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Finally, the Polaris frond-end produces pulses of 20mJ energy with a relative stability of 5% in
energy.

The parameters of the Polaris amplifier chain at the end of the year 2008 were a total
energy output of 2J after the 4™ amplification stage, a spectral bandwidth of 10nm and a
temporal intensity contrast of 10™. One reason of this limited intensity contrast was the
amplifier design of the 3™ amplifier A3. The design based on the four-time use of 3
amplification-passes requires that the beam reaches the exit of the amplifier two times but
with different polarization directions. Due to the limited extinction ratio of the incoupling Thin
Film Polarizer (TFP) of 10, a prepulse with an intensity ratio relating to this extinction ratio
was created. In spite of installed contrast stages, consisting of TFPs and Pockels cells, it was not
possible to increase the intensity contrast below the level of 10™. To avoid this prepulse due to
the limited extinction ratio, the amplifier was modified from 12 to 6 passes.

Fig. 2: Outline of the amplifier A2.5 in top view (a)
and side view (b). The amplifier is pumped with two
10J laser diode stacks. The beam is imaged with the
mirrors M1 and M2 with a focal length of 1.25m.

The reduced gain due to the smaller number of passes was compensated by an additional
amplifier before A3. The introduced amplifier, A2.5 (Fig. 2), is a relay imaging amplifier with 10
amplification passes and a gain factor of 8. The two mirrors M1 and M2 realize the imaging of
the laser beam from the plane of the end mirror (EM) to the glass plane. Due to an angle of
incidence of ~20° at the two imaging mirrors the beam has an elliptical near-field profile with a
large astigmatism when it leaves the amplifier. This is corrected by a precisely aligned
cylindrical lens telescope. The amplified beam has a size of 2mm x 3mm (FWHM) and a
spectral bandwidth of 13nm. A2.5 delivers an output energy of 200mJ, but the daily energy
output is reduced to 150mJ to achieve a high stability. After modification of the amplifier
setup, A3 amplifies the laser pulse by a factor of 7up to 1 J.
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Fig. 3: Characterization of the Polaris amplifier A2.5. The left picture shows the elliptical beam profile
due to the angle of incidence of 20° to the imaging mirrors and the spectral intensity is depicted on the
right figure. The measurement shows the spectral intensity of the seed pulse (blue line) compared to
the amplified pulse (black line).

For the alignment of the fourth amplifier, A4, a new method was introduced. By imaging
the glass surface at the monitoring cameras of the first 5 passes we can ensure an optimal
overlap of the laser beam with the pumped area. In order to realize a beam profile as
homogeneous as possible, it is favourable, to flip the beam several times. Due to the amplifier
design, the beam is flipped vertically after every passes. To flip it along the horizontal axis, a
periscope was introduced. With this method we realized an output energy of 8] with a
maximum fluence within the active medium of 3.5 J/cm®.

Fig. 4: Beam profile of the Polaris-amplifier A4. The profile is
homogenized by the intrinsic vertical flipping of the laser
pulse due to the amplifier design and an additional
horizontal flipping by a periscope.
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POLARIS — CONTRAST IMPROVEMENTS

S. Keppler, R. Bodefeld, A. Kessler, A. Savert, C. Matzdorf, M. Hellwing, D. Klopfel, M. Schnepp,
F. Schorcht, M. Hornung, J. Hein, and M. C. Kaluza

A main issue during the last years was the improvement of the intensity contrast of the
Polaris frontend. Existing prepulses on the ns- and ps-timescale were investigated and have
been suppressed and the ASE contrast has been improved by at least three orders of
magnitude. The improvement of the ASE contrast was achieved by an improvement of the
stretcher efficiency, an optimization of the regenerative amplifiers in terms of the number of
round-trips and the implementation of a fast Pockels cell [1].

0,14 Fig. 1: Sequoia contrast measurement
0,014 without fast Pockels cell and before the
1E-34 optimization of the regenerative ampli-fiers.
S5 1E44 Negative times represent times before the
S 1E5y Y’f M ‘ | W main pulse. At this measurement an ASE-
%‘ 1E-61v M U \* W‘ level of 10° and prepulses at a temporal
S 1B-74 position of -32ps and -82ps are visible.
= 1E-8 4
~ 1E-9
1E-104
1E-11 . . . : . }
300  -200  -100 0 100 200
Delay [ps]

For prepulse measurements, photodiodes only allow a high contrast measurement of up to
8 orders of magnitudes of more than 4ns before the main pulse due to the ASE generated by
the regenerative amplifiers. To investigate the time window starting -4ns before the main
pulse, a Sequoia, a 3"-order cross-correlator from Amplitude Technology, which scans the time
before the main pulse with a replica of the main pulse itself, was extended in terms of the
measurement range in time from -450ps to -3.5ns. The result of the measurement were
prepulses up to 10 corresponding to the time difference of the round-trip time of A1 and A2
and a prepulse train (Fig. 2, right) with a period equal to the time difference of the round-trip
time of the oscillator and Al. With the method of synchronizing the round-trip times [2] of
both regenerative amplifiers to the oscillator we were able to shift all prepulses which were
generated by the round-trip time mismatch underneath the intensity pedestal of the main
pulse. For the synchronization we introduced an additional delay line and a translation stage
into the cavities of the regenerative amplifiers. The adjustment of the cavity length was
realized with the Sequoia by determining the temporal location of the prepulse (Fig. 2).
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Fig. 2: Four different steps of the synchronization (left) measured with the Sequoia (Amplitude
Technology). Prepulses due to the mismatch of the round-trip times of the several regenerative
amplifiers were suppressed be shifting in time the prepulses underneath the intensity pedestal of the
main pulse. The right measurement shows the periodic prepulse train due to the mismatch of the
oscillator to both regenerative amplifiers. Black dots represent times before and red dots after the main
pulse arrival.

A final measurement (Fig 3) shows that we are free of prepulses up to a level of 107 and the
contrast ratio in terms of ASE is better than 10®. The origin of the still remaining prepulses is
still under investigation.

10

10° Fig. 3: Sequoia contrast measurement in a time range
10" of up to 1.5ns. The contrast was measured to better
10° than 10® in terms of ASE and we are free of prepulses
10° up to a level of 107,
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TEMPORAL PULSE CONTROL AT POLARIS

M. Hornung, R. Bodefeld, A. Kessler, M. Schnepp, R. Wachs, A. Savert, S. Podleska, S. Keppler,
M. Hellwing, F. Schorcht, J. Hein, M.C. Kaluza

After the completion of the tiled-grating compressor and the target chamber for high intensity
experiments the compressed laser pulses were focussed and characterized in order to realize
the highest peak intensity in the laser focus for a given pulse energy. This report gives an
overview about the elaborated methods to align a Multi-TW-tiled grating compressor and
show measurements of the compressed and focussed laser pulses.

In addition to the methods of the spectrally resolved far-field [1] and the monochromatic
probe laser [2] for the alignment of the tiled-grating another method for the parallel alignment
of all four compressor-gratings with respect to each other was developed [3]. The parallel
alignment of all four compressor gratings is important to achieve a short pulse duration across
the whole near field distribution and eventually to maintain the short pulse duration in the far
field of the laser. Misaligned gratings can lead to an angular dispersion of the laser pulse,
which changes the pulse duration in the far field due to pulse front tilt and temporal chirping
over the propagation distance. Furthermore, a residual angular dispersion leads to an
increased focus area due to the different propagation directions of the corresponding
wavelengths. These two effects are interlinked and become especially important when using
large beam diameters or large-bandwidth pulses. To minimize the angular dispersion we
installed a cw-laser with tuneable output wavelength using Yb:KGW as the active material. This
laser is optionally coupled into the laser chain and guided into the compressor. Its far-field is
monitored behind the compressor by a CCD camera using an /80 lens. When the gratings in
the compressor are not exactly parallel, they introduce an angular chirp which leads to slightly
separated far-field images of the laser for its different wavelengths. We could observe a
transverse shift of the far field when changing the wavelength of the alignment laser for
misaligned gratings. This far-field translation only disappears for exactly parallel gratings. For a
guantitative analysis of the alighnment, we chose 1018 nm and 1051 nm as two different
operation wavelengths. The focal spot distance translated in angular difference is displayed in
Fig. 1. We start the measurement with a first roughly parallel setting of the gratings and
measured the angular difference between the 1018-nm and 1051-nm focal spots. In all three
degrees of freedom (tilt, tip and twist [2]) a residual angular distance was observed, so that the
gratings were not strictly parallel. Intentionally rotating one of the gratings by small angles
around one axis and correcting the deviation of the far field of the beam by aligning the folding
mirror in the compressor, we could measure the angular distance between the far-fields of the
two different wavelengths depending on the rotation of the grating around all three axes. This
procedure can be repeated for all three rotational degrees of freedom, leading to three graphs
shown in Fig. 1a)-c). Linearly interpolating all three resulting graphs separately until the
angular deviation of the far field of the two wavelengths vanishes in each degree of freedom
finally yields the position where the two gratings are exactly parallel.
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Using this procedure, we were able to align the gratings strictly parallel in all relevant degrees
of freedom with an accuracy of 20 prad.
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Figure 1: Measurement of the angular difference between 1018-nm and 1050-nm laser beams after
propagating through the compressor versus an intentional misalignment. The zero values for the x-axis
point out the start of the measurement where we believe to have parallel gratings. (a) Tilt: rotation
around y-direction (diffraction plane). (b) Twist: rotation around z. (c) Tip: rotation around x [3].
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Measurements of the compressed and focused laser pulses:

Using a special second-order autocorrelator, we obtain autocorrelation images, which are
spatially resolved in one dimension. Fig. 2a) shows a line-out at a fixed spatial coordinate. The
FWHM pulse duration is 136 fs, which agrees well with the corresponding spectrum shown in
Fig. 2b). Carrying out a Fourier transformation and assuming a flat spectral phase leads to a
pulse duration of 133 fs. The spatially resolved

autocorrelation measurement was done in both x- and y-directions of the laser beam, and no
significant variation of the pulse duration along each of these two directions was detected. To
observe the influence of the tiled-grating alignment, we implemented a one-dimensional
spatially resolved spectral phase interferometry (SPIDER) in our measurement setup. Similar to
our autocorrelator, this SPIDER is able to spatially resolve the spectral phase of the
compressed pulses either in x- or y-direction by changing the input pulse orientation using a
periscope. In Fig. 3a) a typical interference pattern for the x-direction of a 145-fs laser pulse is
shown. No significant pulse duration variation over the beam diameter is observed in x- or y-
direction (the latter one is not shown here). In Fig. 3b) the tiled-grating pair was intentionally
misaligned in the x-translational axis (shift [2]) by 0.25 of the grating period. The red and blue
components of the laser pulse are not in phase any more. In the SPIDER trace this leads to a
cancelation of the interference pattern at wavelengths corresponding to the second harmonic
of the frequency which hits the grating gap. Due to the compressor setup, the wavelength
which hits the grating gap changes in x-direction across the beam diameter.
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Figure 2: (a) Autocorrelation function of a compressed pulse. The FWHM pulse duration is 136 fs. (b)
Corresponding spectrum of the pulse. Fourier transformation of this spectrum leads to a bandwidth-

limited pulse duration of 133 fs.

In Fig.4 the far field generated by a 300-mm parabolic mirror (the effective numerical aperture
of the focusing geometry for our laser pulses was /2.7 in this case) in the target chamber is
shown for the first two (a) and the first four (b) amplifiers in operation. The FWHM focus area
(i.e., the area in which the local intensity is larger than /,,,/2) in both cases is 8.1 umz. The far
field is imaged onto a CCD camera with a magnification of 30 using a highquality f/2

achromatic lens.
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Measurements with all amplifiers in operation require to decrease the pulse energy to 20 mJ
by changing the delay between pump pulse and amplified pulse under full pumping conditions.
Both focal spots are 1.7 times diffraction limited. Under the assumption that the near-field
distribution and the wave front do not change when the pulses are fully amplified, we achieve
an intensity of 8.1x10" W/cm?” averaged over the FWHM focus area. 25% of the pulse energy
is inside the FWHM focus area. Using the contrast measurement shown in the paper “POLARIS
— contrast improvement” of this annual report leads to a prepulse level below 8x10* W/cm?

100 ps before the main pulse.
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Figure 3: (a) SPIDER interference pattern of a 145-fs pulse. The y-axis gives a resolution in space. (b)
SPIDER interference pattern for a misaligned tiled-grating compressor
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Figure 4: Measured far-field in the target interaction chamber using the first two amplifiers (a) and with
the first four amplifiers (b) with an output energy reduced to 20 mJ. In both cases the FWHM focus area

is 8.1 umz.

127



ULTRAPHOTONICS

References

[1] M. Hornung, R. Bodefeld, A. Kessler, J. Hein, M.C. Kaluza, “Spectrally resolved and phase-sensitive
far-field measurement for the coherent addition of laser pulses in a tiled grating compressor”,
Optics Letters 35, 2073-2075 (2010).

[2] M. Hornung, R. Bodefeld, M. Siebold, M. Schnepp, J. Hein, R. Sauerbrey, M.C. Kaluza, “Alignment of
a tiled-grating compressor in a high-power chirped-pulse amplification laser system”, Applied
Optics 46, 7432 (2007).

[3] M. Hornung, R. Bodefeld, M. Siebold, A. Kessler, M. Schnepp, R. Wachs, A. Savert, S. Podleska, S.
Keppler, J. Hein, M.C. Kaluza, , Temporal pulse control of a multi-10 TW diode-pumped Yb:Glass
laser”, Applied Physics B 101, 93-102, (2010).

128



ULTRAPHOTONICS

SPECTRALLY RESOLVED FAR-FIELD MEASUREMENT FOR THE COHERENT ADDITION OF LASER PULSES IN A TILED-

GRATING COMPRESSOR

M. Hornung, R. Bodefeld, A. Kessler, J. Hein, M.C. Kaluza

We developed a method which can be used for the coherent addition of laser pulses. As
different laser pulses are initially generated in a laser-pulse compressor equipped with a tiled
grating, such a coherent addition is indispensable in order to maximize the intensity in the
laser far-field. The method significantly facilitates the high-precision alignment of a tiled
grating [1].

In the POLARIS tiled-grating compressor, the laser pulse hits the first grating and becomes
angularly dispersed [2]. It has broadened in one lateral direction when it hits the second, the
tiled grating (cf. Fig. 1(a)), where the wavelengths are distributed over the two tiles. Note that
for a finite beam diameter, even for a single wavelength, different parts of the spatial profile of
the laser pulse can hit both grating tiles [cf. Fig. 1(b)]. Only if a coherent addition of the
different parts of the laser pulse is ensured over the whole spectrum, the far-field intensity is
maximized.

Because of fabrication tolerances the grating constants of two different gratings never exactly
match. With two perfectly aligned grating tiles, this difference leads to a few microradians
angular mismatch between the two beam parts. An identical diffraction angle for one
wavelength, diffracted by the two tiles, can be achieved by tilting one grating by By (cf. Fig.
1(a)). The value for best compensation of the difference in grating constants depends on the
near-field profile and the spectral intensity of the compressed laser pulse. However, the
discrepancy between a perfectly (parallel) aligned tiled grating and a tiled grating aligned for
highest intensity in the far field of the laser pulse requires monitoring of the recompressed
laser pulse itself.

The setup of the spectrally resolved far-field measurement is depicted in Fig. 1(c).

a) compressor setup b) spectral spread at the tiled grating:
. 700 mm
grating <« - rvmm
(adjustable) A2 <ic <Al 2
o
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E{,} @ — grating fixed grating adjustable
7 grating

c) measurement setup

\\) ...I-:P

grating
lens (f =5 m) (1200 lines/mm)

grating (fixed) folding
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Figure 1 : a) Setup of the Polaris pulse compressor. Two parallel grating arrays and a folding mirror are
used to recompress the stretched and amplified laser pulses. The grating for the second and third pass is
tiled. b) Front view of the tiled grating. Bordering regions of the center wavelength will obtain a
transversal phase mismatch for dpison # 0. b) Setup of the spectrally resolved far-field measurement.
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The compressed laser pulse is focused by a f = 5 m lens and diffracted by a 1200 lines/mm
grating standing 20 cm in front of the focal plane, spectrally dispersing the far field of the laser
in one direction. This method is independent of any residual spectral phase of the laser pulse
and allows us to improve the alignment of the grating tiles with respect to two translational
(piston and shift) and one rotational (tilt) degree of freedom.

Measurements and calculations of the spectrally resolved far field for a pulse of 110 mm 1/e’
diameter, with 12 nm bandwidth centered at A; =1031 nm are shown in Fig. 2.

e —————
a) Piston = 0 ym (measured)

c) Piston =-30 um (measured)

transverse coordinate [a.u.]

1022 1026 1030 1034 1038

wavelength [nm]

Figure 2: Measurements and calculations of the spectrally resolved far-field. (a), (b) Measurement and
calculation for dyiston = 0 @and dghiee = 0. (c), (d) Measurement and calculation for dyiston = 70 um. (e), (f)
Measurement and calculation for dgiston = =30 pm. (g) Byy; = 10 prad. (h) dsniee = 0,4 of the gratings groove
spacing.

A tiled grating aligned for highest intensity gives a straight line in the far field, as shown in Figs.
2(a) and 2(b). In Figs. 2(c) and 2(e) we show measurements, and in Figs. 2(d) and 2(f) we show
calculations for a piston displacement of 70 um and -30 um, respectively.
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The orientation of the modulation pattern indicates the sign of d,ison. For the calculation of the
far field, we carried out a convolution of the laser pulse with the spatially and spectrally
dependent transfer function of the compressor, taking the optical path into account, and
performed a Fourier transformation.

Using this technique for the alignment of our tiled grating compressor, the POLARIS laser
system generates a multi-10 TW nearly diffraction-limited focal spot [3].
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