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Abstract

In order to extend the parameter range of FLASH to-
wards shorter electron pulses down to a few femto-second
self-amplified stimulated emission (SASE) pulses, shorter
bunches with very small charges of a few tens of pico-
coulombs directly at the photo injector are necessary. To
achieve so short bunches at FLASH, a new injector laser
delivering pulses of 1 to 5 ps duration has been installed and
commissioned. The influence of the laser parameters on
the electron beam was studied theoretically. In this paper
we discuss the required laser beam diagnostics and present
measurements of critical laser and electron beam parame-
ters.

INTRODUCTION

One of the most important characteristics of free elec-
tron lasers is the generation of very short light pulses. At
the Free Electron Laser in Hamburg (FLASH) current gen-
erated electron bunches have a full width at half maximum
of about 100 to 400 fs, resulting in a SASE radiation pulse
duration below 50 to and up to 200 fs (FWHM) [1].

There are several options to shorten the emitted SASE
radiation pulse, one of them is to decrease the electron
bunch length. At FLASH this is usually done by two bunch
compressors. Using the standard FLASH injector laser
with an rms laser pulse length of 6.4 ps one would have
to achieve a compression factor of 2000 in order to reach
an rms bunch duration of 3fs [2]. This would require a
technically challenging radio-frequency phase stability.

A much more stable method is to use a shorter incident
laser pulse. This can only be done by a new photo-injector
laser system that is able to provide sub-picosecond laser
pulses.

This paper describes the commissioning and developed
diagnostics of such a laser system at FLASH.

LASER SYSTEM

For short-pulse operation at FLASH a new photo-
injector laser system has been installed and commissioned.
The laser system consists of an oscillator! and a Yb:YAG
amplifier? [3].

The oscillator provides 400 fs pulses at 1030 nm with a
repetition rate of 54.16 MHz and an average output power
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of over 163 mW. An acousto-optic modulator (AOM) picks
1 MHz pulses which are amplified up to 10 W average out-
put power, at which one pulse has an energy of about 10 pJ.

While FLASH operates with 10 Hz bunch trains with a
duration of 800 ps, the intra-train spacing of the bunches
can be as small as 1 MHz. Therefore, laser pulses have to
be picked by a second AOM to provide the cathode with a
suitable pulse pattern. This second AOM allows for arbi-
trary pulse picking.

The frequency of the remaining pulses has to be con-
verted into its fourth harmonic to suit the electron’s work
function at the cathode. This is done by two non-linear
crystals, each generating the second harmonic of the inci-
dent light.

During the first SASE shift in January 2013 a setup with
2 BBO crystals was used. In order to achieve a high conver-
sion efficiency the laser beam was strongly focussed into
both crystals. A high beam divergence at the crystal’s po-
sition causes leading to increased instabilities in the har-
monic generation, which in the end deteriorates the charge
stability. With this setup a overall conversion efficiency of
about 1 % was achieved.

Before the next measurement shifts the frequency con-
version needs to be upgraded to get higher efficiency and
stability. A non-critical LBO crystal will convert the light
into its second harmonic and a thin BBO crystal generates
the fourth harmonic. The design efficiency of this setup is
about 10 %.

The converted laser pulse has a duration of about 800 fs.
A laser pulse of this length would generate a short bunch at
the cathode and depending on the charge a high longitudi-
nal space charge force could appear and therefore would
expand rapidly in this direction. To optimise the bunch
length at the cathode, one can stretch the laser pulse with
an optical stretcher consisting of two transmissive gratings
with 4000 lines per cm. With this, we are able to choose an
arbitrary pulse length between 1 and 5 ps (fwhm).

To optimise the emission process, we installed a vari-
able telescope followed by an iris with different diameters,
called beam shaping aperture, which allows us the choice
of a transversal beam size at the cathode. The beam shap-
ing aperture supplies 15 different aperture diameters. With
this part of the laser beam line we can choose an optimal
laser spot size and profile in order to minimise emittance.

Information about the laser system’s snychronisation
system can be found in [4].
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Figure 1: Schematic layout of the setup of laser system.

SIMULATIONS

In order to generate short FEL pulses with a sufficient
power we have to minimise emittance. The linear accel-
erator at FLASH conserves normalized emittance during
acceleration and therefore, the initial emittance at the gun
needs to be small.

The transverse emittance at the gun mainly consists of
three contributions [5]:

€= \V 672”f + 6gath + Gzc (1)

Here, €,.; describes the emittance caused by the radio fre-
quency, €. the emittance contribution caused by space
charge forces and €4, emittance contribution of the cath-
ode often called thermal emittance.

While €.qs1, and €,.¢ are functions of the laser pulse di-
mensions, €. is a function of the laser pulse shape. The
thermal emittance depends on the laser spot size on the
cathode and the rf induced emittance on the bunch dura-
tion.

The gun itself is accompanied by a focussing magnetic
solenoid lens. The solenoid’s focussing forces are propor-
tional to the radial distance to the center of the magnet:

F(r)yxr 2)

A linear magnetic field can compensate only for linear
space charge forces. This is why the radial space charge
forces should be linearized. This can be done by achieving
a transversal laser profile at the cathode that is referred to
as truncated Gaussian [6].

A truncated Gaussian can be modeled using two param-
eters. The first is the standard deviation of the Gaussian,
called 0y, the other is the cut parameter Ccy. Only the
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part of the Gaussian within |r| < Ccyy - Oinp 18 used. The
parts of the Gaussian outside the region are cut away..

Another essential bunch parameter a for stable single-
spike operation is the bunch duration. As explained before
we need the new photo-injector laser system to produce
short electron bunches in order to keep the compression
factor reasonably low.

Therefore, when optimising the injector laser parameters
a small bunch duration in combination with a reasonable
small transverse emittance are the goal bunch parameters.

In order to find the best 0;,,;, and C,¢, simulations using
the particle tracking code ASTRA have been performed.
Table 1 shows the most important simulation parameters.

Table 1: Important Simulation Parameters

Parameter Value
laser pulse duration (RMS) 1.0ps
bunch charge 20pC
macro particles 20000
gun gradient 50 %

truncated Gaussian
0.25 -3.0mm
0.4 -3.0mm

laser spot profile
laser spot size (rms)
aperture size

Figure 2 shows the outcome of the simulations. Low val-
ues of 0, and especially small beam shaping apertures re-
sult in a high bunch length at the entrance of the first accel-
erating module. With high bunch length the compression
factor would stay high which is why we aim to get small
bunch length at the injector.

While the bunch length prefers bigger apertures and
higher values of 0;,,, we get low emittance at the other
end of the parameter range. The search for a good work-
ing point is therefore a trade off between low emittance
and small bunch length. The final decision on the working
point is subject to further discussions and measurements,
but simulations suggest to choose a small o;,,, of about 0.5
to 1 mm with a beam shaping aperture within the same or-
der of magnitude.

Figure 3 shows a Gaussian distribution for one of the
parameter sets with low emittance and small bunch length.
The distribution clearly shows a truncated Gaussian and not
a flat-top.

DIAGNOSTICS

In order to measure the above mentioned laser parame-
ters and correlate those with the corresponding properties
of the electron bunch, we designed and started to install
new diagnostics.

The laser intensity and transversal stability can be mea-
sured with a set of quadrant diodes, for transverse profile
measurements a UV camera® was installed which is also
used as a spectrometer together with a grating.

3A JAI CM-140 GE-UV was used.

Overview and Commissioning
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Figure 2: Simulated bunch properties at a grunphase of 0 degrees which corresponds to maximum energy gain. The left
graph shows the longitudinal bunch rms length as a function of o;,,, and the size of the beam shaping aperture (BSA). The
right graph shows the transverse emittance at the entrance of the first acceleration module of FLASH again as a function
of the BSA diameter and laser spot size. The light grey area has been excluded because of too long bunches. (In this case
a threshold of 0.45 mm as maximum rms bunch length of the the gun was chosen.)
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Figure 3: One of the possible transverse laser profiles.
The blue curve shows a truncated Gaussian with a 07y, of
0.5mm and a aperture size of 0.5 mm radius. The violet
curve shows a Gaussian with a o;,, of 1.0 mm which is
already much closer to a flat-top, but has also bigger emit-
tance.

For laser pulse length measurements a Streak Camera*

is used.

Spectrometer

The spectrometer was built using the same gratings that
are used in the stretcher setup in the laser beam line with
4000 lines per cm. The laser beam is widened before pass-
ing through the grating at its blazing angle to illuminate
enough lines.

After passing the grating the beam is focussed with a
small focal length lens to get a small enough spatial distri-
bution.

Quadrant Diodes

The quadrant diodes® have a cutoff frequency of 20 MHz
which allows us to observe single pulses within a pulse

4FESCA 200, Hamamatsu
5584349, Hamamatsu
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train and study laser satbilities on a pulse to pulse basis.
The diodes are not set up yet which is why we cannot
present stability measurements in this paper.

Stability Measurements

Another way to measure the overall laser stability (in
terms of energy and position) is to use the charge stability
of the generated electron bunch. To measure charge stabil-
ity a series of charge measurements is taken, the standard
devieation of these measurements then is the charge sta-
bility. This is measured using the dark current monitor at
FLASH [7]. Measurements and the discussion of those can
be found in the next section.

MEASUREMENTS

First measurement shifts have been conducted in
September of last and January of this year.

Charge Stability Measurements

During the shift in september the charge stability for
the new photo-injector laser was measured at three dif-
ferent gun phases (see figure 4). The charge instabilities
have been measured with to 0.43 pC at 32 pC total charge
and 15°gun phase, 0.66 pC at 56 pC and 38°and 0.71 pC at
56 pC and 78°.

The uncertainty of the measurements of the dark current
monitor is in the order of about 0.8 pC. All measurement
results have statsitical errors below 0.8 pC and are limited
by the dark current monitor’s resolution.

To calculate an upper boundary of the laser amplitude
ability we took the measurement on the plateau (78°),
which is less influenced by gun phase jitter. On the other
hand we can neglect the position instabilities, because of
a nearly uniform quantum efficiency around the laser spot
position. An upper boundary for the laser’s amplitude jitter
is then 83 pJ at a total power of 6.5 nJ mostly dominated by
the resolution of the dark current monitor.

Figure 4 shows a gun phase scan with the points marked
at which the measurements were taken. Figure 5 shows
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a typical charge stability measurement for the new short-
pulse laser at the typical working phase at FLASH.

Figure 5 shows a charge stability measurement of the
short-pulse injector laser taken during a shift in Septem-
ber 2012. Here the charge stability is much better than in
January 2013 due to the already mentioned frequency con-
version setup in January.
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Figure 4: Scan of the charge as a function of the gun phase,
made with the new short-pulse injector laser. The three
measurement points refered to in the text are marked as
orange lines. This scan of the gunphase however does not
show the same charge values as given in the table because
it was done at a different laser attenuator setting.

bunch 1 <Q>=0.06 nCrms=1 pC (1.32%) pkpk=4 pC (7.78%) bg=5 pC rms=0 pC
train <Q> =0.06 nC rms=1 pC (2.14%) pkpk=3 pC (6.24%)

intra—train x10 <rms>=0.000 nC

bunch 2 <Q>=0.057 nCrms=1 pC (1.74%) pkpk=5 pC (9.28%)
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Figure 5: Charge stability measurement of the new photo-
injector laser in September 2012 at the gun phase typically
used during FLASH operation. The blue and violet points
show measurements of single bunches in a two-bunch train.
The blue dots are averaged values for the train. The red dots
are intra-train jitter measurements multiplied by a factor of
10.
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Laser Pulse Duration

The laser pulse duration was measured using a streak
camera with a resolution of 500fs in the UV. Measure-
ments dertemine the laser pulse length without usage of
the stretcher to 1.3 ps (FWHM). First SASE in January has
been seen using a stretcher setting providing a pulse length
of 2.4 ps (FWHM). [2]

Electron Bunch and SASE

In January 2013 first SASE radiation was generated us-
ing the new photo-injector laser. The laser pulse was
stretched to a pulse duration of 2.4 + 0.5 ps.

Two setups with a bunch duration of about 35 fs with a
bunch charge of 35pC as well as 80pC and an electron
bunch length of 78fs successfully generated SASE. Due
to the short injector laser only a small compression factor
of 25-60 was needed, which significantly improved SASE
stability compared to short pulses with the standard injector
laser.

For more information about the shifts refer to [2].

OUTLOOK

The new photo-injector laser system for short pulse op-
eration at FLASH should be ready for regular operation by
the beginning of next year.

With the setup of the quadrant diodes the diagnostics
will be finished which allows for full characterisation of
the laser properties and optimisation of the system.
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