Generation of amplified picosecond square pulses for low emittance electron generation
in photocathode RF-GUN
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Amplified square shaped picosecond pulses was generated for low emittance el ectron beam generation
in a photocathode RF-GUN. Square shaped pulses were generated by using Ti:sapphire amplifier systemin
inrfared region and then converted to ultraviolet region via third harmonics generation. Generated squares
shaped pulses were measeured by crosscorrelation and spectral interferometric technique when the pulse
duration was 1 ps, and when the pulse durations of square shaped pulses were 10 ps, these pulses were
measured by streak cameras.
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Introduction

In these years, photo-cathode RF-GUN is becoming widely used to generate lower
emittance electrons than using thermo-ionic emission. The photo-cathode RF-GUN can
also generate shorter length electron bunches since the duration of used laser pulsesin the
RF-GUN is very short, such as in a picosecond or femtosecond region. Though gaussian
profile picosecond pulses of frequency quadrupled Nd:YLF or Nd:YAG laser is used
generally, according to recent researches it is considered that picosecond pulses with rise
time in femtosecond time scale, for instance a square shaped picosecond pulse, is one of
the best candidates for low emittance generation of electrons™. In order to obtain such
pulses, we should utilize and place a pHIse shaping apparatus, which has been developed
by Weiner and co-worker at Bellcore™ In a method of pulse shaping, using the linear
filtering of spatially-dispersed spectral components in a dispersion-free grating lens
apparatus, the dispersed frequency components are focused onto aE]spatiaIIy modul ated
mask, such as liquid crystal spatia light modulators (LC-SLM)™, and acousto-optic
modulators™at the Fourier transformed plane. The mask acts to retard and/or cut some
frequency components. Finaly, the pulses are transformed back into the time domain,
producing a shaped waveform.



Though many demonstrations of femtosecond pulse shaping have been reported for low
energy pulses directly from an oscillator, there are a few reports on amplified and shaped
pulses because of low damage threshold of the modulating device. In order to obtain
amplified and shaped femtosecond pulses, the pulse shaping apparatus is placed after the
whole amplifier system or between the oscillator and the amplifier. When it is placed
after the amplifier, it is easy to design the frequency filters since there is no distortion of
modulated pulses after the pulse shaper. In this situation, however, the damage threshold
of the modulation device and the insertion loss of the pulse shaper, which is about
50~90%, are serious problems. Although Brixner et al. obtained arbitrarily shaped 520 1J
femtosecond pulses from the amplified 800 pJ input pulses wrﬁn the pulse shaping
apparatus with a cylindrical lens pair is placed after the amplifier”, the insertion loss is
still a problem in this case. On the other hand, the insertion loss of the pulse shaper can
be cancelled because of saturate amplification when the pulse shaper is placed before the
amplifier. Furthermore, amplified pulse of severa milijoule or more than 10 mJ, which is
required for the RF photocathode application, can not be applied to such pulse shaper.
Hence, we have to adopt the system in which the pulse shaper is placed before the
amplifier. However, when the pulse shaper is placed before the amplifier, only higher
order dispersion compensation and shaping to a pulse train, not arbitrarily pulses, has
been demonstrated since only phase modulation can be adopted for such a configuration
to avoid damages of the optical components in the amplifier and the shaped pulses might
be distorted in the amplifier.

Amplitude and phase modulation in the spectral domain can produce arbitrary pulses,
although the pulse profiles are then limited by the initial spectrum, the spatial resolution
of the modulation device, and the modulation area. However amplitude modulation
before the pulse stretcher may cause damage to optical elements in the amplifier when
pulses of several picoseconds duration are produced from femtosecond pul ses, since most
of the spectrum is then attenuated. For instance, consider the case of a pulse stretcher
which causes a phase delay which expands 50 fs width transform-limited pulses up to 200
ps. Square shaped pulses with duration of 1 ps, generated by amplitude and phase
modulation in the spectral domain will be expanded to only 10 ps and the peak intensity
will be 20 times larger than in the case when the input pulse is 50 fs width transform-
limited. The maximum phase modulation that can be given with aliquid crystal deviceis
only 101t Thisis much smaller than the phase delay of the stretcher (~200 ps, which is
75,000m) and input pulses are expanded to the same width (200 ps) only if the phase of
the input pulses are modulated in the spectral domain. When phase-only modulation in
the spectra domain is used as the pulse shaping apparatus, we can specify only the
intensity or the phase profile of output pulses in the time domain. However the intensity
profile of the output pulses is the most important factor and the phase profile has no
consequence in the cases of low emittance electron generation in the photocathode RF-
GUN. In this paper, we demonstrate the generation of the sguare shaped amplified
picosecond pulses with phase-only spectral modulation when the pulse shaper is placed



before the amplifier.

Design of the phase-only spactral mask for square shaped pulses

Before describing the experiment, we shall explain how we determine the phase-only
modulation on the spectral plane. According to the Fourier transform relationship,
specifying the amplitude, A(w) and the phase, @(w) in the frequency domain specify the
amplitude, A(t), and the phase, @(t), in the time domain. However when only the A(t) is
specified, there exists many solutions of A(w) and @(w),since @(t) is then afree term. In
this solutions it is difficult to find a solution by analytical éechni gues. Therefore we use
an optimisation method, developed by Kirkpatrick et a.®, which is widely used and
suitable for computation. It has the ability to obtain an optimal solution without being
captured at local minima because temperature exists as a waving factor in a system.
Phase-only filters, designed by using the ssmulated annealing method, can generate
arbitrary intensity shaped pul .

At first, we have confirmed that we can shape input femtosecond pulses into square
shaped picosecond pulses with duration of several picoseconds with phase-only filter in a
simulation. In the smulation, we used the same parameter as in the experimental case.
The foca length of the lenses was 200 mm, and the number of grooves of the gratings
was 1200 lines'fmm for a short shaped pulse or 2400 lines’mm for a long shaped pulse,
and the diffraction angle from the gratings was 21 or 73.7 degree, respectively. We used
the intensity profile and the phase characteristics of the spectrum reconstructed from t
experimental data of a polarization gate type frequency optical gating (PG-FROG) trace™.
The central wavelength at the input pulse was ~800 nm, the spectral width was ~11 nm
or ~3.5 nm and the pulse duration was ~100 fs and ~300 fs when the configuration was
for short or long shaped pulse, respectively. For both cases the pulses were almost
Fourier-transformed, but had dight chirps. The FROG error was sufficiently small and
we aso checked the reconstructed autocorrelation trace and the spectrum with one
measured by the autocorrelator and the spectrometer. We assumed that the pixel width
was 100 um and ignored the pixel gap because of the limited calculation time. Since
sguare shaped pulses with duration of 1 to 10 ps are required for the application, 1 ps and
10 ps square shaped pulses are targeted in the ssimulation. The numerical result, shaped
with the phase-only filter designed by the simulated annealing method, is shown in Fig. 1
when a square pulse with duration of 1 psis targeted. The phase-only filter was designed
with a phase level of 64. For 10 ps case, the result is not shown, but it is very similar to
the result in the case of 1 ps. Although there remains a few pedestals before and after the
main sgquare pulse and the upper part of the pulse is a little distorted, the input 50
femtosecond quasi-sech? profile can be amost shaped into a square pulse. The size and
the number of the pixelsin the LC-SLM cause pedestals and distortion, so if a LC-SLM
with more pixels is used we may obtain even smoother square pulses. For our
applications such errors are not of major concern, since the rising time of the pulses is
more important factor.



Experimental result

In the experimental setup, we used a commercially available one-dimensional liquid-
crystal spatial light modulator (Cambridge Research and Instrumentation) with 128
pixels. The period of the pixels is 100 um with a 3 pum transparent gap between
electrodes. A phase shift can be obtained when an electric field is applied to the
electrodes, since the liquid crystal molecules tilt along the direction of thickness and
cause a refractive index change for vertically polarized light. The LC-SLM can provide
from O to 2t shift with a resolution of ~0.011t The input optical frequencies are spatialy
dispersed with alinear spatial dispersion of dx/dA~0.257 or 1.71 mm/nm on the spectral
plane, respectively. In this setup, the 52 nm or 7.5 nm spectrum was spread out on the
LC-SLM. Although the throughput of this system was ~60%, the power into the
regenerative amplifier was strong enough for injection locking. Our amplifier consists of
a home-made mode-locked Ti:sapphire laser oscillator, a Martinez-type stretcher, an all-
solid-state regenerative amplifier, and a compressor. And the pulse shaper was placed
between the oscillator and the stretcher.

In the experiment, we shaped the input femtosecond pulses into square shaped pulses
with duration of 1 psor 10 ps as in the numerical calculation results. The energy of the
shaped pulse is about 3 mJ which is the highest energy of the arbitrarily shaped pulses to
our knowledge, and we can obtain the pulse of more energy with higher pump laser in the
same configuration. Although we could reconstruct the intensity profile and the phase
characteristics of the unshaped pulses from the PG-FROG trace, the phase characteristics
of the shaped pulses can not be reconstructed because the spectral resolution of the PG-
FROG trace is not enough and applied spectral phase is too complicated to reconstruct.
Hence, we measured the cross-correlation trace and spectral interference between shaped
and unshaped pulses for 1 ps square shaped pulse. From measured spectral interference
the spectral phase difference between the shaped and unshaped pulses can be
reconstructed by easy calculation. Since spectral intensity and phase characteristics of
unshaped puI%an be measured by PG-FROG method, the shaped intensity profile is
reconstructed =—' The experimental cross-correlation traces and intensity profile
reconstructed from spectral interference are shown with the theoretical predictionsin Fig.
2. Although the amplifier causes some phase distortion, the experimental results are in
good agreement with numerical simulations. In the case that 10 ps duration pulse was
targeted, the shaped pulse was measured directly by a streak camera with the resolution
of 2 ps. The experimenta intensity trace of the shaped pulse is shown in the Fig. 3.
Although the rising time of the pulse is slower than the predicted one because of the time
resolution, the duration and profile of the experimental result are in good agreement with
the targeted one. In our case, the resolution of the shaped pulse is equa to the input pulse
width of 100 fs and the shaped pulse can be generated in the range of 5.48 ps in the
configuration for shorter pulse and 300 fs and 36.5 ps in the longer pulse configuration.
The groove number of the gratings, the focal length of the lenses, the pixel width and the
number of the pixels limit this value. In order to shape to a wider pulse width with a high
temporal resolution we need to use the SLM with higher spatial resolution and more



pixels.

Furthermore, the generated square shaped infrared pulse was converted to ultraviolet
region to use in the photocathode RF-GUN, since the work function of the cathode in the
RF photocathode, for example, copper or magnesium, corresponds to the photon energy
of the ultraviolet light. We used two BBO crystals with different thickness to generate
third-order harmonics. One is type-l crystal with thickness of 3 mm for the second
harmonic generation and the other is type-11 crystal with thickness of 1 mm for the sum-
frequency generation of the fundamental light and the second harmonic generation. With
these crystals, the unshaped femtosecond infrared pulses were converted to the ultraviol et
pulses with energy of about 100 puJ from 3 mJ energy. The spectral width of the
converted pulse was about 0.9 nm which is wide enough to generate 10 ps square shaped
pulse. When the spectral phase modulation is applied to generate shaped pulse, the
output ultraviolet energy was reduced to about 20 pJ due to broadening of the pulse
duration. However, that pulse can be used to generate electron in the photocathode RF-
GUN. The generated square shaped ultraviolet pulse was measured by a X-ray streak
camera with the resolution of 1 ps. The experimental result is shown in Fig. 4. The pulse
duration is about 8 ps and rising time is a little slower than the theoretical one because of
the nonlinear chirp and the spectral phase distortion in the nonlinear crystal. In order to
shape to the ideal pulse shape precisely in the ultraviolet region, the precise phase
characteristic of the unshaped pulse is necessary, and in-situ feedback system should be
used to find an optimal shape automatically”.

Finally, we have also checked the beam spatial profile, which was important for our
application. The beam profile of the amplified shaped pulse is shown in Fig. 5 The beam
width was about 3 mm (1/€) and the pattern was almost circular with a nearly gaussian
beam profile. Since the beam can be focused down to 119 pm without any speckle
pattern formation with 300 mm focal length lens (the spot size of the diffraction-limited
beam is 102 um ), itsuse in practical applications is not anticipated to be a problem.

Conclusion

In conclusion, we have generated square-shaped amplified picosecond using phase-only
modulation on the frequency plane for low emittance electron generation in the
photocathode RF-GUN. Square shaped pulses are generated by using Ti:sapphire
amplifier system in inrfared region and then converted to the ultraviolet region by using
the nonlinear crystals. Generated square shaped pul ses were measured by crosscorrel ation
and spectral interferometric technique when the pulse duration was 1 ps, and when the
pulse duration of the square shaped pulse was 10 ps, the shaped pulse was measured by a
streak cameras. The experimental results were fairly close to the theoretically simulated
pulses. Currently, we are preparing the experiment with a photocathode RF-GUN.
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Fig. 1.

Numerical calculation result of atemporal intensity profile shaped with a 64 phase-levels
mask designed by simulated annealing. The target intensity profiles are a squared shaped
pulse with duration of 1 ps
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Fig. 2:

Cross-correlation measurements between the shaped pul ses and the unshaped pulses (a)
and temporal intensity profile of the shaped pul ses calculated from the spectral intensity
profile and phase characteristics reconstructed from spectral interferogram between
shaped and unshaped pulses (b) with theoretical prediction (dashed curve) when a
squared shaped pulse with duration of 1 ps was targeted.



Fig. 3:

Intensity profile of the shaped pulsein infrared region measured by a streak camera when
asquare pulse with duration of 10 ps was targeted.



Fig.4:

Intensity profile of the shaped pulse in ultraviolet region measured by a streak camera
when a square pulse with duration of 10 ps was targeted.



Fig.5:

Beam profile of the amplified square-shaped pulse.
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