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Abstract

Cross-polarized (X-POL) configurations are a means to
produce circularly-polarized radiation output from purely
planar-polarized undulators. Recent polarization results
from both the FERMI FEL-1 [1] at XUV wavelengths and
Shanghai DUV-FEL [2] at visible wavelengths have con-
firmed that such configurations do work for single pass FELs.
However, analysis of both FERMI and SINAP results indi-
cate that the quantitative degree of planar to circular conver-
sion can be significantly affected by several experimental
details. Full conversion requires not only equal intensity of
the two cross-polarized beams but also perfect overlap in
space and time of their far-field amplitude and phase patterns.
From simple theoretical analysis we examine a number of
possible factors that can degrade the net linear to circular
conversion efficiency. In addition to the previous suggestions
by Ferrari et al. of problems with unbalanced powers and
transverse phase variation arising from different effective
emission z locations for the two cross-polarized radiation
pulses, we also consider separate degradation effects of im-
perfect downstream overlap of the two linearly-polarized
beams arising from different emission tilt angles and mode
sizes. We also discuss optimizing the conversion efficiency
by aperturing the radiation pulses downstream of the undu-
lators.

INTRODUCTION

In addition to such attractive properties such as wave-
length tunability, ultrashort and ultrabright output radiation,
and multiple pulse production, free-electron lasers (FELs)
with the proper undulator configurations can also produce
variable polarization pulses. Because in many facilities
linearly-polarized undulators have been favored due to their
lower cost and often lower error content in comparison with
variable-polarization designs such as the APPLE [3] and
DELTA designs [4], the cross-polarized (X-POL) configura-
tion has been suggested [5] as a relatively straight-forward
means to produce output radiation with a high degree of
circular polarization from purely linearly-polarized undu-
lators. The X-POL arrangement has been studied for FEL
amplifiers both theoretically [6,7] and experimentally in the
optical wavelength regime with circular-polarization degree
80% or greater [2].

Recently, experiments in October 2013 [1, 8] and more
recently in February 2015 at the seeded FERMI FEL-1 fa-
cility [9] have shown the X-POL idea works reasonably well
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at wavelengths down to 26 nm. However, the 2013 results
showed a global, maximum circular degree of polarization
Pcir < 0.5, suggesting that a careful tuning of the overall
FEL system can be crucial for proper X-POL optimization.
Indeed, the more recent X-POL results of February 2015
that included a careful optimization of the FEL using an
online polarization diagnostic have shown significant im-
provement with a maximum Pc;r > 0.8. For the 2013
results, Ferrari et al. [8] suggested that an angular variation
in far-field transverse eikonal phase between the horizontal-
and vertically-polarized radiation due to different longitudi-
nal source points in the undulator underlaid much of poor
X-POL conversion. However, there are other possible degra-
dation effects such as power imbalance of the two polarized
fields and also imperfect spatial overlap arising from differ-
ent emission tilt angles and mode sizes.

In the remainder of this paper we discuss these degrada-
tion issues and also the experimental procedures by which
we believed we strongly improved the X-POL conversion
efficiency as shown by the 2015 results.

THEORETICAL ANALYSIS

Inasmuch we are interested in the degree of circular po-
larization at a measurement point produced by spatial and
temporal overlap of linearly-polarized sources the radiation
properties are best described by the linear polarization ba-
sis for the Stokes parameters (see, e.g., Eq. 7.27 of Jack-
son [10]):

So = alzq + Cl‘z/ S> =2apy ay cos duv
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where ag and ay are the local field amplitudes of the two
polarized beams, and ¢y = ¢y — @y is the difference of
their eikonal phases. S; is the local, linearly-polarized sig-
nal lying in the horizontal/vertical plane while S, gives the
strength of the signal component that is linearly-polarized
in the skew planes at 45°/135°. Finally, S3 measures the
strength of the component with perfect circular polarization.
The local value of the linear degree of polarization (the quan-
tity that is actually measured in the FERMI studies discussed
\/S? + 52 /Sy. The area inte-
gral of Sy is proportional to the total power Pror of the two
polarized beams while that of S; directly scales as Py — Py .
The area integrals of S, and S3 depend upon the details of
their spatial overlap and relative phase at the measurement
point. For the remainder of this discussion, we presume that
the two sources are time-steady, monochromatic, exactly
orthogonal, and define the horizontal and vertical planes.
Because the polarization measurements (see §III) are
made in a "global" sense (here global refers to the total area

S3 = 2aH ay sin ¢HV

in the next section) Py ;n =
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measured by the polarization detector), it becomes necessary
to consider how local values of the Stokes parameters con-
tribute to the global value. Clearly if the global value ({S7))
is non-zero, there must be residual linear polarization for
all values of the relative phases ¢y of the two beams and
thus Pcrr < 1. However, it is also true that even if globally
((S1)) = 0 but at local positions S; # 0, then both at those
positions locally and more importantly globally Pcir < 1.
Such a situation can occur if for example the overall powers
in the two linearly-polarized beams are exactly equal but ei-
ther their mode shapes or sizes are different or, alternatively,
if there is a transverse tilt between the two beams.

Similar phenomena are true for the S> and S3 components
where local values of |S;| might be large but the global
value of [({(S2))| can be zero. Unlike the S; parameter which
by definition is insensitive to the relative phase ¢ gy, both
the local and, more importantly, global values of S, and S3
depend upon this phase. For the FERMI X-POL experiments,
the orthogonally-polarized sources originate in two different
sets of undulators and ¢gy is varied by changing phase
shifter strengths in the break sections. If we now make the
ansatz that the temporal pulse shapes, radiated emission
strength and transverse mode patterns of the two polarized
beams are completely insensitive to variation of ¢y, then
if ((S7)) is non-zero for some given ¢ gy , it must be exactly
zero at some angle ¢(1)1v in the interval [¢gv, pgv + 7). At
the two specfic angles ¢Y,,, and ¢%,,, + 7, we have must have
the global minimum value of Prrn = [{{(S1))] / {({So)) given
our ansatz that neither locally nor globally Sy or S; depend
upon ¢gy .

Defining x = min Pr;n = |Py — Pv|/Pror, one sees
that Py = 0.5(1 + x) Pror and Py = 0.5(1 — x) Pror,
presuming Py > Py. If the two beams exactly overlap
at the detector with the same profile, then the maximum
possible circular polarization is V1 — x2. For example, if
min Pryn = 0.5, then 75% of the total power is in one
of the two linear polarizations while only 25% is in the
other; max Pcyr = 0.866 presuming both perfect spatial
overlap and constant eikonal phase difference between the
two beams.

Measure of the linear polarization angle ¢ =
0.5tan™!' S,/S; while globally varying the phase shift be-
tween the two orthogonal sources also gives an indication
of the downstream spatial and phase overlap properties. For
perfect overlap and power balance, ¢ = +45° and swings
instantly at ¢?_1V , ¢9{V + 7 from one value to the other. For
unbalanced powers but identical intensity and eikonal phase
profiles,

max || = 0.5 tan 2)

1 0.5VI —x2
X
with the maxima in || and |dy/d ¢ gy | occurring in ¢y
at the locations of the maxima and minima of Pry, respec-
tively. For x = 0.5, max ¢ = 18.4° while for x = 0.25 the
corresponding value is 31.3°. As we discuss in the next sec-
tion, the behavior of both Py ;x and ¢ as one scans in ¢y
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Figure 1: Contours mapping the maximum possible degree
of linear polarization for two cross-polarized, gaussian pro-
file beams with varying ratio of RMS radius o1/0» and
transverse offset of beam #2 from beam #1 in units of 0.
There is perfect power balance and constant eikonal phase
difference between the two beams.

can give an indication of the uniformity of the spatial over-
lap and relative eikonal phase variation of the two polarized
beams.

In the case of perfect power balance (i.e., Pryny = 0 and
x = 0), the maximum degree of linear polarization as one
sweeps in over a full wavelength in phase shift between the
two cross-polarized sources gives an indication of the uni-
formity of both the spatial overlap in intensity and eikonal
phase difference of the two beams at the detector. In Fig-
ure 1 we plot the maximum degree of linear polarization
for two equal power, cross-polarized sources in which the
ratio o /o of their downstream radii varies from 1 to 5
and for which the smaller beam’s transverse offset |y| varies
from O to 4 times the larger beam’s electric field radius.
Here we have presumed Gaussian profiles and a constant
eikonal phase difference. One sees that for o7 /o> < 1.5 and
|¥|/o> < 0.5, one can still achieve greater than 85% linear
polarization. Experimentally, such large values are quite
obvious on downstream diagnostic screens and we believe
in general that problems with maximum achievable polar-
ization being significantly less than 0.9 are most likely due
to a varying eikonal phase difference and/or different mode
contents between the two beams.

FERMI EXPERIMENTAL RESULTS

The FERMI X-POL data of interest were taken with an
electron time-of-flight (e-TOF) polarimeter developed at
DESY and installed at FERMI under a collaborative effort
(see [11-13] for more detail). On a shot-by-shot basis, this
instrument measures at 16 individual stations equispaced
in azimuthal angle 6 the photoelectron signals produced by
FEL radiation photoionization of He gas. The degree of
linear polarization Py and its angle  is then determined
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Figure 2: Variation of the output radiation power and its downstream degree of linear polarization via changing the FERMI
FEL-1 post-modulator chicane current strength. This data was taken in February 2015. The panels labels a) and d) on
the left display 10 and polarimeter power measurements, respectively, when only the upstream LH-polarized undulators
were closed to FEL resonance. The center panels b) and e) refer to the measurements with all the LH- and LV-polarized
undulators being closed. To the the right, panel c) shows the extacted power balance between the two polarizations (dashed
line: I0 monitor data; solid line: polarimeter data) while panel f) indicates the measured polarization angle . All error

bars are the nominal RMS estimates.

from the signal data by using the theoretical relation

P() = 1+%{1+3PL1N cos[2(0 —y¥)]} 3)

In the process of optimizing an FEL for a cross-polarized
configuration, it is critical to control the electron beam size
and trajectory in the undulators. Moreover, the FEL needs to
be controlled in a way that the emissions generated in the two
groups of undulators have the same downstream properties.
Since in the FERMI FEL-1 the field grows exponentially
with z, balancing the power generated by each set of cross-
polarized undulators can be difficult for the standard X-POL
configuration where first a long undulator is used for one
polarization, thus allowing the bunching and field to build
up, followed by a second, much shorter undulator that pro-
duces the orthogonally-polarized radiation beam. Typically,
there is little increase of bunching in the second undulator
region and the second radiation beam is dominated by coher-
ent spontaneous emission of a prebunched e-beam. In the
case of an externally-seeded FEL such as FERMI, we found
that power balance between the two beams is best achieved
by manipulating the seeding and post-modulator chicane
strength parameters. Importantly, we found in a recent set of
experiments done in February 2015 that the best way to opti-
mize matching between the two polarized radiation beams is
to measure separately the FEL power of the two orthogonal
sources at the downstream point where polarization control
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is actually wanted, or, alternatively, to examine the degree
of the linear polarization of the combined fields.

Figure 2 reports an example of using an output intensity
scan as a function of FERMI FEL-1’s dispersive section
strength as a means to balance the relative power between
the two polarized sources. As one can see in Fig. 2a,b,
according to measurements of the FEL power with the 10
gas-ionization monitor alone (whose position is quite close
to the FEL source), it apparently is not possible in the present
condition to get balanced emission between linear horizontal
and linear vertical fields. Here we assumed that the mea-
sured output power from the two polarized beams will add
linearly in the diagnostic; thus power balance would require
twice the power in panel b) at a given dispersion strength rel-
ative to that in panel a). Considering only 10 measurements
would then lead one to choose to a very different undulator
configuration with respect to the one used here (i.e., 4 undu-
lators polarized LH and 2 LV). However if one use the FEL
energy measurements from the polarimeter (i.e., Fig. 2d,e),
one sees a changing power balance ratio between the two
polarizations as we change the chicane current and that an
optimal, extracted ratio of 1.0 occurs at ~ 78 A. Moreover,
one can also measure directly the polarization properties
while doing the optimization scan. Since in the case of a
LH + LV cross-polarization, Pr;n depends on their relative
phase ¢gy that is not known a priori, a better parameter
for the optimization scans is the polarization angle . As
shown by Eq. 2 for power balance, this angle ideally does
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Figure 3: An example of the variation of linear polariza-
tion with phase shifter setting. In this case there is poor
power balance and/or spatial overlap. The 32—nm data was
taken in October 2013 on FERMI’s FEL-1 with the DESY
TOF polarimeter with the dots representing individual shots;
typical statistical errors are of the order of 5%. The solid
lines represent the predicted polarization dependence of two
Gaussian profile sources with equal 100 um waists separated
by 3.7 m and whose field amplitudes differ by a factor of
two.

not depend upon the relative phase and, for optimal power
balance and overlap, should exhibit sudden changes from
—45 to +45 degrees as one passes through the regime pro-
ducing maximum circular polarization. Results reported in
Fig. 2f show a clear trend for  with a local minimum at 43°
for a dispersion section current = 78 A. As would expected
from perfect overlap theoretically, this corresponds to the
dispersion section current value that also balances the power
contributions from the LH- and LV-polarized undulator sec-
tions as seen in Figs. 2b,e.

These new results show the importance of an efficient,
accurate, online diagnostic to determine the relative power
between two cross-polarized sources. Indeed, if we had set
the FEL based on the 10 detector power measurements, we
would have obtained a condition where one of the two fields
would be significantly stronger than the other. In retrospect,
we believe such a situation occurred in our October 2013
X-POL measurements [8] which led to a reduced capability
in polarization control as shown in Fig. 3. Indeed, it is
important to note that the FEL power balance optimization
done in the 2013 measurements used only the I0 monitor and
we found that apparent balance required adopting a [4-LH
+ 1-LV] configuration rather than the far more successful
[4-LH + 2-LV] configuration used more recently. For this
situation, the power imbalance and the intensity and eikonal
phase differnce effects of longitudinally-separated source
points degrade both the degree of linear polarization and the
maximum i achieved.

In February 2015 there were also a series of measurements
in which the degree and angle of linear polarization was
measured as a function of downstream, transverse position
before which the combined beams were apertured upstream
through an opening much smaller than their total size. Here
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we found that both the maximum and minimum polarization
degree could be quite close to the perfect values of 1.0 and
0.0, again suggesting the smaller global values were due to
relative intensity and eikonal phase variations. These results
will be more fully reported elsewhere.
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