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Free electron lasers emit powerful and coherent radiation in a wide wavelength range extending to hard
x-rays. This radiation is also characterized by a high degree of polarization that is generally linear and
depends on the undulator properties. The possibility of controlling the polarization state of the radiation is
an important option for free electron lasers that is critical for a large class of experiments. Such control can
be achieved using variable polarization undulators or alternatively via the crossed polarized undulator
scheme. We report the results of an extensive study for the characterization of the crossed-polarized
undulator scheme in a number of different configurations. A simple model, based on Gaussian mode beam
propagation, is presented and used to reproduce the experimental results obtained at the seeded free
electron laser FERMI. A good agreement is found between the model and the experiment allowing us to
understand the impact of the wavefront properties of the radiation coming from the consecutive undulators
on the output radiation. The model is used not only for characterizing the control of the polarization but also
for the control of the transverse mode.
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I. INTRODUCTION

While variable polarization control is widespread for
synchrotron-based light sources [1–6], it is still limited for
present day free electron lasers (FELs). This is mainly due
to technological and cost reasons related to the develop-
ment of suitable undulators capable of sustaining the FEL
process. Alternative solutions for achieving polarization
control, in particular for SASE FELs in the X-ray wave-
length range employing linearly-polarized undulators, have
been proposed and studied in the last decades [7–10]. One
of the most attractive possibilities relies on the coherent
superposition of radiation generated by orthogonally polar-
ized undulators [8] in the so-called “crossed polarized
undulators” (XPU) scheme.
The first demonstration of the XPU scheme was imple-

mented on a synchrotron source [11] where the light from
two linearly polarized undulators produced circularly polar-
ized light which was then utilised to perform magnetic
dichroism experiments [12]. The limited degree of polari-
zation,∼0.4 reported in [11], was a priori determined by the
partial coherence of the source and the wide bandwidth of
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the emission. In fact, the ideal source for theXPU setupmust
have a high degree of coherence and narrow bandwidth in
order to enable significant constructive interference of the
two electromagnetic waves emitted by the orthogonal
undulators [8]. FEL sources represent an ideal candidate
for the scheme because of their high transverse coherence;
hence a high degree of polarization is expected [9].
When insertion devices with variable polarization are

available [13,14], the XPU scheme can be used to generate
radiation with arbitrary polarization, or linearly polarized
emission free of on-axis higher harmonic content.
A schematic depiction of the XPU principle for different
cross-polarization configuration is shown in Fig. 1. The
XPU scheme offers the interesting possibility of extremely
fast polarization switching by tuning of the electromagnetic
phase shifters installed between the undulators. This
capability is attractive for novel user experiments, as it
does not require a change in the undulator tuning, which
can be both time consuming and require additional electron
beam optics optimization.
The XPU scheme has been successfully demonstrated on

multiple FEL devices including oscillators operating in an
optical klystron configuration [16] and amplifiers in both
the low-gain regime at visible wavelengths [17] and the
high-gain regime at XUV wavelengths [18]. The latter case
was studied at the FEL-1 of FERMI and despite the high
degree of coherence [19–21], the measured maximum
degree of polarization was limited to ∼0.8. This reduced
degree of polarization with XPU from a nearly fully

coherent source as FERMI, was attributed to the interfer-
ence between the radiation produced by multiple undu-
lators that are separated by a finite distance. For a better
understanding of the XPU process, we have developed a
suitable model that, by considering the free space diffrac-
tion of the radiation, reproduces the measured results.
In this work additional XPU measurements are reported
and compared with model predictions. The model is
introduced in Sec. II together with a description of the
used FERMI FEL-1 setup and it is used for reproducing the
transverse pattern interference of coherent fields with same
polarization produced by consecutive FEL undulators.
A thorough experimental characterisation of the XPU
scheme at FERMI is then presented in Sec. III and results
are compared with model predictions. We conclude in
Sec. IV with a short summary of our findings.

II. EXPERIMENTAL SETUP AND MODEL

For the experiments reported here, we operated the
FERMI FEL-1 [22] at a wavelength of 23.8 nm, corre-
sponding to the 11th harmonic of the 261.1 nm external
seed laser. The electron beam had an energy ∼1.45 GeV
and a 700 pC charge compressed to a peak current of 650A.
Additional parameters are reported in Table I; other e-beam
and FEL parameters correspond to the standard values for
FERMI and can be obtained from [23].
For the polarization measurements, data have been

acquired using the e-TOF polarimeter [24] that is capable

FIG. 1. Schematic depiction of the XPU scheme. (a) and (b) describe the superposition of two linearly polarized sources, LH (red line)
and LV (green line) to obtain either circularly polarized, or linear polarization at an arbitrary direction (light blue line). (c) and
(d) schematically illustrate the superposition of CR and CL sources (red and green curves, respectively) to produce linearly polarized
light with arbitrary direction (light blue curve, along the vertical and horizontal direction in the image). Images obtained using [15].
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of characterizing the polarization of the radiation on a shot-
to-shot basis [13,14]. The polarimeter was installed at the
back end of FERMI’s LDM beamline [25], approximately
50 cm downstream of the nominal LDM endstation focal
position. The diverging photon beam size at the measure-
ment location was >100 μm in order to prevent higher
order effects on the photoionization spectra. For details
about the transmission at different wavelengths and for
different polarization states, see [13,14]. At 23.8 nm wave-
length, the beamline simulated transmission has a 4%
difference between LH and LV polarization. The stability
and reproducibility of the XPU scheme constitute one of the
main concerns for its applicability to experiments [26].
Consequently we performed a careful characterisation of the
statistical fluctuations of the FEL polarization properties.

A. FERMI FEL-1

The radiator for FEL-1 consists of six separate undu-
lators that can be independently tuned in wavelength and
polarization, allowing various possibilities to implement
advanced schemes such as two pulse-two color [19,27] or
the crossed polarized undulator scheme [18]. The undu-
lators are each 2.4-m long and separated by drift spaces of
∼1.3 m where quadrupole focusing, phase shifters, and
diagnostics are located.
With the variable polarization APPLE-II undulators [28]

used at FERMI, two separate groups of orthogonal linearly
polarized undulators can be superposed to produce circular
polarization, or vice versa. Moreover, the flexibility of the
undulator setup allows one to use two different XPU
configurations as illustrated in Figs. 2(b),(c). Similar to
the original proposal [8], one can implement the crossed
polarized undulator scheme by setting a first contiguous
group of undulators to a given polarization state, and a
second set of undulators to the corresponding orthogonal
polarization [Fig. 2(b)]. A critical requirement for this
configuration is that the intensity of the two polarized fields
should be balanced as exactly as possible. Due to the
increasing gain as the electrons travel along the radiator,
this leads to an unequal number of undulators for the two
sets. Another possibility [Fig. 2(c)] is the distributed XPU
scheme [29,30] in which the undulators are tuned with
alternating polarization. In this case both orthogonal fields
grow along the radiator chain allowing easier balance of the
two field intensities. The distributed XPU scheme was also
implemented on SPring-8 storage ring [31].

The phase shifters installed in the drifts between undu-
lators are critical systems. During normal FEL operations,
careful phase shifter tuning is necessary for optimizing the
FEL gain by maximizing the constructive interference
of emission from consecutive undulators. For the XPU
scheme, the setting of phase shifters consequently deter-
mines the final polarization state of the output FEL pulse.

B. Theoretical model

The XPU scheme relies on the generation of two
orthogonal fields that must have similar characteristics
despite being emitted from different sets of undulators. This
requirement can be achieved when there is limited expo-
nential growth of the bunching within a single undulator
length. For a very high gain SASE FEL that starts from
noise, a possible scheme is to place two orthogonally
polarized undulators at the very end of the main undulator
line [9]. For an externally seeded FEL such as FERMI
where the initial microbunching level is much higher,
coherent, and controllable, there is significantly more
flexibility in optimizing the XPU scheme.
In both cases the FEL radiation is produced by a

prebunched beam in relatively short undulators and is well
described by a TEM00 Gaussian mode, whose beam waist
is determined by the electron beam size within the
undulator and whose source point coincides approxi-
mately with the undulator center. In this approximation
the radiation from different undulators can be described by
Gaussian modes, each with different source points. As a
result, given the different curvature of the two orthogonally
polarized fields’ wavefront at the target, the relative eikonal
phase varies as one moves off axis (see Fig. 3).

(a)

(b)

(c)

FIG. 2. Schematic representation of the FEL-1 setup. In the
normal configuration (a) all the modules constituting the radiator
are tuned to the same polarization state to emit polarized FEL
radiation [circular right (CR), circular left (CL), linear vertical
(LV) or linear horizontal (LH)]. The crossed polarized undulator
scheme instead can be implemented as a superposition of two
consecutive sources (b) or in a distributed scheme (c). Red and
green represent undulators with two orthogonal polarizations
(P1 and P2) that can be either CR—CL, or LH—LV that produce
FEL pulses with corresponding polarization properties (FELP1
and FELP2). The labels MOD indicates the modulator undulator,
R56 the dispersive section. Image adapted from [18].

TABLE I. Relevant parameters for the FEL configuration used
in the experiment.

Undulator length 6 × 2.4 m
Drift length 1.3 m
FEL wavelength 23.8 nm
Beam waist (RMS) 100 μm
FEL Rayleigh range 1.32 m
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The fact that the phase difference between the two fields
is not constant but changes off axis has an impact on the
optimum setting of the phase shifter. In fact, for a value of
the phase shifter that produces constructive interference
for the two on-axis fields, there will be a locus off axis
where the two fields will be in antiphase, and will interfere
destructively; here the total field will show a relative
minimum. The larger the distance d between the two
source points compared to the Rayleigh length of the
radiation zR, the larger the effect.
Evidence of this effect at FERMI can be observed in

Fig. 4 where the transverse mode of FEL-1 operated at
23.8 nm is shown for three different values of the phase
shifter between the last two undulators, both emitting at the
same wavelength and polarization. We now outline a
simple model whose predictions will then be compared
to these experimental results.

C. Model description

For our model we consider the case where the bunching
does not change significantly over the distance of a single
undulator. This condition is not suitable for characterizing
the exponential growth of the power in a SASE FEL where
the gain guiding strongly affects the FEL mode evolution
[32]. However it is very well suited for the FEL conditions
used for the FERMI XPU experiments described before.

We treat the radiation emitted from each undulator as an
independent Gaussian mode beam. The mode’s waist
location is placed at the center of the undulator segment,
the waist size (wj

0 in the following) is assumed to be equal
to the (z-averaged) transverse electron beam dimension in
the undulator. It can be estimated either knowing the Twiss
parameters along the undulator chain, or by measuring the
electron beam transverse size at each undulator exit as for
the results reported in Sec. III. Finally, the intensity of each
Gaussian mode can be estimated by measuring the con-
tribution of each undulator to the overall FEL power via an
FEL gain curve.
Adopting a Cartesian coordinate system ðx; y; zÞ with z

parallel to the propagation direction, the eikonal electric
field of the jth source can be decomposed into its
orthogonal horizontal (H) and vertical (V) components:

Ej
Hðx; y; zÞ ¼ Ej

0;H
wj
0

wjðzÞ exp
�
−
�

r
wjðzÞ

�
2

− ikz − ik
r2

2Rj þ iχ

�

Ej
Vðx; y; zÞ ¼ Ej

0;V
wj
0

wjðzÞ exp
�
−
�

r
wjðzÞ

�
2

− ikz

− ik
r2

2Rj þ iχ þ iφj
H→V

�
; ð1Þ

FIG. 3. Phases of the superimposed electric fields (E1 and E2), together with the magnitude of the total electric field (Etot). Top: when
the distance d between the sources is larger than the Rayleigh length zR of the radiation, the two sources have different phase profiles
at the interaction point, hence the superposition field exhibits phase differences along the wavefront. Bottom: when the distance between
the sources is smaller than zR no significant phase shift is present transversely.

EUGENIO FERRARI et al. PHYS. REV. ACCEL. BEAMS 22, 080701 (2019)

080701-4



where

zjR ¼ π
ðwj

0Þ2
λ

ð2Þ

is the Rayleigh length,

wjðzÞ ¼ wj
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
z

zjR

�
2

s
ð3Þ

is the mode size at distance z from the waist, wj
0 the waist

size, k the wave number,

Rj ¼ z

�
1þ

�
zjR
z

�2�
ð4Þ

is the radius of curvature, r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
the distance from

the beam axis,

χ ¼ tan−1
�
z

zjR

�
ð5Þ

is the Gouy phase [33] and finally φj
H→V is the relative

phase between the horizontal and vertical components of
the jth source, defining its polarization. Equation (1)
implicitly presumes that all sources are strictly coaxial
and have no tilt.
As an example, a circularly polarized source can

be written as Ej
0;H ¼ Ej

0;V and φj
H→V ¼ 90 deg (CR) or

φj
H→V ¼ −90 deg (CL), while a linear horizontal (LH)

polarized source canbewritten asEj
0;H ¼ constant,Ej

0;V ¼ 0,

φj
H→V ¼ 0 deg.
The horizontal and vertical components of the resulting

electric field can be written, according to the superposition
principle, as

Etot
H;Vðx; y; zÞ ¼

X
j

Ej
H;Vðx; y; zjÞ × expðiΔϕjÞ; ð6Þ

where zj is the distance of each source, i.e., each undulator
center, from the measurement location. For convenience,
we separate the phase contribution to each source in two
parts. The first, φj, is the phase between the horizontal and
vertical electric field components. It allows us to define a
generic polarization state for each source, e.g., circular
polarization. The second, Δϕj, is an additional phase shift
between the different sources along the undulator chain.
It can be varied experimentally by tuning the phase shifters
between each undulator module.
For simplicity, here we ignore possible transverse mis-

alignments of the sources relative to one another, although
they can be included in the model. We also ignore any
differential phase or intensity effects due to transport and
focusing optics which we believe are small.
Equation (6) can be used for calculating the properties of

the resulting electric field such as the Stokes parameters
[34] at the measurement position.

(a) (b) (c)

(d) (e) (f)

FIG. 4. Experimental FEL transverse spot profile for three different settings of the last phase shifter Δϕ6
. (a) the phasing enhances the

emission of on-axis Gaussian mode, (b) intermediate and (c) the net emission is mainly off-axis. (d, e, f) Model predicted transverse
radiation profile. The transverse spot profile was measured at a distance of ∼60 m from the exit of the last undulator. For the simulations,
the parameters were λ ¼ 23.8 nm, w0 ¼ 100 μm, d ¼ 3.7 m, gain length 2.2 m.
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The dependence of the (normalized) Stokes parameters
on the transverse position at a given z location can be
estimated by means of:

S0ðx;yÞ¼jEHðx;yÞj2þjEVðx;yÞj2¼Ið0°Þðx;yÞþIð90°Þðx;yÞ;
S1ðx;yÞ¼jEHðx;yÞj2− jEVðx;yÞj2¼Ið0°Þðx;yÞ−Ið90°Þðx;yÞ;
S2ðx;yÞ¼ℜðEHðx;yÞEVðx;yÞÞ¼Ið45°Þðx;yÞ−Ið135°Þðx;yÞ;
S3ðx;yÞ¼ℑðEHðx;yÞEVðx;yÞÞ¼IRHðx;yÞ−ILHðx;yÞ: ð7Þ

In Eq. (7) Ið…Þðx; yÞ is the intensity for linearly polarized
components over the indicated direction while IRHðx; yÞ
and ILHðx; yÞ are the intensities of the circularly polarized
components (right and left) of the fields.
The defined local Stokes parameters [Eq. (7)] determine

the local polarized fraction of the light, Pðx; yÞ as

Pðx; yÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S1ðx; yÞ2 þ S2ðx; yÞ2 þ S3ðx; yÞ2

p
S0ðx; yÞ

ð8Þ

which represents the fractional intensity of the polarized
component at each x, y position along the grid on which
we compute our model. We also define the local linear
polarized fraction of the light Plinðx; yÞ and the local
direction of the linear polarization vector ψðx; yÞ as:

Plinðx; yÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S1ðx; yÞ2 þ S2ðx; yÞ2

p
S0ðx; yÞ

;

ψðx; yÞ ¼ 1

2
tan−1

�
S2ðx; yÞ
S1ðx; yÞ

�
: ð9Þ

Finally, taking the integral of the local Stokes parameters
over all the ðx; yÞ coordinates in the transverse plane, we
can define the global Stokes parameters as:

S0 ¼ hS0ðx; yÞi;
S1 ¼ hS1ðx; yÞi;
S2 ¼ hS2ðx; yÞi;
S3 ¼ hS3ðx; yÞi; ð10Þ

where h…i indicates the integral over the transverse plane.
From the total Stokes parameters we can again obtain the
total polarization fraction P, linear polarization fraction Plin
and direction of the linear polarization vector ψ in a similar
way as done in Eqs. (8) and (9).
Let us now consider the simplest XPU configuration,

namely just two collinear sources with orthogonal polari-
zation states, LH and LV, with distinct source locations.
In Figs. 5 and 6(a)–6(c) we report the distribution for the
final pulse properties, i.e., intensity Iðx; yÞ, degree of linear

(a) (b) (c)

(d)

(e) (f)

FIG. 5. False color representation of the far field intensity (a), degree (b) and direction (c) of linear polarization, for the superposition
of two Gaussian beams with orthogonal polarization, namely linear horizontal and linear vertical, with phase shift an integer of the
wavelength. The distance between the two sources is 0.03 zR. The above quantities are shown along the solid and dashed lines on the
surfaces on the plots. The polarization properties of the radiation are in this case essentially constant along the wavefront of the radiation.
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polarization Plinðx; yÞ, and polarization direction ψðx; yÞ
calculated, using our model, over the transverse plane ðx; yÞ
for two different source properties, respectively. The
coordinates are scaled as function of the radiation size σ.
Figures 5 and 6(d)–6(f) also show the equivalent curves
representing the same quantities projected over x at two
specific y positions within the pulse profiles.
Two different separation distances between the sources,

which otherwise have the same intensity and size at waist are
considered. These separations have been chosen to either be
much smaller (0.03 zR), see Fig. 5, or much larger (3.0 zR),
see Fig. 6, than the Rayleigh length of the radiation.
The interference of the two diffraction fields which is the

origin of the difference between the two reported cases
(Figs. 5 and 6) also has an impact on the maximum degree
of total polarization P that can be obtained with the XPU
scheme for two fully coherent pulses. We used the model to
calculate the degree of total polarization for the whole pulse
as a function of the distance between the two sources d,
while keeping constant the other field parameters.
The results are reported in Fig. 7, where the distance has

been scaled to the Rayleigh range of the radiation. One can
clearly see that a high degree of polarization P is obtained
when d=zR is (much) less than one, i.e., when the distance

(a) (c)(b)

(d)
(e)

(f)

FIG. 6. False color representation of the far field intensity (a), degree (b) and direction (c) of linear polarization, for the superposition
of two Gaussian beams with orthogonal polarization, namely linear horizontal and linear vertical, with phase shift an integer of the
wavelength. The distance between the two sources is 3.0 zR. The above quantities are shown along the solid and dashed lines on the
surfaces on the plots. One can see that the polarization properties are changing along the wavefront of the total field if the sources’
separation is larger that the Rayleigh range of the radiation.

FIG. 7. Degree of linear polarization as a function of the
distance between two cross-polarized sources, normalized by the
Rayleigh range of the radiation. The two sources have the same
amplitude and are completely linearly polarized. Insert: zoom for
d=zR < 1. One can see that the maximum Plin obtainable depends
critically on the distance between the sources, as the phase
difference along the wavefront becomes more critical if the
distance becomes larger than the Rayleigh range.
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between the two sources is smaller than the Rayleigh range
of the radiation. In this case the sources are interfering
almost as two plane waves and the propagation effects can
be neglected. When instead the separation distance is
larger than zR, the polarization properties of the radiation
[Siðx; yÞ] drastically change radially over the transverse
plane of the beam, leading to an overall decrease of the total
degree of linear polarization Plin for the whole beam. The
radial dependence of the polarization properties is due to
the variation of the relative phase and amplitude ratio
between the two fields at the measurement location along
the wavefront. By considering the average polarization of
the overall beam spot, a decrease of Plin is observed.
In the case of FERMI the distance between the centers of

two successive undulators is few times larger than zR,
depending on the wavelength of the radiation and the
electron beam properties along the undulator chain, see
Table I for the parameters of the experiments discussed in
the following. In the following we will focus on the case
d=zR > 1, pertinent to FERMI. For convenience, the phase
is reported in units of λ, i.e., a shift of λ=2 corresponds to a
phase shift of 180 deg.

D. XPU with LV and LH fields

When two linearly cross-polarized fields are superposed,
the resulting radiation has a polarization state that depends on
the phase between the two fields. Two fields with the same
intensity and relative phase nλ=2 (n integer) lead to a linearly
polarized output fieldwith direction at�45 degwith respect
to the horizontal plane, as exemplified in Fig. 1(b). Similarly,
if the phase is ðnþ 1=2Þλ=2, the output polarization state
will be fully circular with appropriate chirality, as shown in
Fig. 1(a).
If diffraction effects cannot be ignored, e.g., when the

distance of the two sources is larger than the Rayleigh
range, the picture becomes less intuitive, as shown in
Fig. 8(a)–8(c). The total degree of linear polarization Plin,
as shown by the blue line in Fig. 8(b), changes from 0 to a
maximum that depends on the d=zR ratio, as shown in
Fig. 7, and does not reach one.
The total degree of polarization P and the intensity of the

radiation [Fig. 8(a),(b) black dashed and green lines,
respectively], are instead independent of the phase between
the fields.
The direction of the linear polarization ψ [Fig. 8(c) red

line] shows a discontinuity at the phase corresponding
to the minimum of linear polarization, while it is fixed to
�45 deg otherwise. The discontinuity corresponds to
Plin ¼ 0, where the radiation has its maximum obtainable
degree of circular polarization. Note that when the degree
of polarization (dashed line) is <1, only part of the
radiation is effectively converted to circularly polarized
light and the rest is unpolarized radiation. The unpolarized
background arises from the spatial variation of the relative

phase and amplitude ratio between the two interfering
fields over the transverse plane.

E. CL and CR fields

The superposition of two circularly polarized fields, with
opposite chirality, as shown in Fig. 1(c),(d), is another
example of crossed polarization. If the effects due to the
curvature of the wavefront can be neglected and the two
sources have the same intensity, one would expect a fully
linearly polarized resulting field with direction of polari-
zation determined by the relative phase of the two circularly
polarized fields. By changing the relative phase one could
adjust the direction of the linear polarization vector at will.
If instead the plane wave approximation does not hold

and diffraction plays a crucial role, [see Fig. 8(d)–(f)], the
maximum degree of linear polarization will be less than one
and as before will be a function of the ratio d=zR, similar to
what is shown in Fig. 7. The previous argument for the loss
of the polarization also applies here and the direction of the
linear polarization vector will still change linearly as the
relative cross-polarization phase is modified.

F. Limiting the diagnostic aperture

The effects on polarization properties associated with
different phases and field amplitudes between the crossed

(a) (d)

(b) (e)

(c) (f)

FIG. 8. Model prediction of the XPU scheme. Intensity (a, d)
polarization (b, e) and direction (c, f) as a function of the phase
between the two sources. The two fields have the same amplitude
and linear orthogonal polarization [LV and LH for (a-c), CR and
CL for (d-f)], while the distance between the two sources is ∼3 zR
and the collection aperture is 3σ both in horizontal and vertical
direction.
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polarized fields can be further explored using the afore-
mentioned model. We investigated the dependence upon
the phase between the LV and LH fields when limiting the
computation of the total polarization parameters to small
regions at different locations of the wavefront, i.e., selecting
a beam aperture with size ∼σ=10, σ being the beam size at
the measurement location. The results are reported in Fig. 9
for Plin (a) and ψ (b).
The curves show, for both quantities, significant shifts

of the location of the maxima and minima, as well as
different values of extrema, for different transverse loca-
tions along the wavefront. These results confirm that
different regions of the wavefront have different polariza-
tion states. The change in the phase shift position of the
extrema is a clear indication of a phase variation between
the two orthogonal fields, while a change in their values is a
clear indication of the variation in the amplitude ratio of the
interfering fields.
Notice that in principle one could also adapt the electron

beam optics along the undulator line to satisfy the condition
d=zR ≪ 1, i.e., having larger transverse beam dimensions.
However, a larger transverse electron beam size is less
favorable for the FEL amplification process with reduced
final photon flux.

III. EXPERIMENTAL RESULTS

The interference effects of diffraction-limited coherent
radiation beams are relevant not only for the XPU scheme
but also for the simpler case of radiation emission from
unipolarized undulators. The model described in Sec. II can
also be used for this second case which requires the phase
shifters between the subsequent undulators to be properly
set in order to maximise the FEL power output. This
simpler case is especially suitable to compare experimental
measurements with the model’s predictions since it avoids
complications related to the preservation and measurement
of the polarization.

A. Unipolarized FEL intensity sensitivity to phase
shifter setting

The first test we performed was to change the distance
between the two interfering sources. This is relatively
straightforward because the undulator segments can be
tuned independently in our experimental setup [see
Fig. 2(a)]. Hence the distance between the sources can
be incremented by simply grossly detuning one undulator
module (in the experiment, the fifth module was detuned),
increasing the separation distance by a factor of 2, while
maintaining the ability to scan the strength of an interven-
ing phase shifter to change the relative phase between the
two sources.
In Fig. 10 we report the (normalized) intensity of

the resulting field while varying the phase between the
interfering sources, for the two particular separations.
The dashed lines correspond to the model’s predictions.
The model and the measured data agree in terms of the
modulation depth for the two cases. They agree only

(a)

(b)

FIG. 9. Predicted degree of linear polarization (a) and direction
(b) as a function of the phase between the two source fields, for
different beam defining aperture position. The two fields have the
same amplitude and have LV and LH polarization.

FIG. 10. Comparison between experimental data (points) and
Gaussian propagation model prediction (dashed lines) for the
scan of the phase between two sources in a non-XPU configu-
ration (pure LV polarization). The distance d between the two
sources has been varied by opening the fifth undulator sections
(see Fig. 2). The blue curve corresponds to d ¼ 3.7 m while the
orange one corresponds to d ¼ 7.4 m. Each experimental point
is the average over 20 consecutive shots, the error bars are the
standard deviation.
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qualitatively in terms of the location of the maxima and
minima of the scan, probably due in part to the presence of
gain and discrepancies with the simplistic assumption that
the effective radiation sources are located at the exact center
of each undulator segment.
As was true in Sec. II F for the polarization, the variation

of the intensity with relative undulator phase is sensitive to
the beam aperture because different regions along the
wavefront will have different phase relationships between
the two interfering fields.
In Fig. 11(a)–(c) we compare experimental data (dots)with

themodel (dashed lines), for three different aperture positions
along the beam transverse front. One sees that there is a
significant shift of the phases corresponding to the maximum
(normalized) intensity for different aperture locations.

B. LV and LH XPU fields

In Fig. 12 we report the measured degree (blue),
direction (red) of linear polarization and intensity (green)
as a function of the phase between the two cross-polarized
fields, for the consecutive [Fig. 12(a),(b),(c)] and distrib-
uted [Fig. 12(d),(e),(f)] undulator configuration. There
were 4 undulators in LV and 2 in LH polarization for
the consecutive scheme, while all 6 segments were set in
alternating polarizations for the distributed scheme [see
Fig. 2(b),(c)]. The mean and standard deviations were
obtained from 40 shots, acquired at each value of the phase
between the two fields. The diagnostic apertures were fully
open during the acquisition. To determine the amplitudes of

the fields used in the model, we measured the FEL intensity
as a function of the number of undulators (i.e., a gain
curve), obtained in the different configurations (data not
shown). The Rayleigh length zR has been derived from
electron beam transverse size measurements for the waist
sizes of the sources. It is fixed to 1.32 m in all the reported
results in the following.
By changing the phase in this linear crossed polarized

undulator scheme one can obtain light with linear polari-
zation at 45 deg angle at the maxima of Plin or circularly
polarized light at the minima of Plin. According to the
predictions of the Gaussian propagation model, we expect
that the total output radiation will not reach a degree of
polarization P ¼ 1 due to off-axis curvature of the wave-
fronts and partial overlap of the two cross-polarized fields.
One can see in Fig. 12(b),(e) that for both schemes Plin is

oscillating as a function of the phase, with maximum values
of approximately 0.8 and 0.7 for the distributed and
consecutive schemes, respectively. While for the distributed
configuration the predictions of the theoretical model agree

(a)

(b)

(c)

FIG. 11. Left: Experimental data (points) and model prediction
(dashed lines) for the scan of the phase between two unipolarized
sources, for different aperture’s locations along the wavefront of
the beam. All the undulators were set to linear vertical polari-
zation. Each experimental point is the average over 20 consecu-
tive shots, the error bars are the standard deviation.

(a) (d)

(b)

(c)

(e)

(f)

FIG. 12. Scan of the phase between LV and LH crossed
polarized fields. The degree (b, e, blue) and direction (c, f,
red) of the linear polarization vector are reported as a function of
the phase between the two fields, together with the intensity
of the FEL radiation (a, d, green). Experimental data (markers)
and Gaussian propagation model predictions (dashed lines) are
reported for the consecutive (a, b, c) and the distributed (d, e, f)
schemes. The model was obtained using a set of parameters
obtained by the gain curve measurements for the intensity of the
fields and the electron beam size measurements for the waist
sizes of the sources. The consecutive scheme was obtained
using 4 undulators in LV polarization and 2 in LH, while the
distributed scheme was implemented using alternating polariza-
tion undulators.
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well in value and shape, for the consecutive configuration
the maxima are different. We believe the difference can be
explained by imperfect circular polarization (i.e., an ellip-
tical polarization residual) in the two sources. Note that this
behavior agrees with the previous FERMI results found for
the “pure” polarization case [18]. The presence of a residual
ellipticity is further confirmed by looking at the intensity of
the FEL as a function of the phase, which shows oscil-
lations in the consecutive case. The direction of linear
polarization ψ is oscillating from ∼ − 40 deg to ∼40 deg
for both configurations, see Fig. 12(c),(f).
The experimental results of the distributed XPU configu-

ration confirm its clear advantage over the consecutive
configuration. We believe this is due in part to a lower
sensitivity to monotonic variations in z of electron beam
parameters such as the bunching, size, transverse offset,
and tilt.
In Fig. 13 we show the phase shifter scan results when

the measurement aperture is closed to 1 × 1 mm2 and
sampled at different transverse locations. Both the degree
(a, c) and direction (b, d) of the linear polarization vector
show significant differences between the consecutive
[Fig. 13(a),(b)] and distributed [Fig. 13(c),(d)] schemes.
The curves correspond to full aperture (black) and two
different positions of a 1 × 1 mm beam-defining aperture.
The consecutive scheme shows a significant variation of
the trends for both Plin and ψ at different aperture locations,

including different values and positions of the extrema.
In particular, the maximum polarization value is much
greater for the limited apertures. The distributed scheme
results are instead characterized by a far more uniform
behavior as a function of the aperture position. The phases
corresponding to the extreme values are similar to those
found with the fully open aperture.
The change in the position of the extrema is a clear

indication of the phase variation between the two orthogo-
nal fields along the beam wavefront, while the change in
their value is an indication of the variation of their
amplitude ratio. In both cases the measured results are
in satisfactory agreement with the model, as displayed
in Fig. 9.

C. CR and CL fields

The XPU scheme can be also implemented by super-
posing two circularly polarized fields with opposite chi-
rality to obtain linearly polarized light at an arbitrary angle.
As discussed in the next subsection, this approach can be
used to suppress harmonic emission on axis.
Figure 14 displays experimental results for such a con-

figuration. The degree (blue) and the direction (red) of the

(a) (c)

(b) (d)

FIG. 13. Scan of the phase between the horizontal and vertical
polarized fields for the consecutive (a, b) and distributed (c, d)
XPU configurations. The degree (blue) and direction (red) of the
linear polarization vector are reported as a function of the phase
between the two fields. The curves correspond to full aperture
(black) and two different positions of a 1 × 1 mm beam defining
aperture. The data were obtained as the average of 40 consecutive
shots at the same phase shift; the uncertainties are similar to
Fig. 12 and are not shown for better clarity. For a comparison with
the model predictions, see Fig. 9.

(a)

(b)

(c)

(d)

FIG. 14. Degree and direction of the linear polarization
component for the circular XPU. Panels (a, b) refer to the
consecutive scheme [Fig. 2(b)], while (c, d) refer to the
distributed scheme [Fig. 2(c)]. The lines represent the moving
average over 30 shots. The data were acquired selecting a
1 × 1 mm2 aperture, centered on the beam axis. The difference
in the absolute value of ψ between the two configurations is only
due to the particular settings of the phase shifters in the two
measurements, and can be freely varied as reported in Fig. 16.
The data for the full aperture case is reported in [18].
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linear polarization vector are plotted for a sequence of 700
consecutive shots. Data with a degree of linear polarization
that exceeds one is physically not possible but algebraically
correct for the used model as imprinted in the statistical
fluctuations on the e-tof signal [18]. The data in Fig. 14 was
obtained by reducing the diagnostic aperture to a 1 × 1 mm2

size, centered on the beam axis. Fig. 14(a),(b) refer to the
consecutive configuration, while Fig. 14(c),(d) refer to the
distributed one. The consecutive scheme was implemented
using 4 undulators with one helicity and 1 with the opposite
helicity, while the distributed scheme used all 6 available
devices,with alternating helicities. The data can be compared
to [18] where we measured the properties of the full beam,
without limiting apertures. As predicted by the Gaussian
propagation model, limiting the collection aperture of the
radiation can be used to select a region of thewavefront with
nearly uniform polarization properties. The difference in the
absolute value of ψ between the two configurations is only
due to the particular settings of the phase shifters in the two
measurements and can be freely adjusted, e.g., as shown in
Fig. 16 for the distributed XPU scheme.
The average degree of linear polarization is ∼0.9 for both

cases.As previously remarked in [18], a significant difference

between the two schemes is evident when examining the
stability of direction of the polarization vector. The RMS
fluctuation levels are ∼4 deg for the distributed scheme but
∼7 deg for the consecutive scheme. This difference is
important, as the fluctuations in the distributed scheme have
similar amplitude as the “pure” polarization state and are
within the estimated instrumental error. The significantly
larger fluctuation level of the consecutive configuration
strongly suggests that the direction of the polarization is
changing on a shot-to-shot basis as a consequence of e-beam
variations. The CLþ CR results confirm what was found
previously in the linear case showing the advantage of the
distributed configuration.
We also measured the dependence of the polarization

properties transversely along the wavefront of the beam,
again by changing the beam defining aperture center and
dimensions. The results are reported in Fig. 15 for the
intensity (green),Plin (blue) andψ (red). Figure 15(a),(b),(c)
refer to the consecutive scheme, while Fig. 15(d),(e),(f) refer
to the distributed scheme. The value for each quantity
(shown inside the squares) was obtained as an average
over 500 shots. In both configurations one can clearly
observe a variation of the degree and direction of the linear

(a) (b) (c)

(d) (e) (f)

FIG. 15. Intensity (in μJ), degree and direction (in deg) of the linear polarization for the circular XPU for different beam defining
aperture positions (in mm). (a, b, c) are relative to the consecutive scheme, while (d, e, f) refer to the distributed scheme. The value of
each quantity is reported in the boxes that represent each different aperture position (on the top right corner for the larger aperture). One
can clearly see that in both configurations the polarization properties change along the wavefront, due to phase and amplitude variations
between the interfering fields. The reported values represent the average over 500 shots. The different rate of change for ψ between the
horizontal and vertical direction suggests either that the photon beam was slightly elliptical during our measurements, or that the
different sources were not perfectly aligned.
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polarization vector at different locations of the beam wave-
front. The maximum Plin occurs at the on-axis observation
point. The degree of polarization decays when moving off-
axis, similar to the model prediction, see Fig. 6. Also the
direction of the polarization vector changes along the
wavefront. This confirms that the decrease in the overall
polarization observed for the XPU scheme is due to
variations of the polarization properties along the wavefront
of the beam as a consequence of the relative phases and
amplitudes of the two interfering waves. This variation is
important when the distance between the orthogonal sources
is larger than the Rayleigh range of the radiation, as in the
present case.
Finally, in Fig. 16 we report the results of an experiment

confirming the possibility of controlling the direction of
the linear polarization by varying the phase between the
two consecutive sets of undulators. The direction of linear
polarization is reported, as a function of the phase between
the two circularly polarized fields, in distributed configu-
ration. As one can see, the direction of the linear polari-
zation vector can be arbitrarily adjusted by changing the
phase between the two fields and has a linear dependence
with the phase shifter itself. If one then swaps the chirality
of the two undulator groups, the same linear dependence
can be obtained with opposite sign. The data were collected
with open diagnostic aperture. In both cases the degree of
linear polarization, ∼0.8, was independent of the phase,
within the measurement uncertainty.
This result confirms the ability to finely control the

polarization state using the XPU scheme. The possibility to
arbitrarily modify the direction of linear polarization solely

through a phase shifter change represents a powerful
extension of the FEL capabilities for users interested
in rapid experimental variation of the polarization vector
direction, as the APPLE-II undulators installed at FERMI
by themselves can produce linearly polarized light only
along the horizontal or vertical planes.

D. Harmonic suppression

Another attractive possibility enabled by the XPU
scheme is the ability to produce linearly polarized radiation
without on-axis harmonic emission by superimposing CR
and CL polarized sources. Normally, when one is interested
in linearly polarized light, an undulator in simple, unidi-
rectional linear polarization is used. The output radiation is
then contaminated by emission of on-axis, odd harmonics
of the fundamental undulator radiation. Typical intensities
associated with the third harmonic are a factor ∼10−3 of the
fundamental, but they could significantly limit certain
experiments. For example, if one is interested in nonlinear
processes induced by the absorption of three photons at the
fundamental wavelength [19]: the linear signal induced by
the absorption of the harmonic emission can be orders of
magnitude larger than the nonlinear one. Using circularly
unipolarized undulators can limit the harmonic content, as
the harmonic radiation is emitted off-axis [35,36]. However
in this case the fundamental is in a circular polarization
state. The XPU CLþ CR scheme can be a viable option
for linearly polarized light without the unwanted on-axis
harmonic emission.
In order to confirm this prediction we looked at the

third harmonic radiation strength using the FERMI’s
downstream radiation spectrometer, while the undulators
where tuned for the XPU scheme. The images shown in
Fig. 17(a)–(b) compare the emission at 7.95 nm, the third
harmonic of the wavelength used during the experiments,
when all the undulators are tuned to emit linearly polarized
radiation [orange curve and false color image (a)] and in the
XPU CR and CL scheme [blue curve and image (b)].
While the emission at the fundamental wavelength

was similar in the two cases, with ∼20 μJ pulse energy,
the on-axis 3rd harmonic radiation is strongly suppressed in
the case of the XPU scheme. The XPU scheme was realized
in the distributed configuration, but similar results were
also confirmed with the consecutive configuration. Off-axis
harmonics can be preferentially spatially filtered out using
the beam defining aperture that, as we have seen above,
also increases the degree of linear polarization of the
transmitted radiation.

E. XPU scheme and SASE

Finally we tested both the consecutive and the distributed
configuration with SASE radiation [37]. In the case of
FERMI, the total undulator length is too short to achieve
saturation; hence the measurements reported in the follow-
ing refer to a condition still deep in the exponential gain

FIG. 16. Direction of the linear polarization vector as a function
of the phase between the circularly polarized fields with opposite
chirality. The distributed scheme was used. The dotted and
dashed lines show the expected linear dependence. By swapping
the chiralities of each undulator the same linear dependence
can be observed, but with opposite sign. The data were obtained
by the statistical analysis (average and standard deviation) of
40 consecutive shots at the same phase shift value.
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regime, employing the CR and CL polarization XPU
scheme to produce linearly polarized radiation. The beam
parameters were similar to those reported in [37], except for
the final wavelength of 23.8 nm (gain length 1.6 m for the
consecutive and 1.5 m for the distributed configuration),
the same as for the seeding results reported earlier. In
Fig. 18 the consecutive (top two panels) and the distributed
configuration (bottom two panels) results are shown for the
degree (blue) and direction of linear polarization (red).
For SASE the obtained degree of linear polarization

when superposing two circularly polarized fields is lower
than the one obtained with the seeding for the same
collection aperture. One can also notice that the consecutive
configuration leads to an average Plin of 0.5, while the
distributed configuration is characterized by an average Plin
of 0.27. This result is opposite to the one observed for the
seeded case, where the distributed scheme can lead to a
higher degree of linear polarization. Furthermore we did
not observe a change in the polarization properties by
limiting the collection aperture of the FEL light. In our
understanding, these results indicate that the limiting factor
for the XPU in SASE is the longitudinal coherence of the
radiation, rather than the transverse change of phase and
amplitude of the two superimposing fields along the
wavefront. Similar results have been reported for the
LCLS facility in SASE conditions [38].

IV. SUMMARY

We developed a simple but flexible model, based on
Gaussian mode radiation beams, that can be used to study

the interference of the radiation fields emitted by different
monochromatic sources, e.g., in the XPU scheme. We
showed that the maximum obtainable degree of polariza-
tion critically depends on the ratio of the source separation
distance to the effective Rayleigh range.
We also investigated the dependence of the scheme on

the phase between the two sources with both linear and
circular orthogonal polarization. The impact of polluting
effects on the scheme has been studied. We showed that the
predicted polarization properties change along the beam
wavefront due to changes in the phasing and/or in the
amplitude ratio of the interfering fields, leading, on
average, to a loss of polarization.
The experimental results here reported help in improving

the understanding of the XPU scheme and its applicability
at FERMI in the XUV wavelength range, in both the
consecutive and distributed configuration geometry, super-
imposing either two linearly cross-polarized fields or two
circularly polarized ones.
The stability of both schemes has been measured again

with respect to the direction of the polarization vector and
the degree of linear polarization. Also when considering
only a small portion of the beam, we observed that the
distributed scheme is characterized by a higher shot-to-
shot stability, mainly in terms of the polarization vector

(a) (b)

FIG. 17. Suppression of the harmonic signal in the XPU
scheme. [orange curve and false color image in (a)] Third
harmonic spectrum of the emission when the undulator is tuned
in LH polarization and for the XPU alternated configuration,
when two circularly polarized fields are superimposed in order to
produce linearly polarized radiation [blue curve and image in
(b)]. A harmonic signal is clearly present for the pure polarization
state and not detectable in the XPU scheme. The intensities of the
first harmonic were comparable in the two cases (∼20 μJ pulse
energy). The spectra were accumulated for 11 shots in both cases.

(a)

(b)

(c)

(d)

FIG. 18. Degree and direction of the linear polarization
component for the XPU with circular polarization in SASE.
(a, b) refer to the consecutive configuration, obtained using 4
undulators with CR and 1 undulator with CL polarization. (c, d)
refer to the distributed configuration with 6 undulators. The lines
represent the moving average over 30 shots of the reported
quantities. Note that, in the case of SASE, the distributed
configuration leads to a lower degree of linear polarization than
the consecutive one.
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direction ψ. We confirmed that the degree of linear
polarization displays the same fluctuation level that was
obtained with the pure LH undulator, below the instru-
mental noise [18]. An increase of a factor about two in the
amplitude of the fluctuations of ψ has been observed for the
consecutive XPU scheme compared to the distributed case,
as reported in [18] for the full beam case. Both circularly
polarized XPU configurations are able to produce a high
degree of horizontally polarized light.
The good agreement with theoretical predictions of this

simple model indicates a high degree of both longitudinal
and transverse coherence of the FEL pulses which generate
the polarized light. In fact, if SASE radiation is considered,
the performance of the XPU scheme is poor and, in our
understanding, limited by the reduced longitudinal coher-
ence of the SASE pulses relative to the externally seeded
case.
We also demonstrated the capability of the XPU scheme

to produce linearly polarized radiation free of on-axis
harmonic components, providing a remarkable benefit to
nonlinear experiments where harmonic contamination is
detrimental.
The measured levels of polarization are sufficient for a

wide range of user experiments requiring polarization
control. Limiting the beam collection aperture leads to
an even larger degree of polarization with values of 0.9
obtainable. The direction of the linear polarization vector
can also be varied at will.
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