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A non-destructive diagnostic method for the characterization of circularly polarized, ultraintense,
short wavelength free-electron laser (FEL) light is presented. The recently installed Delta undulator
at the LCLS (Linac Coherent Light Source) at SLAC National Accelerator Laboratory (USA) was
used as showcase for this diagnostic scheme. By applying a combined two-color, multi-photon
experiment with polarization control, the degree of circular polarization of the Delta undulator has
been determined. Towards this goal, an oriented electronic state in the continuum was created by
non-resonant ionization of the O2 1s core shell with circularly polarized FEL pulses at hν ≃ 700 eV.
An also circularly polarized, highly intense UV laser pulse with hν ≃ 3.1 eV was temporally and
spatially overlapped, causing the photoelectrons to redistribute into so-called sidebands that are
energetically separated by the photon energy of the UV laser. By determining the circular dichroism
of these redistributed electrons using angle resolving electron spectroscopy and modeling the results
with the strong-field approximation, this scheme allows to unambiguously determine the absolute
degree of circular polarization of any pulsed, ultraintense XUV or X-ray laser source. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4961470]

I. INTRODUCTION

Free-electron lasers (FELs) with their ultrashort and ultraintense pulses ranging from the InfraRed (IR) over the Vacuum UltraViolet (VUV) to the hard X-ray regime have revolutionized the field of photon science.1 One key development
at the LCLS, at SLAC, USA towards new applications with
X-ray free-electron lasers (XFELs) is the “Delta” project2,3
that preludes their capability to provide circularly polarized
X-rays with a very high degree of circular polarization while
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preserving characteristics unique to FELs such as high pulse
energies and ultrashort pulses.
Generally, circularly polarized light enables investigations on all chiral, i.e., optically active targets. The difference in the absorption coefficients of left-handed light and
right-handed light of a chiral target is called “circular dichroism.” Dichroic behavior of matter has wide applications in
studies of magnetism,4 data storage,5 spintronics,6 and biological chirality of any living tissue on earth7 due to its sensitivity for electronic spin and structural chirality of, e.g., biomolecules. Regarding its impact on our health and well-being,
the pharmaceutical industry invests billions of dollars each
year in drug control and discovery where chirality can determine the benefit versus toxicity of a compound.8
Already with the advent of circularly polarized FEL light
in the VUV regime at FERMI (Free Electron laser Radiation
for Multidisciplinary Investigations) in Italy.,9–12 e.g., ultrafast changes of magnetism gained broad interest over the last
years13–15 and will also be one of the main applications for the
Delta undulator. Not only techniques using ultrafast X-rays
and optical lasers13–15 but also the use of transient spin gratings,16 the time resolved magneto-optical Kerr effect,17 and
ultrafast electron diffraction (UED) experiments18 has shown
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great potential to contribute to the scientific field of ultrafast
magnetism studies. UED is anticipated to also contribute to the
study of ultrafast structural changes of chiral molecules and
constitutes a promising synergy between XFEL research and
electron diffraction.
With the advent of ultrafast, highly intense, and chiral
X-rays at even higher photon energies, the understanding
of underlying processes in large material depth or involving
highly bound electrons can be studied in advanced detail on
a femtosecond time scale. Furthermore, spin control in nonlinear physics of, e.g., sequential photoionization,19 as well as
transient core shell chirality studies of bio-molecules20 will be
enabled by the Delta undulator.
Previous efforts to generate ultrafast chiral X-rays were
performed with an in-plane-magnetized Co magnetic thin film
polarizer13 at the LCLS at 778 eV. This approach resulted in
109 photons per pulse (≈120% nJ pulse energy) with 58% of
circular polarization.
Sliced synchrotron radiation sources21 as another promising technique to study ultrafast chiral and magnetic dynamics
have demonstrated to provide a higher degree of circular polarization in ultrashort X-ray pulses but are limited in their pulse
energies and their peak power as well.
Compared to these approaches and any ultrafast, circularly polarized optical or higher harmonic generation laser, the
Delta operation at LCLS can produce a very high degree of
circular polarization and, at the same time, orders of magnitude higher pulse energies of tens to hundreds of µJ X-ray
pulse energy. The typical pulse durations range from 10 fs to
40 fs.
For circularly polarized hard X-rays as a future perspective, an even deeper penetration depth and the site selectivity
for several magnetic as well as paramagnetic materials23 are
of interest with future applications towards ultrafast investigations as well. Details about Delta, its general operation and the
advanced modes are published elsewhere.22
In this work, we present direct measurements of the degree
of circular polarization of the X-ray pulses generated by the
Delta undulator. The chosen photon energy is a showcase for
the performance of Delta and is particularly interesting for
future experiments on chiral molecular structures that contain
atoms such as fluorine as well as for X-ray Magnetic Circular
Dichroism (XMCD) studies at several M- and L-edges of magnetic elements. Based on these results, an online polarization
diagnostic scheme has been calibrated and used for further
commissioning.
II. EXPERIMENT

The experiment was based on a two-color, multi-photon,
and variable polarization interaction with K-shell electrons of
molecular oxygen. By ionizing oxygen core electrons (EBind
≈ 540 eV) with a circularly polarized (and therefore chiral)
FEL pulse of hν = 700 eV, chiral electronic states were created
in the continuum. These O2 1s photoelectrons were emitted
in the strong field of a spatially and temporally overlapped,
circularly polarized, UV laser with 3.1 eV photon energy. This
laser field redistributed the electrons in additional peaks, the
sidebands, that are separated by the energy of the laser photons.
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Depending on the chirality of the Delta-light, the yields of
the sidebands differ substantially, see Fig. 2, which allows
a quantitative analysis of the underlying degree of circular
polarization within a model based on the strong field approximation24,25 (see the supplementary material for details of the
theoretical modeling).
For the work presented here, previous polarization diagnostics12 have been substantially developed in order to meet
the demands of an X-ray SASE (Self Amplified Stimulated
Emission) light source like the LCLS. To enable the measurement of photoelectron sidebands in the X-ray regime, an angle
resolving electron time-of-flight spectrometer was installed
in the Atomic, Molecular and Optical Sciences beamline of
the LCLS.26 The spectrometer made it possible to measure
electron kinetic energies of several hundreds and potentially
thousands of electronvolts. To account for the typically large
SASE energy bandwidth and the resulting energy broadening of the electron signal, we used a frequency doubled
Ti:Sapphire laser providing ultraviolet (UV) light with 400 nm
wavelength (3.1 eV photon energy). Furthermore, the data was
sorted and filtered to include only those X-ray pulses with
small bandwidth and good overlap with the UV light. The
details of the data processing are described below.
For the X-ray generation, 11 planar (linearly polarizing)
LCLS undulators were used to create a micro-bunched electron beam with 3.97 GeV kinetic energy at the full repetition
rate of the LCLS, 120 Hz. The electron beam was then sent
through the 3.2 m Delta undulator in left or right circular
polarization mode. To extract maximal X-ray intensity from
an electron bunch, the magnetic field strength is commonly
reduced along the planar undulator line, a so called normal
taper. A reversed taper, on the other hand, increases the field
strength along the undulator line, which suppresses lasing but
still produces microbunching.22,27,28
The total average pulse energy was determined to be
16 µJ with a FWHM of 4.5 µJ for the reversed taper operation and 81 µJ with a FWHM of 28 µJ for the normal taper
operation. The pulse duration of 80 fs ± 20 fs with a jitter
of 100 fs RMS was the same for both taper conditions. The
post-sorting of the temporal jitter is principally possible at
the LCLS with different arrival time techniques.29–31 However,
under the described conditions of the experiment the X-ray
intensity was insufficient for such techniques. Instead, a data
sorting as described below was applied to remedy the temporal
jitter uncertainty. An energy jitter of the X-ray photon energy
of ±2.5 eV was determined and sorted in the analysis based on
measurements of the electron beam energy as provided by the
facility. The average bandwidth including all shots and data
sets was ≈4 eV. Any residual energy jitter is included in the
final bandwidth determination. The X-rays were focused down
to a spot with 20 ± 10 µm diameter at FWHM in the interaction
region.
The UV light was produced by second harmonic generation of 800 nm radiation from a standard Ti:Sapphire laser system in a Beta Barium Borate (BBO) crystal. Three reflections
on dichroic mirrors were used to remove any residual 800 nm
radiation before the 400 nm light was focused by a curved
mirror into the interaction region. The laser was more than
99% circularly polarized by a zero order quarter waveplate.
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The spot size of the UV radiation was 100 ± 15 µm at FWHM
and the pulse energy was 234 ± 10 µJ. A pulse duration of
50 ± 10 fs of the UV light and a timing jitter of 120 fs RMS
made event filtering essential to analyze shots with good time
overlap. After establishing a coarse time overlap of the UV
laser and the FEL with a diode signal (≈20 ps accuracy), the
sideband generation was subsequently used to determine the
best time overlap between the X-ray and UV pulses.
Regarding the sample, gaseous oxygen with a purity of
99.995% was injected into the interaction region of an ultrahigh vacuum chamber via an effusive gas jet. The background
pressure in the experimental chamber was in the order of
1 × 10−9 hPa. The maximum pressure with injected oxygen
was kept below 10−5 hPa to ensure proper operation of the
detectors.
For the detection of the chirally distributed electrons
emitted from the oxygen, an array of 16 independently working time-of-flight spectrometers was used. The detectors were
arranged in the plane perpendicular to the light propagation11,32 (see Fig. 1). Details about the technical specifications
of the spectrometer will be published elsewhere.

III. RESULTS AND DISCUSSION

A total of 60 min of data was recorded in four 15 min
data sets for combinations of both helicities of the X-rays and
the normal and reversed taper conditions. The first step of the
analysis was to determine a conversion between the time-offlight of the electrons and their energy. This was achieved by
analyzing dedicated calibration measurements where the Xray energy was changed in few-eV steps around the nominal energy. The relative transmission and gain factors of the
different detectors were determined by analyzing non-resonant
Auger electron signals known to be inherently isotropic. In this
way, the electron spectra could be converted to an absolute
energy axis with correct relative intensities.
As a first step of polarization determination, the degree
of linear polarization was derived from the total intensity of
each detector as a function of the emission angle θ in the
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plane of the light polarization vector. The resulting electron
angular distribution in this plane can be described in terms of
the degree of linear polarization in the sense of the first Stoke’s
parameter P1 as


σi f
βi f
dσi f
(θ) =
(1 + 3P1 cos [2(θ − λ)]) , (1)
1+
dΩ
4π
4
with the anisotropy parameter βi f and the cross section σi f
from the initial to the final electronic state.33 The tilt angle λ
characterizes the axis of the linear polarization where λ = 0
represents horizontal polarization. The βi f -parameter for nonresonant photoelectron emission from the O2 1s orbitals is very
close to 2 for the kinetic energy of 156 eV. The approximation
of a maximum anisotropy ( β = 2) and a pure p-wave emission
is generally valid for fast electrons emitted from highly localized isotropic orbitals ionized by horizontally polarized photons since the by far dominant emission direction is determined
by the polarization vector. This means that for horizontally
polarized light as emitted from planar undulator segments, the
O2 1s electrons are emitted along the horizontal axis. In that
case, the largest signal is detected in the θ = 0◦ and θ = 180◦
detectors (see Fig. 1) whereas the detectors at θ = 90◦ and
θ = 270◦ show no signal for the O2 1s electrons. For the case
of circular polarization as emitted from the Delta undulator,
the O2 1s electrons are emitted isotropically where every detector must measure the same spectrum. Both extreme cases
are depicted as “3D emission patterns” above their respective
sources in Fig. 1. The overlap of linear and circular polarization causes an elliptical distribution which still unambiguously
allows the derivation of the linear polarization component.
This method can, however, not distinguish between circularly
and unpolarized light, which is the main motivation for using a
circular dichroism as the unambiguous measure of the circular
polarization.
Using Eq. (1), the degree of linear polarization was determined to be P1,(Reversed taper) = 0.05(3) for the reversed taper
and P1,(Normal taper) = 0.25(2) for normal taper. Using a common expression for the degree of total polarization, p2 = P12
+ CP2,11 these values correspond to a fraction of non-linearly
polarized light of 96.8(5)% for the normal taper and 99.9(1)%

FIG. 1. Experimental scheme figuring the X-ray generation in the planar undulator segments and in the Delta undulator (only two of the magnet rows are
depicted) as well as the experimental setup consisting of 16 independently working time-of-flight (TOF) spectrometers aligned in the plane of polarization under
the angle θ (see Eq. (1)). The angular distribution patterns above the respective undulator sections depict the emission from linearly (horizontally) polarized and
the circularly polarized light. The spectrum on the right shows a schematic “FEL only” O2 time-of-flight spectrum at 700 eV photon energy under the θ = 180◦
emission angle. Here, 1 marks the scattered light, 2 are valence electrons, 3 are Auger electrons and 4 are O2 1s electrons which can be redistributed in the
sidebands by overlapping the UV laser with the X-ray pulse.

083113-4

Hartmann et al.

for the reversed taper. These results are robust and independent
of any selection or filtering of the data. Therefore, this is a
strong indication that the general polarization stability of Delta
was good throughout the measurements.
Before analyzing the degrees of circular polarization, the
data had to be filtered based on two criteria. The first selection
was made based on the bandwidth of the X-rays. This was
achieved by determining the width of the main photo-line for
each FEL shot. Only shots where the FEL bandwidth was
less than 2.5 eV (≈7% of the total) were used in the further
analysis. The second selection was based on the total sideband
intensity relative to the main line, which was acquired from
an intensity fit on the respective contributions in each shot
(≈30% of the first step filtering). Accordingly, a total of about
2% of the incoming FEL shots was used for the final analysis.
This filtering served the purpose of disregarding shots where
either the temporal or spatial overlap was compromised due to
temporal jitter or pointing instabilities. The polarization jitter
itself is estimated to be very low by observing the shot-to-shot
fluctuations of the degree of linear polarization. The residual
uncertainty is taken into account in the final error. Selecting
only the strongest sideband signals can be justified since the
modeling was based on the best overlap condition. This selection was furthermore checked to only provide signals with the
same absolute FEL intensity in order to ensure the validity of
the used modeling.24,25
Including shots where the temporal or spatial overlaps
were sub-optimal would lead to an underestimation of
the circular dichroism and thus the degree of circular
polarization.
In order to directly determine the degree of circular polarization, the difference between spectra derived from left and

FIG. 2. Figure 2(a) depicts the energy calibrated, angle integrated O2 1s
spectra for left and right circular polarization of Delta with overlapped UV
laser. Figure 2(b) shows the difference of these spectra (connected red dots)
as well as the according calculations for 156 eV kinetic energy (blue line)
and supporting experimental results from specific tapers (magenta circles:
normal; green squares: reversed). Also shown are calculations for the difference spectra at electron kinetic energies in the vicinity of the experimental
data (lighter gray: 150 eV; darker gray: 171 eV).
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right circularly polarized X-rays, as shown in Figure 2(a), was
correlated to the theoretical calculations (see Figure 2(b). A
benefit of the subtraction is an improvement of the data representation because all detector related behavior such as ringing,
cross talk, and individual electron transmission is intrinsically eliminated. For this part of the study, the emission angle
was not of importance and the spectra from all 16 detectors
were averaged for better statistics. The theoretical modeling is
described in detail in papers24,25 and was previously applied
for the description of sideband spectra,34 angular distribution
of photoelectrons,35 and circular dichroism in sidebands.12 It
can be found in the supplementary material for further reading.
From four data sets, reversed taper with left circular polarization and normal taper with right circular polarization have
superior statistical quality compared to the opposite polarizations of the corresponding taper modes. The reason for this
circumstance is probably related to small drifts in the overlap
conditions of the UV laser and the FEL. Although the changing taper is expected to deliver slightly different polarization
characteristics, within the used model, it is still valid to simply
determine the average degree of polarization between the two
helicities.24,25
Fig. 2(a) shows the energy converted sideband spectra for
left and right circularly polarized light which were sorted for
sufficiently low bandwidth and the same overlap conditions
with the UV laser as described above. The energy shift between
the center of gravity of the two spectra towards higher kinetic
energies is caused by slightly different energy and polarization
conditions in the two taper modes as characterized above.
In order to achieve the most reliable results, the spectra are
focused on the high kinetic energy side of the sidebands and in
particular the ratio between main line and the first sideband in
the difference spectrum due to statistical reasons. However, all
sidebands and their respective contributions have been taken
into account for the determination of the results and the errors.
The error bars as shown in Figure 2(b) include the statistical error, the background correction, and the transmission
correction, all derived by Gaussian error progression. Due to
low spectrometer transmission and therefore less favorable
statistics for sidebands with negative relative kinetic energies,
the corresponding data is not included. The difference of these
spectra is shown as data points connected with a full red
line in Fig. 2(b) (reversed taper left circular vs. normal taper
right circular), while the difference spectra involving the lower
quality data sets are combined to points representing the mainline and two visible sidebands. These points have increased
uncertainties but the results are qualitatively consistent with
the reversed vs. normal taper comparison. The statistics for the
second sideband for the reversed taper are low and therefore
not shown. The theoretical result with the matching electron
kinetic energy of 156 eV is depicted as a full blue line in the
figure. This kinetic energy has been determined experimentally and has an error of less than 2 eV. The bandwidth of the
theoretical data has been chosen to match the experimentally
sorted bandwidth of 2.5 eV FWHM. For a guide-to-the-eye
comparison, calculations for 150 eV electron kinetic energy as
a lower relevant limit and 171 eV electron kinetic energy as an
upper relevant limit are shown as full gray lines. It is interesting
to point out that the changes in sideband yields between the
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different curves as predicted by theory are quite big regarding
the rather large absolute kinetic energies. This implies that the
kinetic electron energy is a sensitive parameter for this method
which has been taken into account for the total error of the
degree of circular polarization.
The difference spectrum from the left circular reversed
taper and the right circular normal taper was used in a comparison to the theoretical modeling and the average degree of
circular polarization was determined to be CP = 92% ± 6%.
Given that the polarized part of the beam, p, is commonly
written to be p2 = P12 + CP2,11 the unpolarized part is assumed
to be constant, the degrees of linear polarization for the two
taper modes are P1,(Reverse taper) = 0.05(3) and P1,(Normal taper)
= 0.25(2), and the degrees of circular polarization were determined to be 95% +5%
−6% for reversed taper and 89% ± 6% for
normal taper.
Within the accuracy of the measurements there was no
change in any degree of polarization upon switching the beam
helicity within a specific taper mode. Especially the very accurately measurable degree of linear polarization validates the
expectation of a stable degree of polarization during helicity
changing.
All variably polarized components that are undetectable
for our method are combined to represent the “unpolarized”
part of the FEL beam which according to the above numbers
adds up to 5% +6%
−5% for both taper modes.

IV. CONCLUSION

In conclusion, we have measured a circular dichroism
with the Delta undulator and determined the degree of circular polarization to be 95% +5%
−6% for reversed taper and
89% ± 6% for normal taper under the described conditions.
We exploited the creation of chiral electronic states in the
continuum in molecular inner-shell ionization of oxygen with
circularly polarized X-rays using a SASE based XFEL and
a second harmonic UV laser. The experimental scheme of
using a second harmonic optical laser with angle resolving
electron time-of-flight spectroscopy and specifically developed data analysis as presented here enables this kind of
diagnostic to be applicable to any kind of SASE based X-ray
source.
The operation of the Delta undulator is under ongoing
development and schemes to improve the absolute degree of
circular polarization are explored and will be published subsequently. The presented data have been analyzed for a single
shot determination of the degree of circular polarization which
in principal works, however facing too low single shot statistics
for a quantitative analysis. It is anticipated to be feasible in the
near future. Furthermore, it would be interesting to investigate
the SASE sub-structure of the FEL pulses with, e.g., electron
streaking techniques for their individual polarizations. Future
projects on the exploration of chirality, magnetization studies,
and general spin control are also under ways. The data presented here support the prospected capabilities of future FEL
projects like European XFEL and the LCLS II to promote
and include polarization control as a top priority together with
robust diagnostics.
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SUPPLEMENTARY MATERIAL

See supplementary material for further reading about the
theoretical modeling of dichroic behavior of a laser dressed
electron in the continuum after FEL ionization.
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