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Abstract

At the synchrotron light source DELTA operated by the
TU Dortmund University, the short-pulse facility employs
the seeding scheme coherent harmonic generation (CHG)
and provides ultrashort pulses in the vacuum ultraviolet and
terahertz regime. Here, the interaction of laser pulses with
the stored electron bunches results in a modulation of the
longitudinal electron density which gives rise to coherent
emission at harmonics of the laser wavelength. The spectral
and temporal properties of such coherent short pulses can be
manipulated by the seed laser and magnetic chicane proper-
ties. CHG spectra at several harmonics of the 800 nm seed
laser were recorded using an image-intensified CCD (iCCD)
camera and a newly installed XUV spectrometer. Numerical
simulations to calculate the spectral phase properties of the
seed laser from the observed spectra were carried out.

INTRODUCTION

Synchrotron radiation is a vital tool in studying the prop-
erties of matter in a variety of experiments, thanks to its
characteristics such as high intensity, collimation and tun-
able wavelength. However, the minimum pulse length is
limited by the electron bunch length which is in the order of
several tens of picoseconds. These pulses lack the temporal
resolution to probe the atomic processes taking place on
the sub-picosecond scale. On the other hand, conventional
mode-locked lasers can produce light pulses in the femtosec-
ond regime but are usually of long-wavelengths. Coherent
harmonic generation (CHG) [1] is a technique that combines
the advantages of these two radiation sources to produce
coherent femtosecond light pulses of short wavelength.

CHG is similar to the high-gain harmonic-generation seed-
ing scheme used for free-electron lasers (FEL), but without
the FEL gain in conventional storage rings [2—4]. As de-
picted in Fig. 1, CHG is based on a laser-electron interaction
in an undulator that is tuned to the seed laser wavelength
(modulator). This results in a sinusoidal modulation of the
electron energy, which is transformed into a density modula-
tion (microbunches) via a magnetic chicane. In a subsequent
undulator (radiator), the microbunches produce coherent
emission at harmonics of the laser wavelength. Since the
laser pulse only modulates a very short slice of the electron
bunch, the resulting coherently emitted pulse will also have
a pulse length comparable to that of the laser pulse.

The power of the CHG radiation at the n™ harmonic of
the laser wavelength A is given by
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Figure 1: Magnetic setup for CHG, corresponding longitudi-
nal phase space distributions and final longitudinal electron
density.

P, (1) ~ N2b2(2) (1

where b,, is the bunching factor and N, is the number of
modulated electrons. For the CHG scheme, the bunching
factor is given by [5],

n2B2

b, =, (nAB)le” 2

2

where A = AE,,,,/ o is the relative energy modulation am-
plitude and B = Rsgkog/E is the dimensionless chicane
parameter. Here Rsg is the matrix element of the chicane
describing its longitudinal dispersion, E is the nominal
beam energy, o is the rms energy spread and k = 277/ 1.
When seeded with a laser pulse, the energy modulation am-
plitude A follows the pulse shape of the laser. Due to this
non-uniform energy modulation, the chicane parameter in-
fluences the pulse shape of the CHG radiation. As can be
seen in Fig. 2, at an Rs¢ of 45 um (green line) where the
bunching is maximized, the resulting CHG radiation will
be a single bell-shaped pulse. For stronger chicanes, e.g.
100 pum (red line), microbunching occurs for the electrons
with a lower energy modulation at the head and tail of the
modulated slice, while the electrons at the centre with max-
imum energy modulation are overbunched. Consequently,
this results in separate pulses originating from different lon-
gitudinal positions. This allows one to manipulate the CHG
pulse shape by tuning the laser and chicane properties, as
demonstrated in the case for FERMI [6].

The spectral content of the CHG pulses does not only de-
pend on Rsg, but also on the wavelength distribution along
the seed pulse. A laser pulse can be expressed in the fre-
quency domain in terms of spectral amplitude E(w) and
spectral phase ¢ (®)
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Figure 2: Intensity plot of theoretical bunching factor as a
function of longitudinal position and chicane strength Rs
(top). Bunching factor squared as a function of time along
the specified lines in the top figure (bottom).

E(w) = |Ey(w)le (@) (3)

, where ¢ (w) can be expanded into a Taylor series as

1
P(w) = p(wy) + ¢ (wg).(w — wg) + §¢”((u0).(w - wp)?

1
+6¢,”((1)0).(6() — (1)0)3 + ...

“

Here, the second-order term ¢”, called group delay dis-
persion (GDD), introduces a linear frequency chirp to the
laser pulse. If the seed pulse is not chirped the successive
pulses have the same frequency which result in interference
fringes in the CHG spectra at high Rs¢ values as shown in
Fig. 3 (left). Instead, if the seed pulse has strong frequency
chirp, the successive maxima of the bunching factor would
result in maxima at specific frequencies in the CHG spectra,
see Fig. 3 (right)).

Studies exploring the spectral and temporal properties
of the CHG radiation have been carried out previously at
DELTA [7], but interpreting the spectra was difficult due to
the higher-order dispersion present in the seed pulses. In this
work, we attempted to include the effects of higher-order
spectral phase on the spectral and temporal properties of the
CHG radiation.

THE DELTA SHORT-PULSE SOURCE

At the university-based 1.5 GeV electron storage ring
DELTA, a short-pulse facility based on the CHG scheme is
being operated to produce ultrashort synchrotron radiation
pulses in the vacuum ultraviolet wavelength regime [4]. Rel-
evant parameters of the storage ring, the undulators and the
laser system are given in Table 1.

Pulses from a titanium:sapphire laser system are focused
directly through a beamline into the electromagnetic un-
dulator U250 or are frequency-doubled first. The 7 up-
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Figure 3: (Left) Simulated CHG spectra for a seed pulse
with zero frequency chirp. (Right) Simulated spectra for a
seed pulse with strong chirp.

Table 1: Parameters of the DELTA Short-pulse Facility

storage ring circumference 1152 m
electron beam energy 1.5 GeV
beam current (single-/multibunch) 20/130 mA
horizontal emittance 15 nm rad
relative energy spread (rms) 7x10~4
bunch length (FWHM) 80 ps
modulator/radiator period length 0.25 m
number of modulator/radiator periods 7
undulator periods used as chicane 3
max. modulator/radiator K parameter 10.5
max. chicane Rs¢ (@ 800 A) ~ 170 pym
laser wavelength 800 nm
pulse energy @ 800 nm 8m]
min. pulse length 40 fs
repetition rate 1 kHz

stream/downstream periods of the U250 act as modulator/ra-
diator for CHG with a chicane between them. A diagnostics
beamline is used to observe the spatial and temporal over-
lap of the laser pulse and the electron bunch with the help
of screens and a streak camera. The laser-electron overlap
is optimized by maximizing the intensity of THz radiation
from a dipole magnet downstream.

OBSERVATION OF CHG SPECTRA

The spectra of the CHG radiation are recorded using a
Czerny-Turner-type spectrometer equipped with an image-
intensified CCD (iCCD) camera [8]. Wavelengths down to
190 nm can be recorded using this method, which covers
the 2", 374 and 4™ harmonic of the seed wavelength. For
observing even shorter wavelengths, a new XUV spectrom-
eter was installed recently which can record spectra down to
30 nm [9]. Presently a MgF vacuum window blocks wave-
lengths below around 130 nm which needs to be removed
to probe CHG radiation at higher harmonics. Nevertheless,
with the current configuration, it is possible to record CHG
spectra up to the 6 harmonic (133 nm) of the seed wave-
length. Shown in Fig. 4 are the observed CHG spectra for
the 27, 4™ and 6™ harmonic of the 800 nm seed without
(left column) and with (right column) frequency chirp. It
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can be seen that when seeding with an unchirped laser pulse,
pronounced spectral fringes appear at large Rs¢ values as
expected. On the other hand, seeding with a strongly chirped
laser pulse results in a parabolic feature similar to the sim-
ulations. The asymmetry observed in the spectral features
may be attributed to the higher-order dispersion in the seed
laser pulse.
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Figure 4: Observed CHG spectra for the 279, 4% and 6
harmonic of the seed laser wavelength with unchirped seed
pulse (left) and with strong positive chirp (right).

COMPARISON WITH SIMULATIONS

The spectra of CHG radiation were simulated for seed
laser pulses with various laser spectral phases. Emphasis
was given to the effect of GDD and third-order dispersion
(TOD) (¢” in Eq. (4)) on the observed spectra. A con-
volutional neural network (CNN) [10] was designed using
TensorFlow [11] to predict the GDD and TOD from the
CHG spectra given as input. The CNN was trained on a
set of over 4000 numerically simulated spectra for different
combinations of GDD and TOD. Using the trained model,
the GDD and TOD were predicted from spectra recorded for
different spectral phases. The phase was controlled using
an optical compressor based on a pair of gratings. Figure. 5
shows the observed and predicted spectra using the CNN for
two different compressor settings.

The trained neural network could reconstruct the spectral
features observed for different compressor settings by pre-
dicting the GDD and TOD of the seed laser pulse. A linear
relationship between the distance between the gratings in the
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Figure 5: Observed and predicted CHG spectra for different
settings of the laser compressor at the 2" harmonic of the
seed laser wavelength.

compressor and the GDD of the laser pulse was observed
(Fig. 6 (left)), while there was no clear trend for the TOD in
relation to the compressor length (Fig. 6 (right)). The results
suggest that the asymmetry visible in the spectra could be
due to a large negative TOD (> 40000 fs>) present in the seed
laser pulse because of the compressor under-compensating
the TOD introduced by the pulse stretcher. A more detailed
study using direct measurements of the spectral and tempo-
ral properties of the seed pulse, such as frequency resolved
optical gating (FROG) [12], is required to confirm the effects
of higher-order dispersion on the CHG spectra.
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Figure 6: Predicted GDD and TOD values for different com-
pressor settings. The error bars indicate the standard devi-
ation of predictions from ten individually trained identical
models.
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