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We have demonstrated the generation of circularly polarized coherent light pulses at 66 nm wave-
length by combining a laser seeding at 263 nm of a 375 MeV relativistic electron bunch with subse-
quent coherent harmonic generation (CHG) from an elliptical undulator of APPLE II type. Coherent
pulses at higher harmonics in linear polarization have been produced and recorded up to the sixth
order (44nm). The duration of the generated pulses depends on the temporal overlap of the initial
seed laser pulse and the electron bunch and was in the order of 200 fs. Currently, this setup is the
only source worldwide producing coherent fs-light pulses with variable polarization in the vacuum

ultraviolet (VUV).

I. INTRODUCTION

Brilliant synchrotron radiation as produced in third
generation storage rings is used in many user facilities
worldwide featuring polarization control of the radiation
using elliptical undulators. However, in the VUV and
X-ray regime the synchrotron radiation is partially or
totally incoherent. Time resolved measurements are lim-
ited by the electron bunch length of typically 10-100ps.
Specific operation conditions, so-called low-alpha optics,
provide bunch lengths on the ps scale [1]. The pulse dura-
tion can further be reduced with slicing techniques, where
only a part of the bunch charge is used [2, 3]. However,
these pulses are temporally incoherent and the photon
flux is limited.

Coherence properties as well as the photon flux can be
significantly improved with free electron lasers (FELs).
Self amplified spontaneous emission (SASE) FELs gen-
erate high peak brilliance, short pulse lengths and wave-
lengths [4-6] but since they start from noise they suffer
from: intensity variations, the signal longitudinally co-
herent only within the slippage length (shorter than the
bunch length) and spiky resulting spectra. Introduction
of a seed pulse (to avoid buildup from noise) eliminates
these drawbacks but creates new challenges to find a suit-
able seed source. Various seeding schemes have been pro-
posed or carried out: seeding with high harmonics gen-
erated in a gas [7, 8], self-seeding schemes [9], extract-
ing higher harmonic after bunching at longer wavelength
(High Gain Harmonic Generation HGHG) [10-13] or re-
cently by echo-enabled harmonic generation [14].

The radiation from these sources [4-14] is linearly po-
larized since planar radiators were used. In the VUV-
regime, quarter wave plates converting linear to circular
light are not available. One has to rely on reflection op-
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FIG. 1. Principle of the experimental setup of the MAX-lab
test FEL (undulator section). Seeding occurs at 263nm in
the modulator which applies a horizontal field to the electron
beam. After bunching in a dispersive section (chicane), the
radiator emits circularly polarized coherent pulses up to the
4*™ harmonic at 66 nm.

tics with low reflection efficiency and small tuning ranges.
Thus, the linearly polarized radiation of existing FELs or
the HHG radiation cannot be easily converted to circu-
lar polarization using optics and helical undulators have
to be used instead. The FERMI project which is under
construction will have variably polarizing radiators [15].

Here, we show the first experimental results of combin-
ing temporal coherence, circular polarization and fs pulse
length down to 66 nm wavelength using the experimental
layout depicted in Fig. 1. The same layout is used also
to generate even higher harmonics in linear polarization
(down to 44 nm).

The method we used is similar to High-Gain Harmonic
Generation (HGHG) as in Ref. [11] but with a difference
that we use an APPLE-II type undulator as a radiator
to produce harmonics with variable polarization, and our



seed pulse is in the UV region. The modulator undulator
(although tunable) is set to resonance with the seed laser
frequency w whereas the radiator undulator fundamental
mode is set to nw (n > 1). Since the length of our ra-
diator is such that the exponential amplification process
just begins we refer to this method as coherent harmonic
generation (CHG) instead of HGHG.

II. EXPERIMENTAL SETUP AND METHODS

The complete experimental setup is shown in Fig. 2.
Four major parts of our setup (the accelerator, the laser
system, the undulator section and the diagnostics) we
used are presented in this section.
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FIG. 2. Layout of the CHG-FEL test setup at MAX-lab, in-
cluding electron accelerator, undulator section, the seed laser
beamline as well as the laser synchronization scheme.

A. The accelerator

The test FEL facility is built around the MAX injec-
tor [16] which in normal operation provides the injection
beam for the three storage rings at MAX-lab (MAX I,
IT and III). The electron source is an RF gun [17] which
can be operated both in thermal mode (ring injection)
and in photo cathode mode (test FEL)[18]. The electron
bunches for the test FEL are created by a Ti:Sapphire
gun laser system. The pulse length is 10ps. The RF
accelerating phase in the gun is adjusted relative to the
laser pulse to achieve minimum emittance. The main ac-
celeration is done in two 3 GHz linac structures. The
electron beam is recirculated such that the linacs are
passed twice and a total energy of 375 MeV is reached.
The beam exits the recirculator through a chicane and
is transported from basement level to ground level by
a dog-leg. These latter systems provide the necessary
Rs6 (momentum compaction) to compress the electron
bunches.

After longitudinal compression the beam enters the
test FEL beamline via a ”half chicane” which lifts the
beam 20mm. This allows us to inject the seed laser
beam on top of the electron bunch. A slight remaining
dispersion is created by the half chicane, but the effect is
negligible compared to the electron beam size. Focusing
is achieved by a quadrupole doublet in the transport line
upstream of the half chicane.

B. The laser system

The laser system, providing pulses for photocathode
gun and seeding, is locked to the master RF oscillator by
locking the master laser oscillator (Femtolasers Synergy,
93.71MHz, 790nm central wavelength, 13nm FWHM
bandwidth) with a jitter of about 0.2ps. The laser os-
cillator pulses are stretched and split into two branches.
One branch for the gun laser where it is subsequently am-
plified and tripled (263 nm, 10 ps, 500 uJ) to be used for
the photocathode gun. The second branch of the oscilla-
tor pulse is guided through a 90 m polarization maintain-
ing fiber to the seed laser where it is also amplified, com-
pressed, tripled, delayed (to regulate arrival time) and
focused into the modulator undulator (263 nm, 500 fs, up
to 100 1J). A small part of the IR pulse before the tripling
is sampled to be used for an electro-optical detection.

C. The undulator section

The undulator section consists of two undulators and
a dispersive section. In the first undulator, which is
called the modulator, the electrons interact with a 263 nm
photon beam from the Ti:Sapphire laser. For the cur-
rent experiments it is operated at 10 uJ pulse energy
(max. 100 pJ) and 0.5ps pulse length. The modulator
must be resonant with the seed photon energy to imprint
an energy modulation to the electron bunch. Within a
dispersive section the energy modulation is subsequently
converted into a spatial modulation. The required energy
modulation A~ is determined by the natural relative en-
ergy spread og. Beam bunching efficient enough for the
CHG at a certain harmonic n requires Ay > og - n, e.g.
an energy spread o = 5- 10™* requires an energy mod-
ulation of Ay =1.5-1072 and 2.5- 1073 for the 3rd and
5th bunching harmonic, respectively.

The modulator is a pure permanent magnet planar
device with a period length of 48mm and 30 periods.
At a minimum gap of 13.2mm a K-parameter of 3.52 is
achieved. The radiator is a variably polarizing device of
the APPLE II type. Horizontal and vertical linear polar-
ization as well as elliptical and circular polarization can
be generated. The device has 30 periods with a period
length of 56 mm. At a minimum gap of 15.2 mm the max-
imum K-parameters for horizontal, circular and vertical
polarization are 4.20, 3.44 and 2.98, respectively. The
dispersive section between undulators (see Figs. 1 and 2)
is built from four electromagnets where the magnet cen-
ters are separated by 400 mm. The length of each magnet
is 120 mm. The magnets are powered in a way to produce
a symmetric displacement of the electron trajectory. Sep-
aration of the electron trajectory from the common axis
of both undulators in the chicane allows a laser beam-
stop to be placed inside. The beam-stop prevents flood-
ing of the diagnostics after the radiator with the strong
seed laser pulse. The undulator section is followed by a
15° bending magnet separating the electron beam from



the photon beam. The electrons are passed to the beam
dump. THz pulses from the dump, as emitted by the
short bunch, are used to verify the bunch compression.

D. Diagnostics

The main diagnostics used throughout the accelera-
tor are current transformers and fluorescent screens with
YAG crystals. The transverse overlap is secured by ob-
serving UV laser and electron bunch fluorescence on the
YAG screens positioned before and after the modulator
and overlapping them by controlling the position of the
UV beam and electron bunches. Because of the long fo-
cal length (7m) with which the seed laser pulse is focused
the UV-beam has approximately same small size on both
screens while achieving focus inside the modulator. The
electron beam size is approximately FWHM 2.5 mm and
1.2mm and the UV beam size is 2.5mm and 1.5mm,
before and after the modulator, respectively. The resolu-
tion of the two screens is 47 ym/pxl and 54 pm/pxl. The
integral of a current transformer signal before the mod-
ulator undulator can be calibrated to a Faraday cup (at
the dump) and thus provides an adequate charge reading.

The photon beam after the radiator is collected by a
gold coated on-axis spherical mirror at 45° angle of inci-
dence. The entrance slit of a Seya—Namioka monochro-
mator (24001/mm grating) is placed at the vertical focus
of the resulting astigmatic beam. This narrow line focus
(~200 pm wide) allows us to open the entrance slit to
the spectrometer to avoid cutting photons due to point-
ing variations in the electron beam. Pointing variations
will instead appear as a small shift in wavelength because
of a displacement of the source point. The spectrometer
resolution is 0.28 nm with a 0.038 nm/pixel dispersion.
The signal is recorded on a liquid nitrogen cooled CCD
array (330x1100 pixels).

The precise temporal overlap between the electron
bunch and the laser pulse is achieved by an Electro Op-
tical Spectral Decoding (EOSD) system [19] providing a
sub—ps measure on the relative arrival times of the two
pulses. Stability of the longitudinal overlap between the
seed laser pulse and the electron bunch is improved by
adding a feedback loop from the EOSD system to the
seed laser delay stage. This ensures generation of higher
harmonics in every shot [20]. Compression of the electron
bunch is achieved by adjusting magnets and RF phases
of the fields inside the linear accelerator for maximum
compression to which fine adjustments are done while
monitoring the width of the signal on the EOSD system.
The measured bunch length is 1 ps (FWHM).

III. RESULTS AND DISCUSSION
A. Harmonics

CHG was observed in the linear mode of the radiator at
all harmonics of the seed laser up to 6% (44nm) at bunch
charges of 25 pC and 2 Hz repetition rate. After switching
to the circular mode by shifting two of the magnetic rows
of the radiator a circular coherent emission up to the 4%
harmonic (66 nm) has also been recorded.
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FIG. 3. A series of single shots taken at the 2nd harmonic
at 131 nm (a) and the time averaged intensity over these 30
shots (b). A single shot spectrum is depicted in the inset.
The calculated incoherent undulator harmonic was fitted for
the pulse energy calibration (gray line in (b)). These mea-
surements were done before stability improvements on laser-
electron overlap.

Single shot spectra taken at the 2nd harmonic (131 nm)
in circular mode of the radiator are depicted in Fig. 3 re-
vealing that a coherent signal occurs at every shot but
with fluctuating intensity. The appearing shot-to-shot
variation in wavelength arises from the pointing stability
of the radiator beam passing the monochromator at dif-
ferent positions through the large entrance slit of 1 mm.
The highest coherent signal compared to the incoherent
background was a factor of 78 at 25 pC bunch charge.

All measured coherent peaks at any harmonics exclu-
sively occur due to radiation from the radiator while co-
herent emission from the dipole magnet (dump) is negli-
gible. This fact is proven by the complete disappearance
of the coherent signals in case of detuning the radiator
(not shown). Changing the resonance of the radiator to
the 4" harmonic of the laser, a corresponding trace of
single shots could be recorded in the planar mode of the
radiator as well, as shown in Fig. 4. Again, the signal
compared to the incoherent light is fluctuating shot-to-
shot but is typically smaller than 10. A pulse energy of
3.3 pJ could be estimated by calibrating each shot by the
incoherent light appearing as the broad spectral feature
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FIG. 4. A series of color coded single shots (a) and the average
of them (b) recorded in the linear mode of the radiator at 66
nm. A single shot spectrum is plotted in the inset. The
calculated incoherent undulator harmonics (light gray line) is
fitted for the pulse energy calibration.

20

Circular

12

Intensity (a.u.)

Linear

Wavelength (nm)

FIG. 5. Coherent 4" harmonic in circular and linear polar-
ization. The full lines indicate the expected incoherent un-
dulator harmonic according to SPECTRA simulations. The
coherent gain is of the same order of magnitude in both cases
and its difference is within the margins of overall stability
fluctuations of the system.

beneath the narrow CHG peak. Changing the radiator
shift parameter (see Fig. 1) to circular emission, CHG
at the 4" harmonic (66nm) of the same order of mag-
nitude is observed (see Fig. 5). According to our cal-
culations using the measured real field map in this case
the degree of circular polarization yields S3/50 = 0.89
at 66 nm. Here S3 and SO are the Stokes vectors. The
obvious difference to the ideal case S3/S0 = 1.0 is due

measured
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FIG. 6. Coherent fourth and sixth harmonic (66 and 44 nm)
in linear polarization. Incoherent undulator harmonic back-
ground indicated separately. The radiator undulator is set to
the second harmonic of the modulator undulator (131 nm).

to the large angular acceptance > 1/v) of the detection
setup and due to a slight misalignment of the magnetic
row phasing. The polarization degree of coherent light
is assumed to be equally high as in the incoherent case
as it is based on the circular trajectory of the electrons
only. The polarization degree of spontaneous circular
VUV light from the same type of undulator (UE56) has
been carefully measured and compared to undulator the-
ory at the BESSY II storage ring [21]. The agreement is
within the measurement accuracy of 3 %.

Fig. 6 shows coherent harmonics on wavelengths cor-
responding to the fourth and sixth harmonic of the seed
pulse. The radiator is set to 131 nm so that these two
harmonics are second and third harmonic of the radiator.
The 44nm signal is relatively weak. Harmonics with
wavelengths of 88nm and 52nm in linear polarization
were also produced but are not presented in this work.

The measured linewidth of the coherent photon pulses
is broadened due to the resolution of the spectrometer.
Taking the broadening into account and assuming trans-
form limited Gaussian pulses, the pulse duration was es-
timated to be 200fs. Start-to-end simulations [22] sug-
gested a pulse length of 150fs (FWHM) which corre-
sponds well to the measured values.
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FIG. 7. Full-width half maximum linewidth of a peak mea-
sured at 131nm and 263nm is used to estimate the pulse
length. Both spectra are normalized. The noise is less promi-
nent on the fundamental due to higher intensity.



B. Energy modulation and microbunching

A clear evidence, that the coherent signal is exclusively
originated by microbunching of the electron beam is given
by Fig. 8. The disappearance of the signal is shown after
detuning the resonance by 19 nm (0.6 mm gap change)
which is larger than the bandwidth of the modulator’s
1st harmonic. The shift is a factor of 60 larger than the
measured laser bandwidth (0.3 nm at 263 nm) as depicted
in the inset of Fig. 8.
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FIG. 8. Coherent signal for different gap settings of the mod-
ulator. For a given electron energy of 375 MeV the resonance
was found at 15.1 mm gap. No energy modulation is observed
at 0.6 mm detuning (19.4 nm), which is accompanied by dis-
appearing coherent signal. Inset: Comparison of a measured
laser spectrum and calculated on—axis spectra for the resonant
and off-resonance case, respectively.

The energy modulation depends on the spectral over-
lap of the laser beam and the spontaneous undulator radi-
ation [23]. In case of narrow laser spectrum, a minimum
width of A\ = % = 8.8nm is expected, where \ is the
resonance wavelength and N the number of undulator pe-
riods (N=30). The measured resonance width is 11.2nm
wider than expected from the on—axis spectra in the in-
set of Fig. 8 (electron beam emittance ignored). However,
detuning by 19nm, there is no spectral overlap between
laser and undulator field anymore and bunching as well
as CHG disappears as expected. Discrepancy between
expected width and measured could be explained by sub-
optimal use of the length of the modulator. The central
part will give the dominating modulation effect, and this
gives a lower effective number of periods: N.sr <N, and
thus a larger line width.

To determine optimal bunching conditions that pro-
duce strongest coherent signals we scanned the depen-
dence of the coherent signal at 131nm relative to the
strength of the chicane and the seed laser energy (Fig. 9).
The signal strength is averaged over twenty consecutive
shots after which the laser energy is changed. The re-
sults indicate overbunching with strong chicane and high
laser energy since the coherent signal drops. The sen-
sitivity to the laser energy sharply increases with chi-
cane strength for small laser intensities. Driving cur-
rents through the chicane dipoles were 1.3, 2.3 and 3 A

for which corresponding Rs¢ parameter was -0.091, -
0.283 and -0.483mm (respectively, calculated from field
strengths and geometry).
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FIG. 9. Dependency of coherent signal at 133nm on laser
energy and chicane strength allows estimates of optimal pa-
rameters for energy modulation and compression.

IV. CONCLUSION

The MAX-lab test-FEL facility in Lund produces lin-
early and circularly polarized harmonics of a tripled
Ti:Sapphire system. The most interesting case of those,
the 66 nm in circular polarization, with 25 pC of electron
bunch charge is estimated to give 3 pJ in pulse energy. It
is shown that microbunching is the main reason of coher-
ent signal based on the disappearance of the signal for a
detuned modulator undulator. The pulse length is esti-
mated based on spectral width of the harmonics to be on
the order of 200fs. Further upgrades to the system are
in progress to measure transverse coherence and directly
characterize the polarization.

Although the original target for the MAX-lab test facil-
ity has been reached (extraction of the 5th harmonic in
linear mode) and surpassed, measurements on the har-
monics will continue. The main goal of the facility is
investigation, preparation and training for future FEL
facilities, such as the possible MAX IV FEL [24]. The
project will during the coming year focus on the charac-
terization of the generated CHG pulses, tests and investi-
gation of diagnostics and seeding with a focus of provid-
ing a firmer platform for the MAX IV FEL development.
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