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Abstract

In this publication we show the current status on spectral-
spatial shaping at the Photo Injector Test Facility at DESY
in Zeuthen (PITZ). The laser pulse shaper presented here
is based on spectral amplitude modulation of chirped laser
pulses. In this unique approach one can modulate the spatial
profile of individual time slices in density and diameter. The
photoinjector requires a wavelength of 257.5nm, but the
laser shaping applies at a wavelength at least greater than
400 nm, in this paper, at 1030 nm. Both the shape preserva-
tion and fourth harmonic generation efficiency of the chirped
laser pulses are discussed.

INTRODUCTION

The free electron laser (FEL) is currently the most power-
ful source for coherent X-rays. It is typically based on linear
electron accelerators, which rely on a low transverse emit-
tance electron source, to allow X-ray lasing in the undulator.
As the emittance in modern FELs is limited by the source
emittance, it is intuitive to also optimize the photoemission
laser shape to control the emittance growth due to nonlinear
space charge forces during the low energy transportation.
For electron beams, dominated by space charge effects, it
was shown that shaping of the extracting laser pulse can
reduce the space charge induced emittance growth [1] [2].
Another study shows, that slice mismatch of a triangular
driver beam for high efficiency beam based plasma accel-
eration can be reduced [3], if the extraction laser allows
for independent control of slice charge and charge density.
A Spatial Light Modulator (SLM) based laser pulse shaper
with such a capability has been proposed by Mironov [4] and
a variation of such a shaper has been used to shape the output
of an infrared (IR) laser amplifier at 1030nm. The photo
injector cathode requires a UV pulse to extract electrons,
thus the fourth harmonic was obtained from two consecutive
second harmonic generation (SHG) stages. A high quality
laser pulse shaping was demonstrated for the IR pulses.

SLM SHAPER

The shaper is an imaging zero compressor or Martinez
system as shown in Fig. 1, where a 4f-telescope with two
identical lenses images the surface of one grating to another
grating and ultimately path length differences of different
wavelengths add up to zero. The SLM is then placed at the
Fourier plane in between the two lenses, where a collimated
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Figure 1: Schematic of a double SLM Shaper.

beam in absence of the gratings would be focused. Due to the
grating dispersion the intensity distribution at the SLM plane
parallel to the table corresponds to the spectral amplitude
distribution. This is still true, if cylindrical lenses are used
and the lens rotation is aligned with the grating rotation. But
since neither the grating nor the lenses act on the transverse
vertical axis, the optical transfer is identical to a free drift
for the transverse vertical axis. Thus in the vertical plane an
image of the SLM can be transported, if the lens is placed
outside the shaper, i.e. after the second grating. Then of the
two axis of our two dimensional SLM, one axis corresponds
to spectrum, while the other corresponds to a spatial axis
like in a typical spectrograph setup. The liquid crystals in
an SLM act as polarization dependent phase shifters and
a setup like this could be operated as a digital prism. In
order to turn it into an attenuator we can use two quarter
wave plates at 45 degrees, before and after the SLM. This
turns the phase shift into a polarization rotation and thus
180 degrees of phase shift become an attenuation between 0
and 100% after a subsequent polarizer. As only one spatial
dimension is accessible in a single shaper, the laser beam is
rotated by 90 degree using a Dove Prism and sent through a
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Figure 2: Volume data of spectrograph slitscan with isosurface 25% peak intensity and projections for a) the spectrograph
data and for Eq. (2) applied to longitudinal axis with group velocity dispersion (GVD) of b) 0.8 ps” and ¢) 0.1 ps” respectively.

second identical shaper setup. The bridge part between the
shapers needs to take into account that the image of the first
shaper is propagated in the second shaper and the images
have separated image planes. Our optical simulations have
shown that one solution is to image output grating to input
grating with a 4f-telescope with magnification of one and a
focal length longer than the focal length of the cylindrical
lens inside the shaper. The attenuation of a single shaper is
a function of the form f, (x, 2) which can be applied to the
initial laser intensity distribution I(x, y, 1), typically a 3D
gaussian. The final attenuation function can be written as:

fa(X,y,/l)=fa1(xﬂl)'fa2(y,/1), (1)

which can not be rotationally symmetric in the x-y plane,
because of the missing x-y correlation. A third transverse
SLM shaper was added to the setup with f,3(x, y), but has
no distinction in the wavelength domain. Thus a 3D ra-
dial symmetry around the propagation axis can still not be
achieved. Figure 2 shows a measurement of a shaped quasi
ellipsoid. It was obtained using a volume slit scan with a
spectrograph. The spatial-temporal laser pulse profile can
then be obtained by a Fourier transformation including the
spectral phase.

I(x,y,t) = Fourier(I(x,y,A) - ei*GDDz*’lz)d/l. 2)

The GVD is obtained from the geometric parameters of
the compressor in our chirped pulse amplifier (CPA) sys-
tem. Our CPA system provides laser pulses with a 7 nm
FWHM spectra and a transform limited pulse duration of
300 fs FWHM. Our target pulse duration is between 10-20 ps
with a typical group delay dispersion of 1.5 ps®. At these
large GVD the distributions in Eq. (2) become self similar.
With laser pulses significantly closer to the transform limit,
the required spectral distribution for most desired temporal
pulse shapes might not be achievable, given the symmetry
condition by Eq. (1). Some distributions might theoreti-
cally be achievable, but with low shaping efficiency &,. It
is calculated by the best fit of the desired spectral-spatial
distribution under the initial distribution. Also more com-
plex spectral phase distributions are achievable and temporal
shapers exist, that rely fully on spectral phase shaping [5].
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CONVERSION

The shaped IR pulses have to be converted to UV wave-
length and conversion efficiency has to be weighed against
pulse preservation considerations. In order to preserve the
transverse shape, the nonlinear crystals have to be put in an
image plane of our beam transport. Then the transverse out-
put intensity distribution becomes approximately the square
of the input distribution. A nonlinear conversion outside
an image plane yields the square of the diffracted intensity
and subsequently a distorted distribution at the image plane.
For the case of conversion at the focal plane, this effect is
typically similar to a low pass Fourier filter as high spatial
frequencies get suppressed due to their low amplitude. This
effect can still cause distortion if the Rayleigh length dgr
becomes smaller or equal to the crystal thickness. Further-
more we will refer to it as nonlinear depth of field (NDoF).
Another effect concerning the transverse shape is the non-
linear walkoff, as the generated harmonic pulse propagates
at an angle 6 through the crystal with respect to the fun-
damental. This leads to a linear smearing or walk-off ¢ of
the generated harmonic distribution by ¢ = 6 - d. with the
crystal thickness d.. The temporal walk-off can be neglected
in our case. The phase matching is done by critical phase
matching, where the birefringent crystal axis are geometri-
cally aligned to match the index of refraction for the center
wavelength of our spectrum. Neighboring wavelength are
only quasi phase matched and thus a limited phase matching
bandwidth exists, which gets smaller with increasing crystal
thickness. For BBO of 1 mm thickness the FWHM phase
matching bandwidth is 0.792 THz or 0.7 nm around 515 nm
respectively and thus smaller than the initial spectral width
of 1.5THz. For 0.25 mm crystal thickness the bandwidth
increases to 3.17 THz and it is tolerable to counteract it with
the shaper. Thicker crystals require additional broadband
phase matching [6]. For conversion efficiency we can obtain
a simple scaling law for two consecutive SHG processes. We
assume efficiency is low, neglect saturation, assume perfect
broadband phase matching. Thus the output pulse energy
Evy s of asingle SHG from 1030 nm (IR) to 515 nm (VIS)
scales like

1 1
Eyis o« Efg———d} 3)
IR iR M2 LBO
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and from VIS to UV like

1 1 ,
Eyy « EVIS Tv1s M2 ~—54pp0 )
thus follows
1
Eyy « Ejg= 3 M6d 1809880 ®)

The IR pulse duration 7yg may not be identical to the
VIS or UV pulse duration due to nonlinear pulse shorten-
ing, but they are proportional. In the case of a flattop they
are identical. Similarly the transverse size may decrease
through conversion steps, but will be proportional to the
initial size and thus the magnification M of our variable
telescope between shaper and conversion. The image mag-
nification between LBO plane and BBO plane was fixed to
M =1 as we used 2 aspheric lenses with 50 mm diameter
and 100 mm focal length, to maximize optical resolution.
Lastly we approximated the dependency of the crystal thick-
nesses dy po and dgpo to o« d? for thin crystals. Thus we
see that the transverse size has the biggest impact and should
be set as low as crystal damage threshold and diffraction
limited optical resolution allow, with a given pulse energy
and duration. LBO thickness should be chosen to achieve
approximately 50% conversion efficiency, which is slightly
saturated. If for a given pulse duration and input IR pulse
energy the UV pulse energy exceeds the requirements, the
most promising trade is to decrease the BBO thickness, as it
also has the larger nonlinear walkoff angle (85 mrad ) and
smaller phase matching bandwidth compared to LBO. Mini-
mum BBO crystal thickness available was 100 um. In Fig. 3
a transverse mask in the shape of the letter Pi was applied
to the laser and the image was taken at each conversion step
from IR to VIS to UV and eventually to electrons. The UV
image on the PITZ cathode generated an electron distribu-
tion, which could be imaged to a fluorescent screen with
magneto optical transport. The transverse shape was rea-
sonably preserved in this scenario, but conversion efficiency
was very low and only 30 pC of charge were generated at a
pulse duration of 1 ps. A typical application requires pulses
on the order of 250 pC at 10ps.

The conversion shown in Fig. 4 represents a typical result
at a sufficient conversion efficiency. It can be seen that shape
outlines are preserved. However since Egyy « E;‘R it is
practically impossible to preserve the homogeneous filling
of the volume. Distortions can then only be corrected if the
correction fulfils the condition in Eq. (1).

Thus we have to conclude, that a shape preserving double
conversion is impractical and the order has to be switched,
such that amplified short IR pulses are first converted to VIS,
stretched, shaped and then converted again. A preliminary
setup without VIS stretcher and only a single shaper was
able to produce significantly more homogeneous results as
seen in Fig. 5.

2D + 1D PARABOLOID

For a typical European XFEL working point with a bunch
charge of 250 pC, we have compared three different longi-
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Figure 3: Transverse beam profile in a) IR before conversion
b) VIS at BBO location ¢) UV at conversion section output
d) electron beam on fluorescent screen
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Figure 4: Spectrograph scans for triangle pulses with IR
double shaper a) IR before conversion and b) after 2 consec-
utive conversions to UV.
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Figure 5: Spectrograph scans for triangle pulses with VIS
single shaper a) VIS before conversion and b) after conver-
sion to UV.

tudinal electron bunch shapes with and without transverse
truncation in simulations. With identical transverse size the
longitudinal length has been matched such that the peak
current is the same for all distributions.

The phase space is plotted in a radial density plot in Fig. 6
as introduced in [7]. First we can note that the core emittance
is very similar in all cases and that a worsened emittance
is largely due to a small fraction of the charge occupying
a large phase space. If this charge was to be truncated, the
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Figure 6: Radial phase space density plot for different pulse
shapes and quasi parabolic transverse profiles. Emittances
are summarized in Table 1

difference between the cases vanishes quickly. Since the
Ellipsoidal case, which yields best performance in all cases,
has a transverse parabolic projection, we compared the dif-
ferent longitudinal cases with the ellipsoid using flattop and
quasi parabolic transverse shapes. The quasi parabolic shape
is a 2D transverse Gaussian, cropped at 1 o~. Improved emit-
tances from transverse cropping has already been experi-
mentally proven by S. Li et. al. [8].

Table 1: Shape comparison

laser shapes  100% emit 95% emit Action < 2 core emit
Emittance percentage
Transverse Flattop
Gauss 0.70 0.42 0.36 92.0% 0.29
Flattop 0.61 041 0.37 92.9% 0.28
Parabolic 0.53 0.39 0.37 93.9% 0.28
Transverse Parabolic
Gauss 0.66 0.37 0.36 94.4% 0.30
Flattop 0.53 0.34 0.36 96.0% 0.30
Parabolic 0.43 0.33 0.37 97.5% 0.30
Ellipsoid 0.40 0.32 0.36 98% 0.29

In particular the longitudinal parabolic shape is close to
the ellipsoid performance regarding the radial phase space.
Hence we conclude that the most important property of
the ellipsoid regarding high brightness are the parabolic
projections, which do not require a spatially and temporally
correlated approach and could be achieved separately with a
temporal and a transverse shaper. The main ability of our
3D shaping approach is the separable control of charge and
charge density along the temporal axis, which could allow
to control the slice emittance mismatch in distributions like
the ones needed for high transformer ratio plasma wake
drivers [3]. In this application a triangular integrated charge
profile is required. If the triangular profile is created with
decreasing charge density, a problematic slice emittance
mismatch is created, which could be avoided using transverse
tapering as shown in Fig. 4.
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SUMMARY

The pulse shaping method using two SLM shapers in
Martinez configurations yields convincing results, given the
limitations from the condition Eq. (1). The application is
however severely limited by the necessity to convert the
wavelength in a shape preserving way. The strength of some
distortions effects, like nonlinear walkoff and NDoF, can be
limited by trading off conversion efficiency. If a conversion
to the fourth harmonic of the shaped wavelength is required,
the high sensitivity to input intensity poses significant prac-
tical problems to preserve the shaped distributions. Ideally
the shaped pulses are applied directly to a VIS sensitive
photo cathode, but shape preservation could be sufficient
for practical applications if only one conversion to the sec-
ond harmonic is required. In order to achieve high bright-
ness beams the authors want to point out the possibility of
parabolic shaped pulses, which have a similar beam quality
compared to ellipsoidal shapes. This shape can be produced
with a 1D longitudinal shaper and additional 2D transverse
shaper. The temporal spatial correlation approach presented,
could benefit applications which require time resolved and
separable tuning of charge and charge density.
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