permanent-magnet variably polarized
radiators (RAD1; 2; …; 6). The 3-m-long modulator, based
on a standard Halbach-array configuration [47], is tuned so
that its resonant wavelength matches that of the seed laser,
by adjusting the vertical gap between the upper and the
lower magnet arrays.
The following dispersive section is a three-pole wiggler
providing a wide range of field strengths. This section is
needed in order to guarantee that the energy-modulated
electron beam develops the optimum charge-density modulation (bunching) required for different operational conditions of the FEL (i.e., different FEL harmonics and
different levels of seed-laser power). The radiators are
Apple-II-type undulators [18], allowing variable wavelength and continuously adjustable elliptical polarization
by means of a concerted movement (vertical gap and
longitudinal shift) of the four magnetic arrays. For this
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experiment, however, the nominal polarizations were set to
be either strictly circular or strictly linear; at any given
wavelength, the typical time required to switch the polarization was of the order of one minute. The six radiators are
separated by 1.3-m breaks, where quadrupoles, steerers,
and diagnostic stations (beam-position and transverse
beam-profile monitors) are accommodated.
In addition, a series of permanent-magnet phase-matching
units (PS1; 2; …) [48] guarantees the correct phase relationship (i.e., constructive interference) between successive
radiators, so that the six undulator segments (each 2.4 m
long) behave essentially as a single, 14-m-long device.
Taking advantage of the seeding process, the available
undulator length is sufficient to allow the FEL to reach
saturation with a typical pulse energy of several tens of μJ.
III. MEASUREMENT SETUP
A. The photon transport system
At the exit of the final radiator undulator, the FEL pulses
enter the photon-beam-transport system (PADReS) that
conveys them to the experimental stations and provides
for their characterization. PADReS includes a diagnostic
ensemble that can determine online and on a shot-to-shot
basis the intensity, the divergence, the position, and the
spectral content of each radiation pulse [49]. Since these
diagnostics are completely noninvasive, in all three experiments, these parameters were acquired in parallel to the
polarimeter data, together with all the most relevant electronbeam parameters. All this information was stored digitally
by the real-time FERMI control system [50], tagged by the
corresponding unique bunch number for each FEL shot.
After the diagnostic section (which also includes two
plane mirrors and the energy spectrometer grating), the
photons were transported towards the end stations diffraction and projection imaging (DiProI) and low density
matter (LDM) (Fig. 2), where they could be routed into

the three different polarimeters installed for this experiment. Along the optical path of PADReS, several optical
elements affect the photon beam. The elements common to
both beam lines are as follows: an angle-defining aperture,
the above-mentioned set of plane mirrors, and the diffraction grating (used in zeroth order). A vertical-deflecting
mirror and a set of Kirkpatrick-Baez (KB) refocusing
mirrors [51,52] are installed along each of the beam lines.
All the optics work in grazing-incidence geometry; their
main parameters are reported in Table IV.
Photon fluence to the experiment was controlled by
insertable Al filters located at several locations along the
optical path and by a gas absorber cell that can be filled
with an absorbing gas (currently N2 ) [49].
The polarimeters were physically mounted on different
end stations (e-TOF and VUV-optical polarimeters on
DiProI, the fluorescence polarimeter on LDM). It is therefore important to note that the optical paths to the two end
stations differ: After the common part, comprising three
horizontal reflections (PM1a, PM1 b, and LE grating), the
beam sent to LDM undergoes an additional horizontal
reflection (LDM switching), which is not required when
reaching DiProI. In both cases, the beam undergoes three
further reflections (VDM, V-KB, and H-KB), with the first
two being in the vertical plane. In total, the FEL beam
experiences six reflections for DiProI (four horizontally
deflecting and two vertically deflecting) and seven for
LDM (five horizontally and two vertically). All mirrors are
planar except the two KB refocusing elements (see below).
It is possible to control the focus of the beam by adjusting
the focal spot position and dimension to the requirements of
the running experiment. This task is accomplished with an
active-optics system, installed on both DiProI and LDM.
Each system consists of a pair of 10-mm-thick mirrors
arranged in a KB configuration; the mirrors are plane in
their relaxed configuration and can be mechanically bent to
the desired curvature [51].
~100 m

Grating

Switching
mirror

DiProI
VDM

DiProI
V-KB

H-KB

FEL-1

Defining Intensity
aperture monitor

e-TOF UV opt
polarim. polarim.
Plane mirrors
(PM1a,PM1b)

Energy
spectrometer

LDM
VDM

V-KB

H-KB
LDM
Fluorescence
polarimeter

FIG. 2. Schematic layout of the PADReS systems with the three installed polarimeters: a VUV optical polarimeter and an electron
time-of-flight (e-TOF) polarimeter have been installed in the DiProI beam line, and a fluorescence polarimeter has been installed in the
LDM beam line.
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Main optical parameters and physical description of the mirrors and grating of PADReS.
Coating

Name

Optical area

Grazing angle ð Þ

Material

Thickness (nm)

2.5
5
2.5
2
2
2
2
2
2
2

C
C
C
C
Au
Au
Au
Au
Au
Au

50
50
50
50
50
50
50
50
50
50

°

PM1a
PM1b
LE gratinga
LDM switching
LDM VDM
LDM V-KB
LDM H-KB
DiProI VDM
DiProI V-KB
DiProI H-KB

Substrate
Si
Si
Fused
Si
Si
Fused
Fused
Si
Fused
Fused

silica

silica
silica
silica
silica

Length (mm)

Width (mm)

Deflection

250
250
250
480
390
360
360
390
360
360

20
20
25
20
16
20
20
16
20
20

Horizontal
Horizontal
Horizontal
Horizontal
Vertical
Vertical
Horizontal
Vertical
Vertical
Horizontal

a

Only the central 60 mm of this optic are ruled as a grating.

0.75

(a)

0.70

0.65
0.60
0.55
0.50
0.45
10

(b)

0.65

0

0.60
0.55

V
H

0.50

V
H

20

0.45
10

20

30

40

Wavelength (nm)

50

60

30

40

50

60

Wavelength (nm)

FIG. 3. Simulated transmission for horizontal and vertical
polarization as a function of wavelength for the optical transport
system to the DiProI (a) and LDM (b) end stations. The step at
≈ 41.3 nm (30 eV) is an artifact due to the use of two different
data bases [54].

Phase delay (deg)

Transmission

0.70

Transmission

0.75

the mirror specifications reported in Table IV. A roughness
equal to 0.5 nm rms (representing the maximum rms
roughness actually measured on one of the optics, the
others having smaller roughness values) and an estimated
carbon contamination of 20 nm were taken into account.
Results of these simulations are reported in Fig. 3.
Since there are more reflections in the horizontal than in
the vertical plane, the transmission for horizontally polarized radiation is, as expected, less efficient than for
vertically polarized radiation. This difference, almost negligible around 10 nm, becomes more important at longer
wavelengths. The net horizontal transmission to LDM is
slightly less than that to DiProI because of the additional
horizontal reflection.
Besides affecting the transmission, the transport optics
may also contribute a different phase delay for the
horizontal and vertical polarization components. While
this effect can be completely neglected for incoming
radiation with perfectly horizontal or vertical polarization,
it has to be seriously taken into account when the
polarization of the FEL light is circular or elliptical.
The phase delay for horizontal and vertical polarization
has been estimated using Fresnel equations and the
refraction index for the PADReS mirror coatings as
reported in Ref. [54]. The predicted phase delay between
horizontal and vertical polarization as a function of the
wavelength is shown in Fig. 4 for the DiProI and LDM
beam lines. In this case too, the estimation has been
(a)

-10
-20
-30
10

20

30
40
50
Wavelength (nm)

60

0
Phase delay (deg)

The e-TOF and the VUV-optical polarimeters were
mounted in series downstream of the DiProI end station.
The focal position of the radiation was moved downstream with respect to the nominal position so as to work
with a more collimated beam. In this way, a spot size of
≈ 100 × 100 μm2 was obtained in the interaction volume
of the e-TOF polarimeter. This configuration concurrently
satisfied the optical requirements of the VUV-optical
polarimeter in terms of both beam size (2.4 × 2.8 mm2
at the entrance) and angular divergence. In the same way, at
the LDM end station a ≈ 1 × 1 mm2 spot was obtained
≈ 1 m downstream of the standard (tight focus) conditions.
In all cases, the optical alignment was checked first by
means of Ce:YAG screens positioned along the photon
beam and further refined using the signals obtained from
the experimental apparatus.
As the optical system entails reflections in both horizontal and vertical planes, the beam transport can modify
the final polarization of the incoming FEL pulses. The
grazing incidence mirrors can have different reflection
coefficients for s and p polarizations, resulting in a
different transmission of the beam line for horizontal
and vertical polarization.
Total transmission for the whole optical transport system
from the undulator exit to DiProI and LDM was estimated
by using the optical transport code IMD [53], together with

(b)
-10
-20
-30
10

20

30
40
50
Wavelength (nm)

60

FIG. 4. Simulated phase delay between horizontal and vertical
polarization versus wavelength for the optical transport system to
DiProI (a) and LDM (b). See Fig. 3 for the step at ≈41.3 nm.
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obtained by taking into account optics roughness and
contamination.
B. The VUV-optical polarimeter
The VUV-optical polarimeter is an all-optical device
based on the well-known polarimetry scheme [22,55] that
uses a polarizer and an analyzer, which are rotated
independently around the optical axis, to retrieve the
complete state of polarization of an electromagnetic wave.
At infrared or visible wavelengths, this type of polarimetry
measurement can be done by using transparent optics, i.e.,
in transmission as indeed done with the fluorescence
polarimeter. However, the extension to the vacuumultraviolet or soft x-ray spectral range requires the use of
reflective optics since highly transparent materials are
not available at such short wavelengths. At each reflection
onto an optical element of the polarimeter, the s and p
components of the electric field experience different
reflectivities, respectively Rs and Rp , and phase shifts,
respectively φs and φp . This difference enables the realization of an XUV linear (low Rp =Rs ratio) or circular (90°
phase-shift difference) polarizer and analyzer.

Figure 5 is a sketch of the whole system. The polarizer
consists of four identical fused-silica mirrors, coated with
a 35-nm-thick layer of molybdenum capped with 5 nm
of B4 C.
This particular coating is optimized for circularly polarized radiation in the 20–35-nm-wavelength range [8]. The
polarizer has been fully characterized at the synchrotron
light source BESSY II in Berlin. For the experiment carried
out at FERMI, the four mirrors were set at a grazing angle
of 20° corresponding to a trade-off between the Rp =Rs
ratio, phase-shift difference, and overall transmission.
The analyzer is made of an uncoated fused-silica mirror
set at an incidence angle of 45°. At this angle, the Rp =Rs
ratio for this mirror is very low in the wavelength range
considered, making it a very efficient analyzer. The
reflected signal is gathered by a 1 × 1 cm2 XUV
photodiode.
The angles formed by the polarizer and by the analyzer
with the horizontal plane are denoted in Fig. 5 as α and β,
respectively. Using the Müller formalism [22,55], the
intensity of the light arriving at the photodiode is then
theoretically given by the following expression:

I out ∝ S0 − S1 cos 2ψ 1 cos 2αS2 cos 2ψ 1 sin 2α þ S0 cos 2ψ 1 cos 2ψ 2 cos 2α cos 2β þ S0 cos 2ψ 1 cos 2ψ 2 sin 2α sin 2β
þ S3 sin 2ψ 1 cos 2ψ 2 sin ϕ1 sin 2α cos 2β − S3 sin 2ψ 1 cos 2ψ 2 sin ϕ1 cos 2α sin 2β
S1
S
cos 2ψ 2 cos 2βð1 þ sin 2ψ 1 cos ϕ1 Þ − 2 cos 2ψ 2 sin 2βð1 þ sin 2ψ 1 cos ϕ1 Þ
2
2
S1
S
− cos 2ψ 2 cos 4α cos 2βð1 − sin 2ψ 1 cos ϕ1 Þ − 2 cos 2ψ 2 sin 4α cos 2βð1 − sin 2ψ 1 cos ϕ1 Þ
2
2
S2
S1
þ cos 2ψ 2 cos 4α sin 2βð1 − sin 2ψ 1 cos ϕ1 Þ − cos 2ψ 2 sin 4α sin 2βð1 − sin 2ψ 1 cos ϕ1 Þ;
2
2

−

ð1Þ

where S0 , S1 , S2 and S3 are the Stokes parameters [8] of the
FEL light entering the polarimeter, ψ ¼ tanðRp =Rs Þ and
ϕ ¼ φs − φp . Subscript 1 refers to the whole polarizer part
(regrouping the four mirrors into a single composite optical
element) and subscript 2 to the analyzer. Note that there is
no ϕ2 component to be accounted for; i.e., the phase delay
into the analyzer plays no role in the measurement. We
recall that S0 is a measure of the total intensity (polarized
plus unpolarized components), while S1 and S2 characterize
the linearly polarized part and S3 the circularly polarized
part.
FIG. 5. VUV-optical polarimeter setup. The polarizer and the
analyzer are placed into two successive vacuum chambers. The
whole setup, approximately 1.5 m long, is positioned downstream
of the DiProI end station. In front of and behind the polarizer, two
irises of 5 mm diameter are used for aligning the polarimeter on
the FEL axis. The α angle ranges from −30° to þ40°, the β angle
from −170° to þ170°.

C. The e-TOF polarimeter
The e-TOF polarimeter uses angle-resolved electron
spectroscopy to determine the degree of linear polarization
of the incident radiation. Comprised of 16 independent
electron time-of-flight (e-TOF) spectrometers mounted in a
plane perpendicular to the FEL beam (Fig. 6), the device
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can accurately determine the angular distribution of the
photoelectrons that are emitted by the ionizing radiation.
The angular distribution in this dipole plane depends on the
degree and state of linear polarization, on the particular
atomic gas target, and on which of its subshells is ionized
[56]. By using an effusive gas beam to introduce different
rare-gas atoms and measuring different subshells, we can
unambiguously normalize the efficiency and transmission
of the detectors and finally determine the degree, as well as
the plane, of linear polarization. The absolute degree of
circular polarization can be deduced if one assumes
constant total polarization and determines the unpolarized
background beforehand in the linear polarized mode of the
light source.
The e-TOF polarimeter was designed for, and successfully tested at, the Variable Polarization XUV Beamline
P04 of PETRA III [57], with emphasis on highly efficient
polarization determination. For the current FEL experiment, this kind of polarimeter is complementary to the
VUV and fluorescence optical polarimeters as it allows for
discrete, single-shot polarimetry simultaneously with other
experiments.
The data acquisition system (DAQ) of the e-TOF system
was integrated into the FERMI-DAQ of the DiProI end
station, and it tagged all acquired e-TOF data with the
FERMI bunch number. This enabled us to do off-line crosscomparison of the polarimeter data with a set of corresponding FERMI beam parameters on a shot-by-shot basis.
A detailed description of the setup will be reported in
Ref. [58]. A brief description of the data-analysis procedure
necessary for reconstructing the polarization state from the
e-TOF spectrometer signals is given in Sec. IV B.
D. The fluorescence polarimeter
Polarization measurements at LDM were carried out by
means of a novel experimental approach that takes advantage of the intrinsic polarization properties of fluorescence
light from resonantly excited atoms. This method is based
on the conversion of polarized VUV radiation to visible
radiation with the same polarization parameters. The
scheme, which is available whenever the decay pattern
of the resonantly excited atom includes a suitable intermediate radiative step, is also supported by theoretical
predictions [59]. A similar scheme was used in a previous
experiment relying on synchrotron radiation [60]. With
respect to direct polarization measurements at VUV wavelengths, this method has the significant advantage that
polarization analysis of visible light is straightforward at
the stage of data acquisition. Proper phase retarders and
linearly polarizing analyzers based on transmission optics
are also readily available, with ideal polarizing parameters.
Exact quarter-wave phase retardation with no absorption
(or isotropic absorption) and a high extinction ratio
(< 10−3 ) for the linear polarizer are the two key factors
that allow a significantly simplified experimental setup,
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FIG. 6. Geometry of the 16-fold electron TOF spectrometer
setup. The FEL beam enters perpendicular into the plane of the
figure. The angular distribution for Ne 2p (blue) and He 1 s
(green) photoelectrons is depicted for a wavelength of 26 nm and
horizontally polarized light.

data-acquisition procedure, and, most importantly, dataanalysis procedure.
The polarization measurements presented here are based
on resonance fluorescence from atomic helium. The chosen
excitation and decay pattern is as follows: Absorption of
VUV radiation of 53.703 nm (23.087 eV) resonantly
excites the ground state of the He atom to the 3 1 P singlet
state, corresponding to the atomic configuration He(1s3p)
[61]. This state can decay into two radiative channels:
98% back to the ground state and 2% to the 2 1 S state,
whose configuration is He(1s2s), with emission of
501.5 nm (2.471 eV) photons, that is, green radiation
[62]. Fluorescence decay of the latter transition preserves
the polarization state of the primary beam when observed
along the propagation direction. A detailed analysis of the
process and of the physics involved is reported in Ref. [63].
The experimental apparatus used for this experiment was
tested on a HHG source [64] prior to installation on the
LDM beam line, and it is described in Fig. 7. A constant
flow of He was injected at the interaction region from a
needle type of inlet. The nominal pressure of the He flow

FIG. 7. Schematic diagram of the experimental apparatus for
the polarization measurements at LDM.
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was 1 × 10−5 mbar. The whole apparatus for the polarization measurements of the visible fluorescence was
mounted in air and shielded from environmental visible
light. This apparatus consists of a broadband λ=4 phase
retarder (ranging from 400 to 700 nm) and an analyzer,
both working in transmission. The rotation angle of the
polarizing optics could be determined with an accuracy
of 0.1°.
The intensity of the fluorescence transmitted by the
polarimeter was measured by means of a photomultiplier
with a 20-mm-diameter aperture. The distance between the
interaction region and the detector was 350 mm, giving a
total angular acceptance of about 3°. Polarization analysis
was carried out by monitoring the intensity as a function
of the rotation angle of each of the two polarizing
optics. Vacuum and air were separated by a 3-mm-thick
fused silica window, DUV grade, which has a transmission
> 90% at a 501.5-nm wavelength.
This window also acted as a beam stopper for the FEL
UV radiation. The 268.5-nm radiation from the FEL
seed laser was filtered by means of an Al foil (200 nm
thick) inserted several meters upstream of the interaction
region.

To minimize the probability of nonlinear processes, the
FEL beam spot size at the interaction region was purposefully set to about 1 mm diameter (full width half maximum); this size is rather large when compared to typical
experiments where focusing is in the range of a few tens of
μm. The spot-size adjustment was done by means of the
adaptive KB mirrors.
The experimental method and theoretical formalism for
determining the Stokes parameters of the visible fluorescence light from the analysis of the intensity transmitted
by the polarizing optics are the same as those used for the
UV multiple reflection optics presented in Sec. III B.
Equation (1) again applies, once reflection coefficients
are replaced by the appropriate transmission ones (the full
theory of polarization analysis by means of reflection
devices can be found in Refs. [65,66]).
The total intensity of the light transmitted by the
polarimeter (retarder þ analyzer) is derived from the input
Stokes vector Sin and the complex transmission coefficients
of the polarimeter [65,66]. In the configuration used here,
with a λ=4 phase retarder and a high-extinction-ratio
polarimeter, the equation for the transmitted light as
measured by the detector I d can be simplified as




1
1
I d ¼ K 1 þ S1 ½cos 2β þ cosð4α − 2βÞ þ S2 ½sin 2β þ sinð4α − 2βÞ þ S3 sinð2α − 2βÞ :
2
2

In Eq. (2), K is a calibration factor, which accounts
for the number of photons per pulse (S0 ), the fluorescence
yield, the fine wavelength tuning of the FEL, the transmission through the optics, and the efficiency of the
detector; S1 , S2 , S3 are the normalized Stokes parameters
of the incoming FEL radiation.
By measuring I d for different combinations of α and β,
one can completely characterize the polarization state of the
light. Consistently with Eq. (1), both α and β are measured
relative to the horizontal axis. The horizontal direction was
determined by means of a mechanical level that defined the
alignment of the breadboard supporting the polarimeter
optics; this procedure yields an accuracy of about 1°. The
choice of mechanically mounting the polarimeter parts on
the breadboard allows us to maintain this alignment to an
even higher level of accuracy.
IV. RESULTS
The FEL radiation polarization properties were measured with the three setups described in the previous
sections. While the VUV-optical and e-TOF systems could
operate in parallel and thus simultaneously characterize the
same discrete FEL pulses, the LDM fluorescence apparatus
was operated as an independent experiment. It was physically installed on a different branch line of PADReS, and,

ð2Þ

as mentioned, required a different setup of the FEL, in order
for the output photon energy to be matched to the desired
atomic resonance.
A. VUV-optical measurements and analysis
For each FEL configuration characterized by the optical
polarimeter, the β angle was scanned for various α angles
(see Fig. 5). A typical measurement of the intensity collected
by the photodiode at a fixed α value is shown in Fig. 8. For
each FEL shot, the signal on the photodiode is normalized to
the intensity read using the PADReS gas-ionization-monitor
diagnostic in order to account for the FEL shot-to-shot
intensity fluctuations. The data analysis is performed on the
points obtained by averaging the various measurements for
each β value. A least-squares fitting to Eq. (1) is then
performed, allowing the retrieval of the Stokes parameters.
For each FEL configuration, the β scans were repeated
for various α values in order to improve the fitting
procedure and to reduce the errors. While β was scanned
from −170° to 170° with a 10° step, typical α values used
for the scans were −30°, −22°, −15°, −7°, 0°, 7°, 15°, 22°,
30°, and 40°.
The acquired data have been analyzed with different
fitting algorithms, and the results are in good agreement.
The accuracy in the absolute values for the determined

041040-8

photodiode signal (arb. un.)

CONTROL OF THE POLARIZATION OF A VACUUM- …
1.0

TABLE V. Results of the analysis of the VUV-optical polarimeter data. Total degree of polarization and Stokes parameters,
normalized to S0 , are reported for different undulator settings and
wavelengths.

0.8
0.6
0.4

Wavelength Nominal FEL Measured
(nm)
polarization polarization S1 =S0 S2 =S0 S3 =S0

0.2
0.0
-180

-90

0
β (deg)

90

180

FIG. 8. Typical data set of a β scan acquired with the optical
polarimeter. The normalized detector signal averaged over 50
FEL shots (blue points), and the rms errors for each β value are
plotted versus the polarizer angle β. In red, the best fit is also
shown. Reported data refer to the 26-nm vertical polarization
with α ¼ 7°.

Stokes parameters has been estimated to be better
than 0.05.
Figure 9 reports a collection of the measured average
signals for various α and β, together with the fitted curves.
Data reported in Figs. 8 and 9 refer to the FEL optimized at
26 nm for vertical polarization. The fitting algorithm
applied to this data set defines the Stokes parameters
S ¼ ½1; −0.97; 0.03; 0.07 that characterize the measured
3.0

Signal (arb. un.)
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(a)

2.5
2.0
1.5
1.0
0.5
0.0
-180

-90

0
β (deg)

90

180

1.0

(b)

Ey

0.5

0.0

26
26
32
32

0.97
0.96
0.96
0.93

−0.97
−0.02
−0.96
−0.05

0.03
0.05
0.02
−0.19

0.07
0.96
0.06
−0.91

FEL radiation. As is evident from Fig. 9(a), the polarization
state found returns a consistently good fit for all the scans
done at different values of α. Figure 9(b) shows the
reconstructed polarization ellipse obtained from the measured Stokes parameters, corresponding to a degree of
polarization for the FEL of P ¼ 0.97.
The same analysis procedure has been followed for all
the data sets acquired in different polarization states and
wavelengths, with final results summarized in Table V.
Data corresponding to horizontal polarization could not be
characterized because of the low photon flux reaching the
photodiode in this condition, caused by the low reflectivity
of the polarizer for this polarization. In every case, the total
degree of polarization is above 0.9 and the retrieved Stokes
parameters match the nominal polarization settings of the
undulators well. One should note that for the circular cases,
non-negligible values of S1 and S2 are obtained. These
values nevertheless are consistent with the expected effect
of the beam-line optics upon the polarization of the FEL
light (see Figs. 3 and 4), as will be discussed at the end of
Sec. IV C.
Furthermore, in addition to the Stokes parameters, the
data fitting allows retrieval of the ψ 1 , ψ 2 , and ϕ1 parameters
[see Eq. (1)], i.e., the Rp =Rs ratio in the polarizer and in the
analyzer, and the phase delay in the polarizer. The values
that have been found are, respectively, 0.50, 0.14, and 78.0°
at 26-nm radiation wavelength and 0.43, 0.20, and 78.3° at
32 nm. The phase delay and the Rp =Rs ratio in the polarizer
are in agreement with previous calibration; this is a further
check of the quality of the data analysis.
B. e-TOF polarimeter

-0.5

-1.0
-0.04

Linear vertical
Circular right
Linear vertical
Circular left

0.00
Ex

0.04

FIG. 9. (a) Complete data set of the scans for 26-nm vertical
polarization. Red points report the average signal for each value
of α and β. Blue lines show the fitted curves obtained from the
various β scans, allowing the retrieval of the FEL Stokes
parameters. (b) Polarization ellipse reconstructed with the
Stokes parameters obtained from the fit. Note the expanded
horizontal scale.

After calibrating the 16-fold angle-resolving photoelectron spectrometer setup that is described in a forthcoming
paper [58], the analysis of the TOF signals acquired by the
polarimeter allowed reconstruction of the angular distribution of the photoelectrons ionized by the polarized FEL
pulses (Fig. 10). For each individual FEL shot, the 16
signals giving the probability distribution function of the
electron can be fit by a theoretical prediction that takes into
account the physics of the ionization process. In the dipole
approximation, the electron angular distribution can be
described by the following expression:
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TABLE VI. Summary of the measured average degree of polarization for various FEL configurations. S1 and S2 are extracted from Plin
through trigonometry, and S3 is calculated assuming perfectly polarized light; the measurement setup cannot distinguish between
unpolarized and circularly polarized light.
Wavelength (nm)

FEL polarization

Plin

ψ ð °Þ

S1 =S0

S2 =S0

S3 =S0

26
26
26
26
32
32
32
32

Linear vertical
Linear horizontal
Circular left
Circular right
Linear vertical
Linear horizontal
Circular left
Circular right

0.97  0.02
0.94  0.02
0.11  0.02
0.11  0.02
0.90  0.02
0.97  0.02
0.10  0.02
0.14  0.02

89.7  1
0.4  1
50  6
127  6
91.3  1
−1.2  1
124  5
53  6

−0.97
0.94
−0.02
−0.03
−0.90
0.97
−0.04
−0.04

0.01
0.01
0.11
−0.10
−0.04
−0.04
−0.09
0.13

0.25
0.34
−0.99
0.99
0.43
0.23
−0.99
0.99

PðθÞ ¼ 1 þ

βTOF
f1 þ 3Plin cos ½2ðθ − ψÞg:
4

ð3Þ

Here,pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Plin is the degree of linear polarization
(Plin ¼ S21 þ S22 ), ψ is the direction of the linear polarization, and βTOF describes the angular anisotropy parameter. For the case of He atoms, βTOF ¼ 2. Please note that
this βTOF parameter is not an angle, nor it is related to the
parameter β appearing in Eqs. (1) and (2).
As already anticipated, the e-TOF polarimeter in the
configuration used here can only directly measure the
degree of linear polarization (Plin ). The degree of circular
polarization (Pcirc ), without distinction between left and
right polarizations,
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ can only be estimated by the formula
Pcirc ¼ 1 − P2lin under the assumption that the radiation
is fully polarized. This assumption is reasonable for the
case of the FERMI FEL since it has been demonstrated
both by measurement of the linear polarization and by
measurements done with the other two polarimeters that the
degree of polarization is very high.
Measurements were taken with the e-TOF setup at
various wavelengths and polarizations. Table VI summarizes the results of the measurements done for the four
polarizations at 26-nm and 32-nm wavelengths.

been scanned from the minimum value that is necessary for
producing a coherent signal up to very high values that far
exceed the optimum and generate a strong overbunching, as
is evident from structures appearing in the FEL output
spectrum (notably characterized by a double peak [67]).
During this scan, we simultaneously acquired the FEL
spectrum [Fig. 11(a)], the FEL intensity as measured by the
PADReS intensity monitor [Fig. 11(c)], and the 16 e-TOF
signals [Fig. 11(b)]. These signals could be directly
correlated since all acquisitions were tagged with the bunch
number.
The results summarized in Fig. 11 provide strong
evidence that the degree of polarization, as measured by
the e-TOF, is insensitive to the seed power level and to its
effect on the FEL output power and spectrum. Similarly,
90

(a)

90

(b)

1

135

45

0.8

1

135

0.6

0.6

0.4

0.4

0.2

180

0.2
0.2 0.4 0.6 0.8

1

0

180

315

225

1. Polarization sensitivity to FEL settings

0.2 0.4 0.6 0.8

225

0

270

1.0

1.0
(c)

(d)

0.5

0.5

Ey

Ey

1

315

270

The capability for fast, single-shot polarization measurements provided by the e-TOF polarimeter has been
exploited to study the sensitivity of FEL polarization to
the various electron-beam and seed-laser parameters typically used to optimize the FEL output radiation. These
parameter studies were made primarily with the FEL
operating at a 32-nm wavelength in horizontal polarization.
Several series of polarization measurements were conducted as the seeding (e.g., power, relative timing), and
FEL parameters (e.g., dispersion-section strength, laserheater power, number of radiators on resonance) were
changed systematically.
A representative data set of this kind of study is shown in
Fig. 11. In this particular case, the seed-laser power has

45

0.8

0.0

-0.5
-1.0
-1.0

0.0

-0.5
-0.5

0.0
Ex

0.5

1.0

-1.0
-1.0

-0.5

0.0
Ex

0.5

1.0

FIG. 10. Example of the processed signal of the e-TOF showing
single shot data for the electron-beam distribution on He for the
FEL at 32-nm horizontally polarized (a) and circularly right
polarized (b). Panels (c) and (d) report the corresponding
reconstructed ellipses.
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315

1.0

100
200
300
Analyzer rotation β (deg.)

0

100
200
300
Analyzer rotation β (deg.)

FIG. 12. Analyzer scan (markers) and fitting curves (solid line)
for the linear horizontal polarized state. (a) Linear horizontal state
measured with the analyzer only. In this case, the fitting function
is given by I ¼ K½1 þ Plin cos 2ðβ − δÞ, where Plin is the degree
of linear polarization (measured at 92%) and δ is a parameter that
allows a fine adjustment of the position of the maxima. (b) Same
polarization but measured with the complete polarimeter (analyzer and phase retarder) by scanning the analyzer in a 0°–360°
range with a step of 5°. The fitting function in this case is given by
Eq. (2), and the results are reported in Table VII.

270

FIG. 11. Evolution of FEL and polarization as a function of the
seed-laser power: (a) FEL spectrum, (b) average signal measured
by the 16 e-TOF, and (c) FEL energy per pulse as a function of the
seed-laser power. Panel (d) reports the polar plot of 16 e-TOF
average signals for a few seed-laser intensities and shows that the
angular distribution of the signal over the 16 detectors is
essentially maintained at all seeding intensities.

the degree of polarization remained insensitive and uncorrelated to other external seed, electron-beam, and undulator
parameters (other than undulator polarization, as reported
in Table VI). Changes of critical parameters, such as the
seed-laser timing, undulator resonance, and strength of the
dispersive section to the extent that the FEL intensity is
suppressed by more than a factor 2 and the spectrum is
significantly affected, have not shown any effect on the
degree of the measured polarization. It is important to point
out that normal shot-to-shot fluctuations of machine
parameters induce variations of FEL intensity and other
spectral properties that are much smaller [33,34] than those
intentionally induced in the mentioned parameter scans.
Indeed, preliminary analysis does not show any correlation between the degree of polarization and machine
parameters.
C. Fluorescence polarimeter
Polarization measurements at LDM were carried out for
linear horizontal (Fig. 12), circular right (data not shown),
and circular left (Fig. 13) states for the FEL operated at a
wavelength of 53.7 nm. The curves shown in these graphics
were normalized to the experimental amplitude parameter
kI 0 that was determined via the fitting procedure.
All analyzer scans were normalized to the FEL energyper-pulse measured with the PADReS gas ionization
monitor. After subtraction of the background fluorescence

Modulation/K

2

α=

-45°

45°

1

0
0

100
200
300
Analyzer rotation β (deg.)

FIG. 13. Analyzer scans for the state of nominal circular-left
polarization at α ¼ −45∘ (red) and α ¼ −45∘ (blue). These data
allow us to measure S2 and S3 .

(emitted by the fused silica window), the Stokes parameters
were determined by means of a fit to the function given in
Eq. (2). The results of the fitting procedure for the three
polarization states are shown in Table VII.
Horizontal linear polarization was measured both with
and without a phase retarder; the two measurements
provide the same degree of polarization (P ¼ 0.92). This
result shows that the polarization is purely linear. The
maxima (minima) appear at the same angular position for
the two curves; this is an indication of the good internal
alignment of the polarimeter.
However, these maxima do not appear exactly at 0°; they
exhibit a shift of ≈ 3° that results in a nonzero S2 . In
principle, one cannot rule out a systematic error introduced
by a rotation of the polarimeter in the laboratory reference
frame, even though 3° is large compared to the accuracy of
the initial positioning.
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TABLE VII. Best-fit parameters for different FEL nominal
polarization states (see text for the fitting procedure).
Nominal FEL
polarization

Measured
polarization

S1 =S0

S2 =S0

S3 =S0

0.92
0.92
0.93

0.92
−0.07
−0.20

0.11
0.21
−0.31

0.00
0.89
−0.85

Linear horizontal
Circular right
Circular left

In the case of circular-left polarization, the β scan of
the analyzer has been performed by setting the polarizer
angle α at 0° and 45°. Table VII summarizes the Stokes
parameters obtained for all the polarization cases studied
with the LDM polarimeter.
A remarkable result pertaining to the circular polarization is the substantial amounts of S1 and S2 measured.
These parameters, expected to be strictly zero for a
perfectly circularly polarized light, definitely point to
elliptical polarization states. Given the relatively long
wavelength used in this experiment, the role of the
photon-transport system as a potential polarizer source
needs to be considered carefully. Indeed, predictions
anticipated in Fig. 4 suggest that a phase delay of more
than 10 degrees may occur between the horizontal and
vertical polarization components. The measured tilt of the
polarization ellipse is compatible with this simulated phase
delay for the beam-line optics.
D. Summary
The results of polarization measurements obtained with
the three polarimeters summarized in Tables V, VI, and VII
indicate a high degree of polarization for all the polarizations and wavelengths studied. The tilted elliptical
1.0

Polarization

0.5
0.0

-0.5
-1.0
20

40
Wavelength (nm)

60

FIG. 14. Predicted impact of the LDM (dashed lines) and
DiProI (continuous line) beam-line optics on the Stokes parameters (red ¼ S1 =S0 , black ¼ S2 =S0 , blue ¼ S3 ) for a circular
polarized light produced at the undulator. Predictions are shown
together with measured Stokes parameters at the experimental
stations (circular-right filled symbols and circular-left empty
symbols) reported in Tables V, VI, and VII and obtained with
the LDM setup (triangles), VUV optical polarimeter (circles), and
e-TOF polarimeter (squares). See Fig. 3 for the step at ≈ 41.3 nm.

polarization measured for circularly polarized undulators
is explained as an effect of the beam-line transport optics
and is indeed more prominent for longer wavelength, where
the beam-line polarizing effect is stronger. The small
amount of nonpolarized light measured can be attributed
to the beam-line optics with residual roughness and
diffraction effects; in a more refined analysis, the contribution of off-axis emission should be considered too.
In Fig. 14, the measured Stokes parameters in the case of
circularly polarized FEL light are reported, together with
the predicted beam-line-induced polarizing effect (including roughness and contamination) for both the LDM and
DiProI beam-line optics. The figure shows that the measured behavior is in very good agreement with the optical
calculations accounting for the different response of the
mirror to s and p polarization components.
V. CONCLUSIONS
We have conducted a detailed study of the FEL polarization generated by FERMI FEL-1 in the VUV soft x-ray
spectral range over various different wavelengths and
machine conditions. Three independent measurement devices and methods have been implemented, and the obtained
results have been cross-checked for mutual consistency.
Our results indicate that the polarization properties of the
high-power coherent light from FERMI FEL-1 are those
expected and that the polarization state may be finely
controlled and adjusted by changing the undulator polarization according to the needs of the user experiments
within less than one minute. The three independent
methods have measured polarization degrees greater than
0.9 for all linear and circular polarization states over the
wavelength range 26–55 nm. As expected, the degree of
output polarization is insensitive to seed-laser and electronbeam parameters.
A small ellipticity has been measured in the case of
circular undulator polarization. This ellipticity becomes
more significant at longer wavelengths, where the dichroism of the grazing incidence mirrors, used to deliver the
FEL light to the experimental stations, becomes larger. This
behavior is in good agreement with optical calculations that
take into account the effects of the dichroism of downstream transport mirrors. This agreement suggests that for
those experiments requiring a particularly high degree of
circular polarization, a proper tuning of the undulators
could be used to compensate this beam-line dichroism, thus
reducing the spurious S1 component that is ultimately
incident onto the experimental stations.
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