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Abstract

At the 1.5 GeV synchrotron light source DELTA oper-
ated by the TU Dortmund University, the short-pulse facility
employs the seeding scheme coherent harmonic generation
(CHG) to produce ultrashort pulses in the vacuum ultraviolet
and terahertz regime. This is achieved via a laser-induced
electron energy modulation and a subsequent microbunch-
ing in a dispersive section. The spectro-temporal properties
of the CHG pulses as well as the coherently emitted tera-
hertz radiation are influenced by the seed laser parameters
and can be manipulated by varying the laser pulse shape
and the strength of the dispersive section. CHG spectra for
different parameter sets were recorded and compared with
the results of numerical simulations to reconstruct the spec-
tra. A convolutional neural network was employed to extract
the spectral phase information of the seed laser from the
recorded spectra. In addition, the shaping of the coherently
emitted THz pulses by controlling the seed pulse spectral
phase using a spatial light modulator was also demonstrated.

INTRODUCTION

Synchrotron radiation is proven vital for the study of prop-
erties of matter in a variety of experiments due to its char-
acteristics such as high intensity, collimation and tunable
wavelength. However, a lower limit to the achievable pulse
duration is given by the electron bunch length which is usu-
ally 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 femtosecond regime but are in the visible and infrared
wavelength range. Coherent harmonic generation (CHG) [1]
is a technique that combines the advantages of these two radi-
ation sources to produce coherent femtosecond light pulses
of short wavelength.

CHG in storage rings is similar to the high-gain harmonic-
generation (HGHG) seeding scheme used for free-electron
lasers (FEL) but without the FEL gain [2—4]. As depicted
in Fig. 1, CHG is based on a laser-electron interaction in an
undulator that is tuned to the seed laser wavelength (mod-
ulator). The laser-electron interaction induces a sinusoidal
modulation of the electron energy, which is then transformed
into a density modulation (microbunches) via a dispersive
section (chicane). These microbunches results in coherent
emission in a subsequent undulator that is tuned to a target

* Work supported by BMBF (05K16PEA, 05K16PEB, 05K19PEB,
05K19PEC), DFG (INST 212/236-1 FUGG) and the federal state of
NRW.

T arjun krishnan @tu-dortmund.de

TUP: Tuesday posters: Coffee & Exhibition
Seeded FEL

Laser Modulator Radiator

—~~—v~,n~nununuaununu—l—\

Chicane

Figure 1: Magnetic setup for CHG, corresponding longitudi-
nal phase space distributions and final longitudinal electron
density.

harmonic of the seed laser wavelength (radiator). Since the
laser pulse only modulates a very thin 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

P(1/n) ~ N2b3 (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, =J,(nAB)le” 2 2)

where A = AE,,«/ o is the relative energy modulation am-
plitude and B = Rsckog/E is the dimensionless chicane
parameter. Here, Rsq is the matrix element of the chicane
describing its longitudinal dispersion which quantifies the
strength of the chicane, E, is the nominal beam energy, o g
is the rms energy spread and k = 2s7/A. When seeded
with a Gaussian laser pulse, the energy modulation ampli-
tude A varies longitudinally following the pulse shape of the
laser. Since the amplitude of the energy modulation along
the bunch is proportional to the electric field of the laser,
the Gaussian distribution of the modulation follows a length

larger than that of the seed pulse by a factor of V2. Due
to this non-uniform energy modulation, the optimum Rs
required will be different along the longitudinal position of
the bunch. This allows one to manipulate the pulse shape
of the CHG radiation by controlling the chicane strength.
As can be seen in Fig. 2, the CHG radiation will be a sin-
gle bell-shaped pulse for Rs¢ = 50 pm (green line) where
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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).

the bunching is maximized at the centre of the modulated
slice. For stronger chicanes, e.g. 100 um (red line), mi-
crobunching occurs for the electrons with a lower energy
modulation at the head and tail of the slice, while the elec-
trons at the centre with maximum energy modulation are
overbunched. Consequently, this results in separate pulses
originating from different longitudinal positions influencing
the spectral properties of CHG radiation.

A laser pulse with central frequency w can be expressed
in the frequency domain in terms of spectral amplitude E ()
and spectral phase ¢ (w)

E(w) = Ey(w)le7?l@), 3)

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

#(w) = Do+ Dy - (@ = wo) + Dz - (0= wo)+

D3 . ((1) —(()0)3 + ...

Here, Dy is the central phase advance, D, is the group
delay, D, is the group delay dispersion (GDD), and D5 is
the third order dispersion (TOD). A transform-limited pulse
with shortest pulse length corresponds to a GDD of zero,
while a non-zero GDD introduces a linear frequency chirp to
the laser pulse. If the seed pulse is not chirped, the successive
CHG pulses at high Rs¢ have the same frequency, which
results in interference fringes in the CHG spectra 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). In addition to the effects of GDD, a non-
zero TOD in the seed pulse would influence the wavelength
distribution of the CHG pulse and also introduces asymmetry
in the spectra since it makes the pulse shape of the laser pulse
asymmetric.

Studies exploring the spectral and temporal properties
of the CHG radiation have been carried out previously at
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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.

DELTA [6] and similar observations were made at FERMI
[7] in the context of HGHG for FELs. In the studies at
DELTA, interpreting the CHG spectra was difficult due to
the higher-order dispersion present in the seed pulses. In this
work, it was 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 1.5 GeV electron storage ring DELTA at TU Dort-
mund University, a short-pulse facility based on the CHG
scheme is being operated to produce ultrashort synchrotron
radiation pulses in the vacuum ultraviolet regime [4]. Rele-
vant parameters of the storage ring, the undulators and the
laser system are given in Table 1.

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 0.25m
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 pm
Laser wavelength 800 nm
Pulse energy @ 800 nm 8mlJ
Min. pulse length 40 fs
Repetition rate 1 kHz

Pulses from a titanium:sapphire laser system are focused
directly into the electromagnetic undulator U250 or are
frequency-doubled first. The 7 upstream/downstream pe-
riods of the U250 act as modulator/radiator for CHG with a
chicane between them. A diagnostics beamline is used to ob-
serve the spatial and temporal overlap of the laser pulse and
the electron bunch with the help of screens and a streak cam-
era. In the dipole magnet downstream, the energy-dependent
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path length of the electrons transforms the laser-induced
energy modulation to sub-millimeter dip in the longitudi-
nal electron density which results in coherent emission of
broadband THz radiation. The laser-electron overlap is then
optimized by maximizing the intensity of this THz radiation.
On the other hand, laser pulses can be shaped to optimize
properties of the THz radiation for experimental purposes,
e.g., to produce narrowband radiation to deduce the spectral
characteristics of far-infrared detectors [8].

OBSERVATION OF CHG SPECTRA

The spectra of the CHG radiation were recorded using a
Czerny-Turner-type spectrometer equipped with an image-
intensified CCD (iCCD) camera [9]. With a gating window
as short as 2 ns, the iCCD camera allows to capture the
CHG spectra without the background of the 2600 sponta-
neous sychrotron radiation pulses between consecutive CHG
pulses. Wavelengths down to 200 nm can be recorded us-
ing this method, which covers the 2", 3™ and 4™ harmonic
of the seed wavelength. For observing even shorter wave-
lengths, an XUV spectrometer was installed recently which
can record spectra down to 30 nm [10]. Presently, a MgF
window that seperates the beamline from the storage ring
vacuum blocks wavelengths below around 130 nm limiting
the observation of CHG spectra to the 6" harmonic (133
nm) of the seed wavelength. Shown in Fig. 4 are the ob-
served CHG spectra for the 2", 4" and 6" harmonic of
the 800 nm seed without (left column) and with (right col-
umn) frequency chirp. When seeding with an unchirped
laser pulse, pronounced spectral fringes appear at large Rs¢.
On the other hand, seeding with a strongly chirped laser
pulse results in a parabolic feature similar to the simulations.
The asymmetry observed in the spectral features may be
attributed to the higher-order dispersion in the seed laser
pulse which was not taken into account in Fig. 3.

In order to study the effects of the spectral phase of the
seed laser on the CHG radiation, the CHG spectra were
simulated for different seed pulse parameters. A convolu-
tional neural network (CNN) [11] was designed using Ten-
sorFlow [12] to predict the GDD and TOD from the CHG
spectra given as the input. The CNN was trained on a set of
over 9000 numerically simulated spectra for different com-
binations of GDD and TOD. A random noise was added to
the simulated spectra in order to account for the noise in the
measurements. The spectral phase of the seed pulse was con-
trolled by tuning the separation between the gratings in an
optical compressor [13]. The CNN was used to predict the
GDD and TOD of the seed pulse from the observed CHG
spectra for different grating separations. 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. The mean
of the predicted values from 10 trials with the same input
and their standard deviation is plotted in Fig. 6. A linear
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Figure 4: Observed CHG spectra for the 2™, 4" and 6™
harmonic of the seed laser wavelength with unchirped seed
pulse (left) and with strong positive chirp (right).
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Figure 5: Observed (top) and predicted (bottom) CHG spec-
tra for different settings of the laser compressor at the 2"
harmonic of the seed laser wavelength.

relationship between the grating separation in the compres-
sor and the GDD of the laser pulse was observed (Fig. 6
(top)) while the TOD shows a negative linear relationship
to the compressor length (Fig. 6 (bottom)). This behaviour
is in agreement with the theory [13]. The results suggest
that the asymmetry visible in the spectra could be due to a
large negative TOD (> 50000 fs3) present in the seed laser
pulse. The origin of this non-zero TOD could be that the
compressor is under-compensating the TOD introduced by
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Figure 6: Predicted GDD and TOD values for different com-
pressor settings. The points indicate the mean and the error
bars show the standard deviation of predictions from ten
individually trained models.

the pulse stretcher in the chirped-pulse amplification scheme.
However, it is also to be noted that there are outliers at high
GDD which don’t fit to the otherwise linear relationship
observed. This points to the inefficiency of the model to
correctly predict the spectral phase at large GDD values.
The CNN model needs to be improved to resolve this. A
more detailed study involving direct measurements of the
spectral and temporal properties of the seed pulse, such as
frequency-resolved optical gating (FROG) [14], is also re-
quired to confirm the effects of higher-order dispersion on
the CHG spectra. In this study, only the effects of 2nd and
3rd order dispersion on the CHG pulse properties was inves-
tigated. Looking into even higher order spectral phase could
prove to be helpful in further tailoring the CHG pulses.

CONTROLLING THE SPECTRAL PHASE
FOR SHAPING OF THZ PULSES

The control of the spectral phase of the laser pulse was
previously implemented using a so-called 4f-pulse shaper
setup [15,16] to optimize the coherently emitted THz pulses.
Here, a spatial light modulator (SLM) is used to control
individual coefficients of Eq. (4) which allows to correct for
TOD introduced by the laser pulse compressor by adding
the inverse of the third-order term

PsiMcon (@) = =D3 - (@ — ©g)3. &)
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Figure 7: Narrowband THz spectra from a laser-electron
interaction with intensity modulation induced by a spatial
light modulator. The bandwidth was either set to 80 GHz
(top) or 200 GHz (bottom) by changing the phase-shifting
pattern.

The correction leads to a linearization of the laser pulse
chirp and offers ideal conditions for further control of the
pulse shape by a modulation of the spectral phase. Figure 7
shows spectra of coherently emitted, narrowband THz pulses
which were generated by adding another modulation of

PSLM;mod (@) & COS[AT (w — wq)]. (6)

The periodic modulation of the spectral phase causes
the occurrence of a pulse train with a temporal spacing of
AT. Due to the periodic structure, the emission spectra are
narrowband and the bandwidth can be controlled by the
duration of the pulse train. As the SLM acts as a frequency-
dependent phase-shifting filter, further pulse shapes and thus
more complex spectral shapes like rectangular spectra can
be realized [16].

Currently this method is implemented for long laser pulses
with ps length and is successfully demonstrated to be a useful
tool in shaping the coherently emitted THz pulses. This way
of controlling the spectral phase may also be extended to
be used for shaping the CHG pulses as well. For a control
over the spectro-temporal properties of sub-ps CHG pulses,
however, the intensities could exceed the damage threshold
of the SLM. Methods to avoid this problem are currently
under investigation.
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