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Abstract

Minimized emittance is crucial for successful operation
of linac-based free-electron lasers. Simulations have
shown that 3-D ellipsoidal photocathode laser pulses are
superior to the standard Gaussian or cylindrical laser
pulses in this manner. Therefore, in collaboration with the
Joint Institute of Nuclear Research (JINR, Dubna, Russia)
and the Photo Injector Test facility at DESY, Zeuthen site
(PITZ), a prototype laser system capable of producing
spatio-temporal 3-D ellipsoidal pulses has been
constructed at the Institute of Applied Physics of the
Russian Academy of Science (IAP / RAS, Nizhny
Novgorod, Russia). It is expected to receive the finalized
prototype at PITZ within this year.

The laser system to create such 3-D ellipsoidal laser
pulses will be introduced. Also the procedure of pulse
shaping will be described in detail.

INTRODUCTION

The operation of modern free-electron lasers (FELs)
necessitates high brightness electron bunches with small
energy spread. As the electron beam parameters along the
beam line depend strongly on initial conditions at the
photocathode, a minimized emittance is crucial for a
successful FEL operation. An important parameter crucial
for the initial conditions is given by the characteristics of
the cathode laser.

In the following paragraphs the influence of different
laser pulse parameters on the initial electron beam quality
will be briefly discussed. While some of the parameters
are well known due to previous experience, others have to
be simulated and/or empirically determined.

If the photon energy is below the vacuum energy level
(where an electron is free) of the photocathode material, it
is impossible to generate emission of free electrons with
single photon excitation [1]. The vacuum energy level is
defined as the sum of the electron affinity and the band
gap energy for semi-conductors, or equivalently as the
work function in metals.

Due to scattering processes within the material the
(quasi) free electrons can lose enough energy (thermalize)
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before reaching the cathode surface and therefore produce
an electron beam with small mean transverse energy [2].
In contrast, higher incident photon energies lead to
increased energy spread and to a reduction of the ablation
threshold intensity of the photocathode material [3].

This naturally leads to the second important parameter
which has to be considered — the laser pulse energy (or to
be more precise the number of photons within a laser
pulse). By first approximation the number of generated
free electrons is proportional to the number of photons.
However, space charge shielding effects and depletion of
electrons at the surface of the photocathode as well as
electron-hole recombination within the material — only to
mention a few processes - reduce the quantum yield
defined as the number of generated free electrons at the
cathode per number of incident photons. At high laser
pulse energies the space-charge shielding effect can even
lead to saturation (Fig. 1).
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Figure 1: Example of measurement of the electron bunch
charge with a Faraday cup as a function of laser energy 80
cm downstream the cathode. The laser energy is given in
per cent of the maximum.

High pulse energies combined with high photon
energies also risk thermal laser ablation of the
photocathode material, which would destroy the
characteristics of the photocathode and hence the
properties of the electron bunch.

There are two more crucial laser pulse parameters —
pulse duration and pulse shape. The latter has to be
considered in three dimensions (spatially and temporally).
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While the pulse duration defines the electron bunch
length the pulse shape defines the electron distribution
within the electron bunch — as mentioned earlier, the
higher the number of photons at a specific time and
position the larger the generated electron density.

ELECTRON BUNCH OPTIMIZATION

The influence of the laser pulse parameters on electron
emission are well known [4], so the next step for cathode
laser optimization is the simulation of the optimized
electron bunch properties to get maximum brightness and
small energy spread.
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Figure 2: Illustration of a 3-D ellipsoidal laser pulse.

Simulations using PARMELA respectively ASTRA
code show that the ideal electron bunch profile is
ellipsoidal in both time and space (3-D) [5,6]. To generate
such electron bunches the cathode laser beam must also
be 3-D ellipsoidal (Fig. 2), assuming a one-to-one
correlation between the incident laser pulse and the
photocathode emission process. Simulations based on the
PITZ photoinjector layout have shown a significant
decrease of projected emittance of about 60 % compared
to cylindrical Gaussian laser pulses and 32 % compared to
cylindrical flat-top laser pulses [7]. A full description of
this simulation procedure has been published by
Khojoyan el al. [8].
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3-D ELLIPSOIDAL PHOTOCATHODE
LASER SYSTEM

Motivated by the simulations, a laser system capable of
producing 3-D ellipsoidal laser pulses is under
investigation at IAP / RAS in collaboration with JINR. It
is planned to install the laser system at PITZ in autumn
this year. The PITZ photoinjector uses an L-band RF gun
with a Cs,Te photocathode. With a work function of 3.3
eV these cathodes require a laser wavelength in the UV
(about 260 nm) [9]. Simulation studies at PITZ show that,
depending on the bunch charges, a RMS pulse duration of
about 4 — 8 ps and a transverse RMS size of the laser
beam between 0.25 and 0.75 mm at the cathode generates
very low emittance and at the same time very high peak
currents.

The schematic set-up of the laser system is shown in
Fig. 3. It consists of a dual-output fiber laser, a diode
pumped Yb:KGW disk amplifier, a 3-D pulse shaper, and
a frequency conversion unit for second and fourth
harmonic generation. A scanning cross-correlator system
has also been developed and built for the diagnostic
channel to measure the spatial and temporal distribution
of the shaped laser pulses.

The dual-output fiber laser generates 1030 nm laser
pulses at a repetition rate of 45 MHz. The pulse duration
of the laser pulses is about 150 fs. It also comprises a
fiber-based pulse stretcher, a preamplifier and a system
for pulse train (macropulse) formation. For a precise
tuning of the laser pulse timing with respect to the RF
phase, which is crucial for optimized operation of the
photo injector, a piezo ceramic cylinder has been
integrated inside the optical fiber coil of the oscillator.

The laser beam is then split into two beams at the
output of the fiber laser — one is used for generation of
electrons at the photocathode, after 3-D shaping and
frequency conversion, the other one for temporal laser
pulse characterization using the cross correlator
technique.

After the fiber laser, the pulses of the primary output
(working channel) are amplified using a multi-pass (10
passes to date) Yb:KGW disk amplifier. As pump source
a LDM 2000-100 (Laserline GmbH) is used. Recently,
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Figure 3: Schematic set-up of the actual 3-D ellipsoidal laser system.
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Figure 4: Setup of the 3-D pulse shaper: Diff. gr. — diffraction gratings, SLM — spatial light modulator, WP — half-wave
plates, CL — cylindrical lens, FR — Faraday rotator, CW — calcite wedge, Rot. 90 degree — laser beam rotator (90°).

laser pulses up to 120 uJ have been obtained.
After the multi-pass amplifier the laser pulses are shaped
both temporally and spatially. This is realized by a
scheme based on two spatial light modulators (currently
SLM HES 6010 NIR by Holoeye Photonics AG). The
principal set-up of the 3-D pulse shaper is shown in Fig.
4.

The pulse shaper is based on a zero dispersion optical
compressor. Among other things, it consists of two
diffraction gratings, two cylindrical lenses, two half-wave
plates, and two liquid crystal based SLMs. The SLMs are
positioned on the focal planes of both cylindrical lenses.
So, one diffraction grating is imaged onto the other in the
horizontal plane. There is no such imaging in the vertical
plane which implies corresponding diffraction. However,
these effects can be neglected for the current 3-D pulse
shaper set-up, with beam diameter of about 8 mm and
focal length of the cylindrical lenses of 405 mm.

The first SLM manipulates the phase of the laser pulse.
A half-wave plate installed before the second SLM
introduces a 45° rotation of the laser pulse polarization
and therefore the second SLM becomes an amplitude
manipulator. As one single pass through the pulse shaper
only forms the laser profile in one, the laser pulses are
passing the set-up twice — in the second pass, the laser
pulses are rotated by 90°.

After the pulse shaper a LBO and a BBO crystal are
used, respectively, for second and forth harmonic
generation.

A cross-correlation with the beam from the diagnostics
channel is used to characterize the laser pulses before and
after higher harmonic generation. For this, a high-speed
delay line is implemented, which allows measurement of
the spatial and temporal profile of the laser pulses with
high precision [10]. A full description of the cross-
correlator can be found elsewhere [7].

CONCLUSION

Simulations have shown that 3-D ellipsoidal laser
pulses instead of cylindrical pulses with Gaussian or flat-
top temporal profiles can significantly reduce the
emittance of electron bunches generated by a
photoinjector. On the basis of these simulations a laser
system capable to create 3-D ellipsoidal laser pulses is
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under development. Thereby a description of the actual
set-up and the principal procedure of pulse shaping have
been given.
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