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ABSTRACT

Polarized light serves as a fundamental tool in various scientific research, particularly in the study of chiral molecules and magnetic materials.
For Free-electron Laser (FEL) sources, the Elliptical Polarized Undulator (EPU) has been extensively used as a tool to generate tunable
polarized FEL. The accurate adjustment of the polarization state critically depends on the precise diagnosis of the polarization state. This
work presents a Vacuum Ultraviolet (VUV) polarimeter that employs a reflection polarizer to determine the polarization state of the Dalian
Coherent Light Source (DCLS), a VUV-FEL facility in Dalian, China. This instrument has been precisely installed on the DCLS-FEL2 beamline
to measure the EPU-generated FEL pulses. The linear polarization angle was measured with an accuracy of +1°, and a polarization degree of
95% was achieved at 10.2 eV photon energy. Furthermore, beamline transmission matrix calibration has been conducted to ensure precision
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of polarization state at downstream end-stations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0276737

I. INTRODUCTION

Free-electron Lasers (FELs) exhibit high peak power, narrow
bandwidth, and high coherence, making them invaluable in various
research domains, including materials science, chemical engineer-
ing, and biopharmaceutics." The Dalian Coherent Light Source
(DCLS),”* a Vacuum Ultraviolet (VUV) FEL user facility with elec-
tron beam energy of 300 MeV and a wavelength of 50-150 nm, has
been serving the scientific community since its first emission at the
end of 2016. At DCLS, the implementation of the Elliptical Polar-
ized Undulator (EPU) in recent years has enabled the emission of
lasers with tunable polarization states.” Polarized FEL provides a
pivotal tool for scientific research,” '’ while the polarization infor-
mation is crucial for light source optimization and experimental data
analysis. For instance, in atom-surface scattering experiments, it is
critical to have fast and slow H atom sources with different angles

of linear polarization.'"'” In the probing of low-concentration chi-
ral samples or low-response magnetic materials, a high circular
polarization degree is essential for the acquisition of experimental
signals.'>'* Therefore, polarization diagnostics is indispensable for
the advancement of photon science.

Traditional polarization diagnostic methods primarily utilize
transmissive waveplates and polarizers. These methods are only
applicable to visible light and are unusable in the short wave-
length range due to the lack of transmittance.'”” Therefore, short
wavelength polarization diagnostics primarily rely on the reflection
polarization technique,'®'” photoelectron time-of-flight (e-TOF)
spectroscopy, '’ and the fluorescence method.”’ The e-TOF tech-
nique, utilizing the angular distribution of photoelectrons ionized by
polarized light, is a real-time, online diagnostic method. However,
the accuracy and stability of the e-TOF technique are easily affected
by many factors, including gas pressure, electron drift distance, and
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residual magnetic field.”’ The fluorescence method employs fluores-
cent gases with the optical characteristics to transform ultraviolet
light into visible light while maintaining the original polarization
state and enabling the use of traditional polarization diagnostic
methods. However, the scarcity of fluorescent gases suitable for this
purpose restricts its application to the limited wavelength range,
thereby reducing its versatility.

The reflection polarization technique relies on the principle
of Brewster angle polarization, utilizing the difference in reflectiv-
ity between S- and P-direction polarization components to separate
and detect the polarization component. The output light intensity
is measured with the rotation of the polarizer along the incident
direction to diagnose the polarization state of the incident light. The
reflection polarization method offers high accuracy and stability,
and it is suitable for the full wavelength range of DCLS as the uni-
versal technique. We use this reflection polarizer to accurately obtain
the linear polarization angle, linear and circular polarization degrees,
and to calibrate the beamline transmission matrix of DCLS-FEL2. It
provides an important reference for the end-stations and beamline
commissioning.

Il. METHODOLOGY

In the context of user experiments, the polarization state of the
incident beam entering the experimental station chamber assumes
paramount importance, as it serves as a critical reference point for
the subsequent data processing. It is therefore situated at the extrem-
ities of the beamline and the front end of the experimental station.
DCLS-FEL2 fully employs EPU, which is capable of producing radi-
ation with tunable polarization, generating single-pulse energy up
to 100 uJ, and offering two pulse duration modes (100 fs and 2 ps).
In the beamline, there is a toroidal mirror (M1) and a plane mirror
(M2). M1 is positioned 32 m from the source and focuses the beam
spot in both the horizontal and vertical directions. M2 is positioned
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S —cos 2 1
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FIG. 1. Schematic diagram of the four-
mirror polarizer of DCLS-FEL2.

MCP Detector

2.5 m from M1 and is responsible for correcting the optical path tilt
induced by M1. At the same time, the horizontal light offset made
by the M1 and M2 combination can shield the bremsstrahlung along
with FEL from upstream. The center of M2 is carved with a variable
line spacing grating for online spectral diagnostics. The schematic
diagram of the four-mirror polarizer and DCLS-FEL2 beamline is
shown in Fig. 1.

A. Principle of design

Stokes parameters, denoted as [ So S S S ], are widely
used to describe the polarization state. Parameter Sy represents the
total light intensity, S; represents the difference between the hor-
izontal and vertical linear polarization components, S, represents
the difference between the +45° and —45° linear polarization com-
ponents, and S; represents the circular polarization component.
Furthermore, the degree of linear polarization Py, the degree of cir-
cular polarization Pc, and the polarization angle 6 can be deduced
using these Stokes parameters, as shown in the following formula:

NSRS

P = YL

So
2 >
Po= VS5 (1)
So
arctan g—; )

2

Generally, the Muller matrix and Stokes parameters are used to
characterize the effect of an optical component on the polarization
state. The Muller matrix is only related to the optical parameters
of the component, and the basic form is shown in the following
equations:

0 0 So
0 0 S
. MUV B CH1 I I (2)
sin2¢ cos §  sin2¢ sin § Sz
—sin2¢ sin § sin2¢ cos § S3
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TABLE I. Refractive index data of common coating materials at 10.2 eV.

Material Refractive index
Au 1.268 + 0.972j
Ni 0.948 + 0.834;j
Pt 1.344 + 1.178j
Ru 0.900 + 0.770j

"
= t. £,
[} arcan(rs)
8=258p-0.

3)

Here, R(«) is the transformation matrix between the laboratory
coordinate system and the polarizer coordinate system, rp, s are the
reflections in the S and P-directions, and &), &; are the phase shifts
in the S and P-directions. All of the above-mentioned parameters
can be acquired from the optical parameter database.”>”” Therefore,
polarization diagnostics are performed by rotating the polarizer and
fitting the curve of the output intensity as a function of the polarizer
angle, thereby obtaining the Stokes parameters and polarization state
information.

The reflection polarization technique is based on the principle
of Brewster angle polarization to separate and detect the polariza-
tion component using the difference in reflectivity between S- and
P-direction polarization components. To ensure accurate polariza-
tion measurements, the polarizer must exhibit a high extinction

ratio (%). It is highest at the Brewster angle after the incident
P

J

R5+Rp 4
2

I = Soout = (

Au

50 55 60 65 70
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ARTICLE pubs.aip.org/aip/rsi

light reflects off a mirror surface.”* In the DCLS wavelength range
(50-150 nm), the extinction ratio of the commonly used metal coat-
ings (Au/Ni/Pt/Ru) in free-electron laser beamlines is less than 10
after one reflection. It is not enough to diagnose the polarization
purity within 95%. Multilayer coatings exhibit high extinction ratios
only within narrow wavelength bands; therefore, a single mirror can-
not cover the full wavelength range. Therefore, multiple reflections
with a single metal coating have to be used to increase the extinction
ratio to at least 100, and the incident outgoing light can be coaxial so
that the detector does not need to rotate with the polarizer. In order
to have good performance in the full wavelength range, incident
angle, coating, and how many mirrors are considered carefully.

The incident angle was optimized at the Brewster angle of
121.6 nm (10.2 V), which is the most commonly used wavelength of
the end-station in DCLS.””° Table I summarizes the refractive index
data of four materials, Au, Ni, Ru, and Pt, according to the opti-
cal properties database,”””’ and the extinction ratio for the coating
materials shown in Fig. 2(a) is calculated based on the data in Table I.
Obviously, the Au-coated film is the good choice for 121.6 nm at the
Brewster angle of 59.6°. While one mirror is not enough, it is worth it
to add more mirrors to increase the extinction ratio. From Fig. 2(b),
it can be seen that after four reflections, the extinction ratio of the
polarizer ranges from 100 to 1400 due to different wavelengths. This
means that the diagnostic precision for the degree of polarization is
better than 1%, which meets the diagnostic accuracy requirements.
The Au-coated four-mirror polarizer with the incidence angle of
59.6° is chosen for the VUV polarimeter.

Furthermore, from Eq. (2), one can derive the relationship
between the output light intensity, the azimuth of the four-reflection
polarizer, and the Stokes parameters of the incident light,

So(cos 2(2 cos 2¢ + cos 2¢(cos’ 2¢ + 1)) + 3 cos” 29 + 1)
—S) cos 2a(2 cos 2¢ + cos 2¢(cos” 2¢ + 1) + cos 2¢(3 cos’2¢ + 1)) 1, (4)
—S; sin 2a(2 cos 29 + cos 2¢(cos” 2¢ + 1) + cos 2¢(3 cos” 2¢ + 1))

(b) 1a00
Four-Mirror
I Three-Mirror
1200 Two-Mirror
Single-Mirror
1000
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a
«
»
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0
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FIG. 2. (a) Extinction ratio of the polarizer with different coating materials at different incident angles at 121.6 nm. (b) Extinction ratio of Au-coated polarizers with different

numbers of mirrors at an incident angle of 59.6° in the 50—150 nm range.
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where « is the azimuth of the polarizer. The polarization state can be
obtained by fitting the relationship between the azimuth angle of the
polarizer and the light intensity detected by the Microchannel Plate
(MCP) detector.

B. Mechanical design

The overall mechanical design of the device is shown in Fig. 3,
which consists of rotation, detection, and alignment systems.

Polarization diagnosis needs to detect the light intensity pass-
ing through the polarizer at different rotation angles. A four Au
coating mirror reflection system is installed on an RSX3K6-LS high-
precision polarizer rotation stage manufactured by Arun Micro-
electronics Corporation with the moving range of 0°-360° and the
precision of 0.1° to ensure accurate measurement of the linear polar-
ization angle. The substrate of the Au coating mirror is single crystal
silicon, the coating thickness is 100 nm, the roughness is about
0.2 nm, and the overall length, width, and thickness of the mirror
are 30 x 20 x 10 mm. The polarizer and rotary stage are mounted on
a linear displacement stage, enabling their insertion and retraction
from the optical path.

After four times reflection, the light intensity will only retain
about 3.11% (Rs » 0.42). To measure the light intensity accurately in
a relatively large dynamics range, which is the key to obtaining high
polarization purity, two types of detectors are used, photodiodes
(PD) for high light intensities and MCP for low light intensities. This
experiment was conducted under weak light conditions, with the
incident light intensity ~2 uJ, measured using the SXUV100 photo-
diode manufactured by Opto-Diode Corporation. We select a MCP
made by Northern Night Vision Technology Corporation and a self-
designed metal shell to assemble the MCP detector for low light
intensity detection. The MCP detector maintains a dynamic range
with linearity over three orders of magnitude, which can ensure that

MCP Detector

- Polarizer and
Rotary Stage

\Optical Stage

Linear Displacement Stage

“ ﬂl& HexapOd
| Posifioning System
Nl - 1

U

FIG. 3. Mechanical schematics of the optical polarimeter on the six-axis hexapod
positioning system.
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the signal will not be distorted by the change of light intensity caused
by the rotating polarizer.

In addition, Yttrium Aluminum Garnet (YAG) scintillator tar-
gets and the BrevaST six-axis hexapod positioning system, manu-
factured by Symetre Corporation, facilitate the precise online colli-
mation of the optical polarimeter by adjusting its attitude to make
sure that the FEL accurately traverses the centers of the YAG scin-
tillator targets located both in front of and behind the polarizer.
Furthermore, as the DCLS-FEL2 has four branches, all components
are mounted on the hexapod positioning system, which allows for
precise and rapid adjustment of the system after deployment. Due to
the strong absorption of VUV radiation in the atmosphere, the com-
ponents of the polarimeter are encased within an ultra-high vacuum
chamber, maintaining the vacuum level of 5 x 1077 Pa.

Illl. EXPERIMENTAL RESULTS
A. Polarization diagnostic results at DCLS-FEL2

Polarization diagnostic experiments were conducted at the
DCLS-FEL2 beamline. The pulse energy of the FEL during the exper-
iment was 2 yJ/pulse, detected by the SXUV100 photodiode from
Opto-Diode Corporation. The central wavelength was adjusted to
121.6 nm, as measured by the online spectrometer.”” Owing to mul-
tiple reflections of the polarizer, the light intensity is very weak when
it reaches the MCP detector. The MCP detector can amplify elec-
tronic signals through two microchannels, facilitating the detection
of weak signals. In addition, the U5309A acquisition card, manufac-
tured by Acqiris Corporation, was used to collect the intensity signal
from the MCP detector.

Light intensity passing through the polarizer was collected at
different polarizer azimuths. Figure 4(a) shows the variation of light
intensity measured by the MCP detector with the azimuth angle of
the polarizer and the fitting results in both linear and circular polar-
ization modes. The scanning step of the azimuth angle is 10°, and the
measured results fit well with the curve calculated from Formula (4).
In addition, a diagram of the electric vector oscillation mode
reconstructed from the experimental data was plotted in Fig. 4(b).

Multiple tests were conducted at DCLS-FEL2, and the diagnos-
tic results are shown in Tables IT and I11.

Tables IT and TIT show the test results of linear polarization
degree P, circular polarization degree Pc, polarization angle 6,

S 83
age values and standard deviations. The results show that the linear
polarization angle is measured with an accuracy of +1°, and the
linear and circular polarization degree is about 95%.

The measured polarization state shows a slight deviation from
the theoretically perfect polarization. Theoretically, horizontally
polarized light is not affected by distortions introduced by the
MIM2 transmission. Hence, the measurement errors mainly arise
from light intensity fluctuations and the variation in the MCP
detector’s quantum efficiency with intensity. To further demonstrate
the impact of these two error sources on the results, a simulation
was performed under horizontally polarized conditions. During the
measurements, the standard deviation (STD) of the light intensity
fluctuations was ~20%, and it was assumed that the MCP experi-
ences about a 3% efficiency drop due to saturation*® when obtaining
close to the light intensity peak. Nine simulations were conducted,
and the linear polarization degree and polarization angle were

and Stokes parameter [ So S1 ], as well as their aver-
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FIG. 4. (a) Curve of light intensity varies with the polarizer azimuth angle and the fitting results. (b) Electric vector vibration mode of linear and circular polarization.

TABLE Il. Linear polarization diagnostic results.

TN P i 81/ $2/S0 S3/So R

1 0.944 -3.56 0.936 -0.117 0.331 0.993
2 0.935 -2.58 0.931 -0.084 0.356 0.988
3 0.940 -3.32 0.933 -0.109 0.342 0.987
4 0.982 -2.61 0.978 -0.089 0.190 0.996
5 0.937 -4.43 0.926 ~0.144 0.349 0.932
6 0.953 -4.58 0.941 -0.152 0.302 0.970
7 0.920 ~1.84 0.918 -0.059 0.391 0.984
8 0.930 -3.39 0.923 -0.110 0.369 0.972
9 0.955 ~4.45 0.943 -0.148 0.297 0.959
Mean + STD 0.944 + 0.018 ~3.418 + 0.956 0.937 +0.017 ~0.112 + 0.032 0.325 + 0.059 .-

TABLE IIl. Circular polarization diagnostic results.

9¥:6¥:€L G20Z AInF 2L

TN Pc 0 $1/So S2/So0 S3/So R?

1 0.9238 ~24.370 -0.2525 -0.2878 0.9238 0.935
2 0.9390 -22.410 ~0.2439 -0.2424 0.9390 0.944
3 0.9725 -19.350 -0.1818 ~0.1456 0.9725 0.935
4 0.9329 -20.110 -0.2750 -0.2325 0.9329 0.960
5 0.9825 ~23.390 -0.1276 ~0.1357 0.9825 0.915
6 0.9649 ~27.060 -0.1539 -0.2128 0.9649 0.948
7 0.9089 ~22.040 -0.2996 -0.2901 0.9089 0.948
8 0.9347 ~25.160 -0.2269 -0.2736 0.9347 0.956
9 0.9734 ~20.430 -0.1733 ~0.1499 0.9734 0.992
Mean + STD 0.948 + 0.026 ~22.702 + 2.548 ~0.215 + 0.058 ~0.219 + 0.062 0.948 + 0.026

Rev. Sci. Instrum. 96, 073101 (2025); doi: 10.1063/5.0276737 96, 073101-5
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FIG. 5. Reflectivity ratio and phase dif-
ference induced by the FEL2 beamline
transmission over the full wavelength
range of DCLS.
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statistically analyzed, yielding the results shown in the following
formula:

{PLSimulaﬁon =0.9531 +0.0183, 5)

Osimulation = -0.74° + 1.24°.

The above-mentioned results are very close to the measured
results shown in Table II, providing a robust explanation for the
observed error sources.

B. Calibration results of beamline transmission matrix

The DCLS-FEL2 beamline comprises two beamline optic ele-
ments, M1 and M2, with Au coated film and a 2.5° grazing angle.
The schematic diagram of the beamline and optical polarimeter was
shown in Fig. 1.

The above beamline transmission system will introduce trans-
mission distortion in the polarization state during the reflection
process, which is due to the distortion caused by the additional phase
difference and the difference in reflectivity of S- and P-directions
introduced by each mirror. As shown in Fig. 5, we calculated the

J

reflectivity ratio for P- and S-directions and the induced phase dif-
ference from the two mirrors of DCLS-FEL2 based on the optical
parameter database.”””” The results indicate that after transmission,
the reflectivity ratio is ~0.70 and the phase difference is about —12°.
This has a non-negligible impact on the transmission of the polariza-
tion state, and the effect will be further amplified when more mirrors
are involved.

DCLS-FEL2 is fully employed with a EPU; therefore, when
the EPU operates in circular polarization mode, the polarization
state of the FEL should theoretically be 100% circularly polarized.
Based on this, we employed polarization diagnostic data obtained in
the circular polarization mode to calibrate the beamline transmis-
sion distortion in DCLS-FEL2. The circular polarization diagnostic
results recorded in Table III are the outcomes of fully circularly
polarized light after beamline distortion. Therefore, by substitut-
ing Sin = [1, 0, 0, 1], Sous = [1,-0.215,-0.219,0.948], and « = 0 into
Formula (2), the transmission matrix of DCLS-FEL2 can be solved.
The transmission matrix calibration results for the DCLS-FEL2
beamline,

1 ~0.215 + 0.058 0 0
~0.215 + 0.058 0 0
| . 6
DCLS-FEL2 0 0.948 £ 0.026 —0.219 + 0.062 ©
0 021940062 0.948 +0.026

In order to validate the measured transmission matrix of the DCLS-FEL2, we calculated the theoretical transmission matrix of the
DCLS-FEL2 using the expression of the Muller matrix in Formula (2), according to the refractive index of Au recorded in Table I,

Rev. Sci. Instrum. 96, 073101 (2025); doi: 10.1063/5.0276737
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1 —Cos 2¢ 0 0 1 -0.179 0 0
—Cos 2 1 0 0 -0.179 1 0 0
MTheary = ¢ . . . = . (7)
0 0 sin2¢ cos § sin2¢ sin § 0 0 0.963 -0.203
0 0 —-sin2¢ sin § sin2¢ cos § 0 0 0.203  0.963

It is evident that the theoretical transmission matrix in For-
mula (7) falls within the STD of the measured results in Formula
(6), demonstrating agreement between theory and experiment. This
strong correlation validates the feasibility of our method for cal-
ibrating the beamline’s transmission matrix. This provides strong
support for compensating for the distortion of the polarization state
at the end-station.

From the above-mentioned analysis, it is clear that the devi-
ation between the mean measured values in Table III and those
of ideal circularly polarized light originates from transmission dis-
tortions of the polarization state. Meanwhile, the STD observed in
the measurements is primarily due to a 20% fluctuation in light
intensity. To demonstrate this point, the measurement errors of the
polarization state under a 20% intensity fluctuation were simulated,
as shown in the following formula:

{PCSimu,m,-M = 0.9487 + 0.0201, ©

esimulation =-22.15° +2.94°.

The simulation results are in good agreement with the mea-
sured data in Table III, providing a robust explanation for the
observed error sources.

IV. CONCLUSION

Polarization diagnostics are essential for the advancement of
photon science. Using the extinction technique based on the Brew-
ster angle reflection principle, we have developed a polarization
diagnostic device capable of high-precision polarization diagnosis
and rapid deployment on the VUV-FEL facility. A linear polar-
ization angle precision of +1° and a polarization degree of 95%
were experimentally validated. This provides critical data support for
the experiments requiring polarized light, such as surface-catalyzed
reactions and magnetic/chiral material detection. The device is
located on the DCLS-FEL2 beamline. It is routinely used and can
be easily deployed to different branch lines. Calibration of the
DCLS-FEL2 beamline transmission matrix has also been achieved
through circular polarization diagnostic results, providing an essen-
tial dataset for polarization distortion compensation at downstream
end-stations.
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