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Abstract

This paper gives an overview of the various
photocathode laser concepts that are presently used to
drive the photo injectors of linacs and FEL installations.
The requirements for the drive lasers are strongly
determined by the properties of the photocathode of the
injector; in particular by its quantum efficiency. We
subdivide the exisiting photocathode lasers into four main
groups depending on the laser materials used. The
capabilities and limitations of the drive lasers of these
four groups are categorized by average power, pulse
duration and shape, as well as by the generation of
macropul ses.

PHOTOCATHODESWIDELY USED

Drive lasers for photo injectors are a relatively small,
but important component of linacs. In the typical setup
sketched in Fig. 1, such a laser usualy contains an
oscillator for generation of the initial pulses, an optional
pulse shaper, and an amplifier. The infrared pulses are
subsequently converted to green or ultraviolet light by
nonlinear optical crystals, depending on the working
function of the photocathode used. Finally, the pulses
from the photocathode laser are imaged onto the
photocathode located in the photo injector (an RF or CW
gun). This leads to the generation of high-density electron
bunches by photoemission, which are accelerated in the
electric field of the injector as well as in the acceleration
modules of the linac. Charge, duration (length), shape,
emittance and timing of the generated electron bunches
can be controlled by appropriately tuning the parameters
of the laser pulses.

Table 1 gives an overview of the three most common
photocathode materials that are currently being used. A
much more comprehensive compilation of photocathode
materials can be found in [1]. The particularly important
parameters of the photocathodes are the desired laser
wavelength and the quantum efficiency (QE).

e Metallic photocathodes are very robust and easy to
use. They are often a good choice for photoinjectors
with low average beam current. They require high
laser pulse energy and power due to their low
guantum efficiency. For copper with a quantum
efficiency of the order of 10° to 10® an average
laser power of 50 to 500 W in the UV is needed for
1 mA average beam current. This exceeds the power
that presently existing lasers can deliver in green
light. That is why more efficient photocathode
materials are required for high-current injectors.
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e Cesium Telluride (Cs,Te) is a relatively robust
material and is therefore used in many RF guns. It
has aninitial QE of several percent, that drops during
running time in the photoinjector to ~1%. This
corresponds to 0.5 mJ/nC laser pulse energy and to
0.5W/mA laser power. Such photocathodes require
UV light (A ~0.26 um) for their operation. To
achieve this wavelength, one has to convert the
infrared radiation of the laser to its third or fourth
harmonic by wusing nonlinear crystals. This
unfavourable conversion process strongly limits the
pulse energy available from the laser.

e Galium Arsenide (GaAs) photocathodes do not
exhibit this disadvantage, since they can be operated
with green light (A ~0.53 um). Their quantum
efficiency is larger than that of Cs,Te. Thus,
relatively compact lasers can be used for generation
of high beam current. An obvious disadvantage of
GaAs cathodes is their need for a very high vacuum.
In most applications, periodic regeneration
(cesiation) of the cathode is required at intervals
between one day and one week.
These photocathodes are typically employed in
photoinjectors with very high average beam current
(I >>1mA).

The laser power and energy required from the laser
system can in practice be up to one order of magnitude
higher than the photocathode requirements given above.
The additional laser power is needed to compensate for
losses in the optical beamline (e.g. a beam-shaping
apertures), for ageing of the cathode, as well as for ageing
of optical elements of the laser.

Tablel: Comparison of the three most widely used
materials for photocathodes.

Cu Cs,Te GaAs
Laser 0.26 um 0.26 um 0.53 um
wavelength 0.75um
Quantum 10%..10° ~1% 1...10%
efficiency
Laser pulse | 50...500pudnC | 0.5udnC 0.02...0.2
energy and | 50...500 W/mA 0.5W/mA uynC
power 0.02...0.2
needed W/mA
used at: SPARC, FLASH, JLAB,
Fermilab, LCLS | PITZ, ELBE, CEBAF,
(SLAC) CTF/CLIC, 4GLS
Fermilab,
SLAC
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Figure 1: General setup of a photoinjector
(picture of the gun by courtesy of K. Floettmann, DESY Hamburg)

DRIVE LASERS

The properties of the photocathode have a particularly
strong influence on the desired laser energy and its
wavelength. Most lasers that are presently used to
generate pulses of this energy and power belong to one of
the following four classes:

e Picosecond Neodymium-doped lasers (Nd:YLF,
Nd:YVO4, Nd:YAG) generating both single pulses
and pulse trains (macropul ses);

e Femtosecond Titanium Sapphire (Ti:Sa) lasers for
shorter pulses and for generation of shaped pulses;

e Lasers based on Ytterbium-doped materials
(Yb:YAG, Yh:KGW, Yb:glass Fibre lasers), which
have recently been made possible by the availability
of high-brightness pump diodes;

e Fibre lasers, a new emerging technology which
promises reliable compact systems, but are presently
restricted to low pulse-energy applications.

The advantages and limits of these lasers are discussed

in the following sections.

Lasers with Neodymium-doped crystals

Neodymium-doped laser crystals, such as Nd:YAG
Nd:YLF and Nd:YVO, are widely used in lasers
delivering picosecond pulses. Although flashlamp-
pumped amplifiers are till being used in high-power laser
installations, most systems today employ semiconductor
diodes as pump sources. These diode-pumped lasers
typically reach a stability of 1 % or better.

Modelocked Nd:YLF and Nd:YV O, lasers can deliver
an average power up to ~40W in the IR (A =1.05 um
and 1.06 um resp.) and > 20 W in green light. With GaAs

photocathodes, this should allow for generation of high
average beam curent (> 10 mA). When converted to the
fourth harmonic (UV, A =0.26 um) as required for Cs;Te
photocathodes, the average power is limited to ~1 W due
to thermal effects in the frequency conversion crystal.
This power in the UV spectral range should be sufficient
for producing ~1mA average beam current in a
superconducting RF gun [2].

Due to the high efficiency, good reliability, relatively
simple setup and low maintenance costs, lasers based on
Nd-doped laser materials are being used in many
laboratories, eg. FLASH, Daresbury, PITZ, FzZD
(Rossendorf), CLIC/CTF, Fermilab, SLAC.

Lasers utilizing Nd-doped crystals can generate both
single pulses and pulse trains (macropulses). An example
of a laser generating long macropulses is the
photocathode laser of the FLASH facility at DESY that
was also developed at the MBI [3,4]. Asis shown in Fig.
3, this laser is able to produce trains (macropulses) with
the specific pulse structure suitable for a superconducting
linac of the TESLA type.

uv
p_ulse conversion
picker " stage
Nd:YLF D multistage
oscillator Nd:YLF amplifier UV output
pulses

to photo injector

Figure 2: Basic scheme of the Nd:YLF photoinjector
drive laser used at FLASH and PITZ
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The ability of these lasers to produce shaped
picosecond pulses was demonstrated by inserting a pulse
shaper between the oscillator and the amplifier chain of
the photocathode laser at PITZ. The result for generation
of flat-top pulsesis depicted in Fig. 4.

f=1MHz
1.0us

Figure 3: Output pulse train of the Nd:Y LF drive laser

Figure 4: Streak camera record of the pulse shape at the
Nd:YLF drivelaser inuseat PITZ

The pulses produced exhibit a flat-top pulse of
~ 22.5 ps duration. Unfortunately, the shortest edges that
could be realized still had a duration of ~5ps after
conversion to the UV, which is 2...3 times longer than the
reguirement. This shows that the ability of lasers based on
Nd-doped crystals is limited for picosecond pulses due to
the limited fluorescence bandwidth of these laser
materials. In order to overcome this restriction, a laser
medium with larger fluorescence bandwidth has to be
used.

Titanium Sapphire lasers

A laser medium with the largest fluorescence
bandwidth available today is Titanium sapphire (Ti:Sa),
which is commonly used for generation of femtosecond
pulses. This laser medium is applied in several accelerator
labs for generation of shaped pulses with sharp rising and
faling edges. As the work conducted at SPARC and at
SPring-8 show, Ti:Sa lasers offer remarkable pulse-
shaping capabilities. Flat-top pulses of ~ 10 ps duration,
with edges of 1 ps duration, have been generated in both
laboratories [5,6].

The maximum average power that can currently be
produced by Ti:Salasersis approximately > 10 W. Thisis
reached with cryogenic cooling of the Ti:Sa crystal.

At present, Ti:Sa lasers are only suitable for generating
single pulses. There are no demonstrated solutions to
enable a Ti:Sa laser to generate trains (macropulses) with
a pulse energy appropriate for driving a photo injector.
The reason for this is the short excited-state lifetime of
3.2 us and the lack of pump lasers that must generate
pulses of several tens or hundreds of microseconds
duration, depending on the length of the macropulse to be
produced.

Lasers based on Ytterbium-doped materials

Ytterbium-doped crystals, such as Yb:YAG, Yb:KGW,
Yb:KYW and Yh:CaF,, are another class of laser media
with a bandwidth sufficient for generation of femtosecond
pulses. These materials must be pumped by high-
brightness laser diodes that became available in the past
decade. Crystals doped with Yb are used for generating
the highest average power available. Several hundred
watts can be reached with the so-called Y b:YAG thin-disk
laser geometry [7,8].

Due to the long excited-state lifetime, which is between
several hundred microseconds and several milliseconds,
these materials are well suited for generation of pulse
trains or macropulses. A certain disadvantage is their low
cross section for stimulated emission, which has to be
compensated in practice by using special laser geometries
such as regenerative or multipass amplifiers.

Figure 5 shows a scheme of a laser system being
developed at the MBI that generates trains of flat-top
pulses for FLASH. It is based on Yb:KGW and Yh:YAG.
In order to compensate for the low gain of Yb-doped
crystals, this laser system comprises two regenerative
amplifiers arranged before and after the pulse shaper.
These pulse trains can contain up to 1000 micropulses
that are spaced by 1 ps, with > 20 pJ energy each.

Insertion of an appropriate pulse shaper facilitates the
generation of flat-top pulses. We measure the picsosecond
pulse shape of this setup by a cross-correlation method
[9]. Our results obtained with a direct-space-to-time
(DST) [10] pulse shaper are shown in Fig. 6. The shaped
pulses have ~18 ps FWHM, with duration of the edges
between 1.8 and 2 ps. Work is ongoing to further increase
the pulse energy by optimizing the final amplifier.
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Figure 5: Scheme of the experimental Yb:YAG laser-
driver laser under development at the MBI
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Figure 6: Cross correlation signal showing the flat-top
pulse shape of the experimental Yb:YAG laser

Fibrelasers

Fibre lasers represent an upcoming technology for a
compact, potentially highly stable class of mode-locked
lasers at MHz repetition rates. Ytterbium-doped fibres
provide a large fluorescence bandwidth sufficient to allow
for subpicosecond pulses. The beam diameter within the
fibre is limited to several tens of micrometers. Thus the
pulse energies are relatively low, typicaly in the nJ-

range. The average output power of mode-locked fibre
oscillators is currently limited to ~0.2W [11]; i.e, it is
one to two orders of magnitude below that of standard
crystal oscillators.

Lanthanide-doped fibres have a high gain that scales
with the length of the fibre. The pulse energy can be
increased up to three orders of magnitude using chirped-
pulse amplification [12,13]. However, the resulting
amplified pulses are not bandwidth-limited. Strong
pedestal or doubleftriple pulses may occur [14,15].
Therefore it is difficult to convert the infrared pulse into
the UV. In addition, generation of shaped picosecond
pulses with fibre lasers will require novel and demanding
concepts. Therefore, fibre lasers are presently well-suited
for photoinjectors with GaAs cathodes that are operated
with a small bunch charge. At high repetition rates, a
beam current up to 10 mA can be reached [16,17].

SUMMARY

Solid-state lasers driving the RF gun are a relatively
small, but important component of the linacs. The
parameters of the laser pulses are strongly determined by
the material of the photocathode and its quantum
efficiency. Conversely, the laser pulses have a strong
impact on crucial parameters of the electron bunches
generated; in particular on bunch length (duration), bunch
shape, timing and emittance. Very stable operation of
such lasersis generally required for use as a photocathode
drive laser. A pulse energy stability of 1 % can be reached
today by using semiconductor diodes as pump sources for
the laser.

The available average power in the UV islimited by the
frequency conversion crystals to ~1W. In order to
increase the average beam current above ~1mA as
obtained by a Cs,Te photocathode at such a power level,
GaAs photocathodes with high QE have to be applied.
They offer the advantage of operation with green light.

The properties of the laser media discussed here can be
summarized as follows:

e Lasers based on Nd-doped materials are commonly
applied as photocathode lasers in many labs due to
their efficiency, compactness and reliability. They
are well suited for generation of picosecond pulses
with ¢ >4 ps duration, and they are efficient and
very stable when pumped by semiconductor diodes.
Lasers for the generation of both single pulses and
macropulses have been developed. The fluorescence
bandwidth of Nd-lasers is insufficiently low for
generation of flat-top pulses with sharp rising and
falling edges.

e Ti:Sa lasers offer remarkable possibilities for pulse
shaping. In particular, they are well suited for
generation of flat-top pulses of the desired edge
steepness. Otherwise, they require a significant effort
in maintenance. They are presently only capable of
generating single or low repetition rate pulses at the
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pulse energies required for photoinjectors. No laser
for generating suitably high energy pulse trains
(macropul ses) exists at present.

e | asers based on Yb-doped materials can be directly
pumped by semiconductor diodes and do not need
the expensive pump lasers used in Ti:Sa systems.
They offer good pulse-shaping capabilities and reach
the highest average laser power available today with
the so-caled thin-disk geometry. These lasers are
also capable of delivering pulse trains (macropul ses)
at relatively low energy. Dedicated amplifiers to
further boost this pulse energy are under
development.

e Fibre lasers are a new upcoming type of very
compact and easy-to-use laser. The pulse energy is
limited due to the small beam diameter in the fibre.
Therefore the use of fibre lasers is presently
restricted to photoinjectors with GaAs photocathodes
This materia has a high quantum efficiency and can
be driven with green light pul ses.

It turns out that there is no "universal" laser type at
present that would be suitable for al, or at least for a
broad class of injectors. In practice, the drive laser
emerges as a very special component of the electron
source. Its type and its design have to be carefully chosen
with regards to the pulse parameters required by the
photoinjector and the linac.
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