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A Novel Coherent Beam Combining (CBC) Method Using a Spiral Phase
Plate (SPP) in the Reference Channel

Laser Process Research Team

Haik Chosrowjan, Seiji Taniguchi, and Noriaki Miyanaga

1. Introduction

High average power lasers, both in continuous and
pulse modes, are important tools in a wide range of
industrial fields, academy, science, and technology. To
reach higher intensities, one needs to increase the
output power of the laser and at the same time
keep/improve the beam quality. However, due to
several detrimental processes like thermal degradation,
mechanical perturbations, material damage etc., lasers
cannot be scaled to higher power while maintaining
their beam quality simply by supplying them with more
pump power. Equally, they cannot be focused to
arbitrarily small size. To obtain ultra-high intensities from
multi-kilowatt class laser systems, coherent beam combining
(CBC) concept seems to be one of the viable choices V. The
motivation behind it is simple - to achieve higher power,
intensity, and brightness than obtainable from a single laser
source. In terms of the output formatting, all CBC technologies
are divided into two categories: filled aperture and tiled aperture
designs. The former is a method of superimposing multiple
beams on the same optical path with the same phase, while the
latter one is a method of arranging multiple beams in parallel, 1.
e. side by side in a tiled shape, and propagating them in-phase.
In either method, the beam emitted from a single laser oscillator
(seed light source) is branched into several beamlets, each
passed through a phase modulator, amplified, and then
combined again. Real-time feedback control of the phase
modulator, based on the phase difference measurement data
between each amplified beamlet and a reference beam, is
required. The most difficult part of successful CBC is the need
to measure, control and lock the phases of individual beams as
the number of the beams increases. Several phase retrieval

approaches and control algorithms are already known?> 3.

Recently, methods of CBC phase synchronization by deep
leaming, machine learning, etc., using mutual interference
patterns between multiple beams have been also suggested®”.
However, in experiments, sufficient control speed and accuracy
have not been obtained yet. Summarized, establishing a simple
and accurate phase difference measurement method for fast and
efficient CBC is highly desirable.

We have also suggested a new method that uses an optical
vortex beam generated by a spiral phase plate (SPP), as a
reference beam®. Key components in the new approach are an
SPP and a quadrant photodiode (QPD) for each beam channel.

In this report, we describe the main principles of the new
method (hereafter CBC SPP method) and experimentally
demonstrate, as a proof of principle, its performance for two

beams in a tiled aperture configuration.

2. Theoretical considerations

Let’s compare a phase difference measurement based on
two-beam interference at O-degree crossing angle for the
following two cases: (a) both reference and test beams are plane
waves, and (b) one beam (reference) is an optical vortex beam,
and the second beam (test) is a plane wave.

In case (a), where both reference and test beams are plane
waves, the intensity (I;,;) of the resulting interference can be

expressed as:

It = Eve® + E + 2EE, - cos(Ad) )
A¢ = ¢t - ¢ref

Here E..t, Ei, ¢¢, ¢rer, and A¢ are the electric field
amplitudes, phases and the phase difference between the test
and reference beams, respectively. From Eq. (1) it is clearly seen

that there are three unknowns (electric field amplitudes E ¢,



E., and the phase difference A¢) determining the I;,; value,
so if there is an intensity fluctuation in at least one of the beams,
the phase difference A¢p cannot be retrieved. Furthermore,
even if the intensities of the test- and reference beams are equal
and constant, there will be always two values for the phase
difference A¢ (except when the A¢ = 0; + m ). The
described case is a confirmation of the classic problem in
interferometry: when only intensities are measured, the phase
information is lost, and it must be retrieved somehow.

As we will show below, if the phase of the reference beam
could be spatially distributed according to some known function,
a simple, single-shot phase shift interference measurement
could be performed. For instance, the phase of the optical vortex
beam (Laguerre beam with a topological charge 17 7) changes
depending on the azimuth angle 6. Its phase distribution is

shown in Fig. 1 in comparison with “flat” phase distribution.

¢ref

(i) (ii)

Fig. 1. Spatial phase distributions of the reference optical vortex
(Laguerre) beam (i), and the “flat phase” test beam to be phase
locked (ii). The spiral phase structure in (i) continues infinitely
along the optical axis and the reference of the zero phase can be
set anywhere. For convenience, it is taken on the X-axis. The
azimuth- and the phase-lag directions are counterclockwise

from the X-axis.
The complex amplitude E,..¢(r, 8) describing an optical
vortex beam in radial coordinates is given by the following

equation:

Epes(1,0) = A(r) - expli(res + 0)] ?

Here A(7), ¢rer, ¥ and 6 are the amplitude, phase, radial-
and azimuthal coordinates, respectively.

Let’s now consider the interference for the case (b), where
one beam (reference beam) is an optical vortex beam (Fig. 1 (1)),
and the second beam (test beam) is a plane wave (Fig. 2 (ii)). In
this case the intensity of the resulting interference at 0-degree

crossing angle can be expressed as:

Iin(r,0) = A(r)? + B(r)? + 2A(r)B(r) *
* cos (Agp — 0) 3

Here B(r) and A¢ are the electric field amplitudes for the
test beam and the phase difference relative to the reference beam,
respectively. From Eq. (3) it is clear, that the interference pattern
will have a maximum value at an azimuth angle equal to the
phase difference, regardless of the intensities of the reference-
and the test beams. Hence, the phase difference can be uniquely
specified within therange 0< A <Zr or —m < A¢p < m
by measuring the azimuth angle at which the maximum
intensity is obtained! This is shown in Fig. 2, where interference

patterns using an optical vortex beam and plane wave are

calculated for some 8 values.

Fig. 2. Calculated interference (intensity distribution pattern) by
Eq.(3)for 6 = A¢p =0; 3m/4; —3m/4;and —m values.



3. The principle of unique estimation of the phase difference
using an SPP and QPD

From Eq. (3) and Fig. 2 we learn that the azimuth angle at
which the interference pattern has its maximum does not
depend on the radial coordinate and matches the azimuth angle
of the position of centroid in intensity distribution. Therefore,
detailed intensity pattern analysis is not required. It is sufficient
to determine the position of intensity centroid, hence, a quadrant
photodetector (QPD) can be utilized.

In Fig. 3 the principal scheme of the experimental setup for

unique estimation of the phase difference between a test- and

reference beams is presented.
Tost beam™
SPP

27:

4 .
Reference
vortex beam
¥y Vi
Second First Second quadrant | First quadrant
quadrant WIEWE
[
v ’ P 2 P1
ntensity
centroid
X x
Ps Py
Third Fourth
quadrant quadrant Third quadrani | Fourth quadrant

(a) (b)

Fig. 3. (top) Schematic experimental diagram for unique
estimation of the phase difference between the test- and
reference beams. SPP — spiral phase plate, BS — beam splitter,
QPD — quadrant photodetector, First, ... Fourth quadrants — 4
quadrant sectors of the intensity pattern, P, ... P4 — measured
powers in the 1 ... 4 quadrants of the QPD. (a) Intensity
distribution of the interference pattern and intensity centroid
position for 8; (b) the definition of four quadrants on the QPD.

As shown in Fig. 3, the origin of the Cartesian X-Y

coordinate system is set in the interference patter center, and the
quadrant photodetector is arranged in such a way to correspond
to the first to fourth sectors, respectively.

Let the outputs of four quadrant sectors of the QPD be P; to
Ps. The coordinates (X, Y) of the center of gravity of the
intensity distribution can be obtained by Egs. (4a) and (4b),
respectively.

_ P1—P2—P3+P4 _ P1+Py—P3—Py

- P1+P2+P3+Py (43) Y_ P1+P2+P3+Py (4b)
Finally, the azimuth angle 6 can be expressed as:
— . —X
0 = sgn (Y) acos( '—X2+Y2) ®)

We have also shown analytically that the above phase
difference evaluation method is not affected by the power
fluctuations and the beam profiles if the intensity distributions
of reference and test beams are axisymmetric. However, due to
space limitations we will refrain describing it here in detail and
will proceed to proof-of-principle experimental verification
section of the suggested method.

4. Experimental setup

For experimental verification of the proposed CBC_SPP
method, a proof of the principle experimental apparatus for two
beams in a tiled-aperture configuration has been constructed as
schematically drawn in Fig. 4. A diode pumped solid-state laser
(DPSSL) from the Crystal Laser LC, model CL 1064-050-S
with following parameters: CW operation at 1064 nm emission
wavelength, power ~50 mW, single TEMq mode (M? = 1.0 —
1.2), linewidth < 10° nm, coherence length > 300 m, beam
diameter ~ 1.4 mm (1/¢?), was used as a light source. Using
the mirrors My, and Mgy, the beam was directed to a 5x beam
expander (BE) to get a ~ 7 mm diameter beam, geometrically
appropriate for the use with the SPP. A combination of a half-
wave-plate (HWP;) and a polarization beam splitter (PBS;) was
used to split the single beam into two (vertically and horizontally
polarized) beams (Beam 1 and Beam 2, respectively).



Compared to a simple 50% beam splitter, the HWP/PBS
combined splitter is preferable because by choosing an
appropriate rotation angle of the HWP, one can split a single

beam into two with a desired power ratio.

Parallel plate

x40 Obj.
_| lens

&
ccD1

QPD or €CD2
= KPA101

X signal

Y signal

PC/LabVIEW

Fig. 4. CBC SPP proof of the principle experimental setup
diagram for two beams. The signal detection- and feedback unit

is shown in red color. See text for abbreviations and symbols.

After the splitting, the Beam 1 passes through a HWP; set at 45
degrees to rotate the polarization by /2. As aresult, Beam 1 and
Beam 2 again retain their polarization direction parallel to each
other. Beam 1 reflects from the M; mirror set on a piezo
transducer (PZT) used in present study as a phase modulator.
The PZT is from the PI Ltd., model S310.10 (~ 6 mm open loop
travel range). Beam 2 reflects from the mirrors M, and M3 and
is arranged parallel to the Beam 1. At this stage each beam has
approximately 16.5 mW power. The center-to-center distance
between two beams was chosen to be ~ 16 mm. After passing
one-side anti-reflection (AR) coated parallel plate (a BS with
1/24 ratio for reflection/transmission components), the beams
are focused by the AR coated lens (Li: ~ 50.8 mm diameter, f=
200 mm). For the far-field-pattern (FFP) profile measurement,
the FFP is expanded using a 40x objective lens and imaged on
a conventional CCD camera (CCD1).

In the reference channel, the ~ 4 % reflected portions of the
beams from the AR coated parallel plate (Fig. 4, light blue
paths) have been used as a control signal for the coherent beam
combining (CBC) in the following manner. The reflected
portion of the Beam 2 was spatially phase modulated by passing

through the SPP, model V-1064-10 (Fig. 5)°.

Vortex Lens V-1064-10

Fig. 5. The 0 ~ 2mt, 64 step spiral phase plate (SPP) with
~11(width) x 11(height) mm? dimensions.

It then passes the non-polarizing half-mirror cube (HMC), AR
coated L, lens (/=200 mm) and hits the quadrant photodetector
(Thorlabs: PDQ80A). In this manner, the beam diameter (~ 3.5
mm) on the PDQB80A is kept within the optimum range of 1.0
~ 3.9 mm specified by the manufacturer. The four output
voltages corresponding to Ps in Eq. (4) are acquired by the
KPA101 unit to derive the intensity centroid position (X, Y).

The reflected portion of the Beam 1 passes through the
parallel optical plate (OP), reflects from the My mirror and
HMC, and travels the same path as the Beam 2 to the QPD. As
a result, an interference pattern of two beams (phase
unmodulated Beam 1 and phase modulated reference Beam 2)
at 0-degree crossing angle is formed. To check the quality of the
interference pattern, the QPD was occasionally replaced by a
CCD camera (CCD2) for diagnostics. In Fig. 6, a snapshot of
the interference pattern taken by the CCD2 is shown.

Fig. 6. A snapshot of the interference pattern on the PDQ (it is
taken by the CCD2; see also Fig. 2 and Fig. 4 for clarity).



Signals P; .. .P4 captured by the QPD are transferred to the
QPD controller (KPA101) where X and Y wvalues are
automatically calculated according to the Egs. (4a) and (4b).
These X and Y analog signals are then digitized by the analog
to digital converter (ADC) unit (NI-9775) of the FPGA (field
programmable gate array) and used for calculating the 6 value
(Eq. (5)). The control signal is then fed to the PZT using a digital
to analog converter (DAC) unit (NI-9264). A feedback control
software based on the LabView/FPGA framework was
developed. 1t’s flowchart is as follows: In the 7 loop, (1) it
captures the intensity centroid coordinates (X, ) from the QPD
by the ADC; (2) calculates the cosine component from (X, Y);
(3) determines the azimuth angle &(i. e., the phase difference)
in consideration of positive/negative sign of Y; (4) finds the
correction voltage for the piezo actuator AV}, corresponding to
the phase difference; (5) adds AV, to the previous drive voltage
Vi (Vo =AVy + Vi), (6) converts the digital signal
corresponding to ;, to analog voltage by the DAC; (7) feeds the
analog voltage signal to the piezo driver. The control bandwidth
in the experiments was limited only by the PZT phase
modulator bandwidth (~ 1.5 kHz) used in the present study.

In present experiments only one SPP was used, so the proof
of the principle experimental setup was designed in such a way,
that the Beam 2 was used also as a reference beam, and the
Beam 1 had to be bended using the My mirror and HMC in the
reference arm (Fig. 4). Hence, an optical pathlength difference
between the Beams 1 and 2 in the reference arm was induced,
even if the maximum constructive combining is obtained on the
CCDI1. To compensate for any constant phase difference
between the two beams at QPD or CCD2, a thin parallel optical
plate (OP) was inserted in the path of the Beam 1. By gentle
angular tilting of the OP and monitoring the X and Y values on
the KPA101 display, one could zero the constant phase
difference between the two beams (X — max, Y — 0). To
retain mechanical/vibrational stability in the reference channel,
all elements in the reference channel including the parallel plate
with the AR coating were set on a separate aluminum

breadboard and shielded from the optical table by an anti-

vibration sheet. These precautions have kept the stability in the

reference channel quite well.

5. Results and discussions
In Fig. 7 the X-Y intensity distributions and X-profiles of the
Beams 1, 2, and the resulting CBC are presented, respectively.
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Fig. 7. (Top row) Measured intensity distribution and the
Gaussian fit of the horizontal (X) profile of the Beam 1.
(Middle row) Measured intensity distribution and the Gaussian
fit of the horizontal (X) profile of the Beam 2.

(Bottom row) Measured intensity distribution of the resulting
CBC profile and the Gaussian fit of the horizontal (X) profile of
the central lobe. The CBC was achieved using the feedback
control program described above. The control bandwidth was
setat 1.5 kHz. Intensities of the single beams were set equal.

The CBCefficiency 1 was defined as the ratio of the CBC
central lobe Gaussian fit peak intensity (Igétc‘ peak) to the

maximum possible CBC peak intensity defined as:

max __ pfit, peak fit, peak fit, peak fit, peak
CBC — IBeam_l + IBeam_Z +2 IBeam_l *IBeam_Z

©)



Ifit, peak

Ifit, peak
Beam_1

and Beam_2

where are the Gaussian fit peak

intensity values for Beam 1 and Beam 2, respectively.

Ifit, peak
n= CBC

Imax (7)

CBC

During the experiments, the CBC efficiency was routinely
checked, and it was always above 95%.

One of the advantages of the present CBC_SPP method
is its inertness to the beam power fluctuations, because the phase
difference detection and compensation process is practically
unaffected by the power fluctuation of the laser beams.
Although we have not done CBC experiments with power-
fluctuating beams, we tested the CBC performance for 2 beams
with different powers P, and P> (Pi/P, = 1.3), respectively. The
~ 1.3 times power ratio was achieved by simply rotating the
HWP; (Fig. 4) and separately measuring the powers of Beam 1
and Beam 2, respectively. The CBC was achieved using the
feedback control program described above. The CBC
efficiency determined by Egs. (6) and (7) was always 90% or
better.

To estimate the stability and the RMSD (root mean square
deviation) of the CBC intensity when the control feedback is
“ON” or “OFF”, a simple measurement setup was constructed
(not shown here). Briefly, the FFP (far field pattern) was
expanded, a pinhole was fixed just in the middle of the main
lobe position in front of the fast photodiode (PD). The pinhole
aperture size was set to be smaller than the size of the main lobe
for easy detection of the intensity fluctuations. In the present
experiment the aperture diameter was about ~1/3 (~ 1 mm) of
the main lobe size. Other experimental conditions were: 1.5
kHz control bandwidth (fixed); analogue bias voltage (50 V,
randomly changed during the measurements within = 50 V),
digital bias voltage (0 V - fixed). The results are shown in Fig.
8, where the FFP central lobe intensity fluctuations for cases
when the feedback control system is ON (red) and OFF (gray),
respectively, are plotted versus the time. From Fig. 8 it is clearly
seen, that when the CBC control is “OFF”, the PD signal largely

fluctuates. However, when the CBC control is “ON”, the PD
signal well stabilizes corresponding to the A¢ ~ 0. The
constructive interference FFP quality was also very good. The
average PD signal was estimated to be ~ 7.35 (a. u.) and the
RMSD calculated using the standard procedure was ~ 0.01°.
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Fig. 8. The FFP central lobe intensity fluctuations (CBC
stability) versus the time. CBC feedback control is ON (red
curve); CBC feedback control is OFF (gray curve).

In Fig. 9, the power spectra of the CBC within the 0 - 500
Hz bandwidth, obtained by the FFT (fast Fourier
transformation) of the data plotted in Fig. 8, are presented.
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Fig. 9. Power spectrum (FFT) of the CBC bandwidth with (red)

and without (gray) feedback control, respectively.

It is clearly seen that the vibrations within the 100 — 200 Hz
interval, caused by the environmental vibrations in the
laboratory, are mostly compensated by the present feedback

control system.



6. Summary and Conclusions

In this report, the general concept of the coherent beam
combining (CBC) technique and its importance have been
briefly introduced, and the physical principles of the new CBC
technique based on the spiral phase plate (SPP), called
CBC_SPP method, have been presented theoretically.

A proof of the principle experimental apparatus for two
beams in tiled aperture configuration has been constructed and
described in detail. The CBC SPP operation has been
demonstrated experimentally for 2 beams with equal and
different power ratios, respectively. The operation bandwidth of
the present system was determined to be ~ 1.5 kHz limited only
by the used PZT as a phase modulator. The CBC efficiency has
been estimated to be more than 90 % in all experiments and the
RMSD of the CBC was calculated to be ~0.01.

Our analysis show, that the CBC SPP method has the
potential to be used in real laser amplifier systems hence, we
plan to perform further experiments using multiple beams in the

near future.
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Investigations of Spectrally Tunable Nanosecond Laser Pulse Compression
Characteristics by Stimulated Brillouin Scattering (SBS) Technique
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Haik Chosrowjan, Seiji Taniguchi, and Toshihiro Somekawa

1. Introduction

There are many techniques commonly used to increase the
peak power of the laser pulses by pulse compression. In the
ultrafast regime, methods such as chirp compensation by a
prism pair, grating pair, etc., are used to compress an optical
pulse V. However, these methods cannot be applied to
nanoseconds (ns) duration pulses. Outside of the optical
resonator, pulse compression from several ns to sub-ns could be
achieved only by utilizing nonlinear light-matter interactions.
Stimulated Brillouin scattering (SBS), a third-order nonlinear
optical phenomenon, is one such practical way to achieve pulse
compression in the ns time-domain not only with high
efficiency, but also without expanding the pulse spectral
bandwidth 2. SBS pulse compression in liquids has been
investigated for many years¥. Many SBS liquids and several
compression geometries such as a single cell, double cell
(generator-amplifier), counter-propagating pulses, etc. have
been utilized so far ¥. Analysis of the available literature
indicates that more than 50 times pulse compression factors and
energy efficiencies as high as 95 % can be achieved. Most
investigations, however, were performed at discrete
wavelengths (1064 nm, 532 nm, etc.) using quite long (1 —3 m)
SBS amplifier cells . The primary goal in previous
investigations was compressing Joule class, 5 — 20 ns duration
optical pulses as short as possible (~ 100 ps) for application in
the inertial confinement fusion reaction as an ignitor-shock
spike .

In our investigations we have set a goal to investigate pulse
compression characteristics of low energy (several to several
tenths of mJ), wavelength-tunable, varying-duration ns pulses.
Such pulse systems could have different applications, for

instance, in material processing or in remote resonance Raman

spectroscopy (RRS). In later case, strict conditions are applied
to the excitation light sources. Broadly tunable (from NIR up to
the DUV region) lasers generating high energy, high peak
power, short but at the same time, narrowband laser pulses are
required. One such laser system satisfying most of the
requirements is tunable Ti:Sapphire laser operating in gain-
switching mode”. The laser emits pulses at 15 Hz repetition rate
and several- to a tenth of mJ energy in a spectral range between
680 nm — 1000 nm. Although the second-, third- and fourth
harmonics can be easily generated covering a broad spectral
region down to ~ 210 nm, the shortest pulse duration obtained
in such a system is about 15 ns. An additional inconvenience
arises from the pulse duration dependence on the emitting
wavelength e.g., ~ 15 ns at 800 nm vs. ~ 30 ns at 880 nm. To
increase the peak power/brightness of the pulses, minimize the
pulse duration spread versus the wavelength, and achieve good
S/N ratio in, for instance, long-range RRS measurements, two
strategies can be applied: increasing the pump power or
compressing the ns pulses to sub-ns duration. Due to the
limitations of the power upscaling, pulse compression seems to
be the most viable option.

Recently, we have proposed a variable-length, compact
SBS amplifier cell for ns pulse compression applications. In this
report, we describe the pulse compressor system with the new
SBS amplifier cell and present first results of our ongoing
investigations on pulse compression characteristics in terms of

pulse compression factor and energy conversion efficiency.

2. Stimulated Brillouin Scattering (SBS) phenomenon
SBS is an inelastic interaction between light and sound. It

can be described by the 3rd order term of the polarization
induced in the medium by the applied optical field. It is



associated with the nonlinear ¥® coefficient of the electric
susceptibility of the material. The SBS is fully understood and
mathematically described physical phenomenon ®, so in this
article we will not go beyond qualitative explanations. Briefly,
SBS is initiated by spontaneous Brillouin scattering of light
from the background phonon field of the medium created by
thermal noise fluctuations. The phonon field consists of a
periodic pressure variation, and thus a refractive index variation
in the medium. The applied incident laser pump then interferes
with the Stokes scattered light to increase the amplitude of the
phonon field. This in turn exponentially increases the gain of the
stimulated scattering process in the backward direction. This

process is schematically illustrated in Fig 1.

Pump, op

SBS material

SBS or Backscattered

Stokes, o ®s = Dp-

KS:KP-

Fig. 1. Schematic diagram of the SBS phenomenon. The gain
for SBS is greatest in the backward direction because wa
<<wp ~ ws,and Ky ~ 2*Kp. Here wp, ws, and ma are
pump -, Stokes—and acoustic (or Brillouin) frequencies,
while Kp, Ks, and K are corresponding wave vectors,
respectively.

There are many applications of the SBS phenomenon such
as phase conjugation, optical limiting, coherent beam
combination, pulse compression, etc. In the following, we will
briefly describe the SBS pulse compression process.

SBS pulse compression is a Brillouin self-amplifying
process converting a pump pulse to a Stokes shifted pulse with
considerably reduced pulse duration. Fig. 2 illustrates the
principle of the SBS pulse compression process. A pump pulse
is focused into the SBS cell producing a backward scattering
Stokes pulse at the focus. The rising edge of the Stokes pulse

sweeps through and depletes the counter-propagating pump
pulse, converting the energy from the pump pulse into a

temporally compressed Stokes pulse during the interaction.

aiarce /@)
pump =i — (b

Stokes < E

ey

/A pump pulse

[\ Stokes pulse 1
y SBS cell (@

Fig. 2. Tllustration of the SBS pulse compression process.

In designing a pulse compressor, sufficient interaction
length of the pump and Stokes pulses is required to ensure a
high compression factor. As the SBS begins from the leading
edge of the pulse, the interaction length should be no less than
halfthe characteristic length of the pulse in the SBS cell defined
as:

T*C

2n

Here 7 is the pump pulse duration (FWHM), ¢ is the light
velocity and # is the refractive index of the medium. For
instance, to compress 20 ns pulses effectively, one would need
a conventional SBS cell as long as ~2.4 m.

The properties of the SBS medium also have great impact
on the pulse compression ratio. For example, the medium with
longer acoustic phonon lifetime results in longer time for
establishing the phonon field that ultimately leads to the longer
rising edge of the SBS pulse hence, to realize higher pulse
compression ratio, an SBS medium with a shorter acoustic
phonon lifetime should be chosen. Fluorocarbons (FC-72, FC-
70, FC-40, etc.) are widely used SBS media due to their broad
Brillouin linewidth, acceptable gain coefficients, thermal and
chemical stability, transparency in the 400 — 1100 nm spectral

region, fast phonon lifetimes, etc. In the present experiments,



FC-72 liquid with ~ 1.2 ns phonon lifetime, ~ 6 c/GW SBS
gain coefficient and ~ 270 MHz Brillouin bandwidth was used.

3. Experimental setup and results
The SBS pulse compressor schematics with the variable-

length (folded), compact SBS amplifier is presented in Fig. 1.

Amplifier Polarizer
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Fig. 3 Schematic diagram of the pulse compression system
using the variable-length SBS cell for SBS interaction

length optimization.

Linearly polarized pump pulse (blue line) passes the
polarizer, \/4 plate, SBS amplifier (50 cm cell length), and is
tightly focused into the SBS generator cell. The generated SBS
wave (red line) propagates back, is amplified in the SBS
amplifier cell, and extracted by the polarizer. By changing the
angles of two mirrors (M) relative to the amplifier cell windows,
one can control the round-trip numbers of the laser pulse in the
cell to optimize the interaction length (temporal overlap)
between the pump- and generated pulses in the amplifier. In Fig.
4, a snapshot of the experimental setup is presented. A
Ti:Sapphire laser operating in the gain-switching mode with the
following parameters: 15 Hz rep. rate, 10~30 mJ/pulse energy,
15~30 ns FWHM pulse duration, 6801000 nm spectral tuning

Fig. 4 Experimental setup of the pulse compression system.

range, ~ 50 pm (~0.72 cm™) linewidth, M2 ~ 1.6, was used. FC-
72 fluorocarbon liquid was used as an SBS liquid.

The SBS backward reflectivity (efficiency) from the FC
liquid was compared with the case when a conventional mirror
(R=99.5 %) was placed in place of the SBS cell unit. In case of
the mirror, the total efficiency (ratio of the input to output pulse
energies) for the whole optical system comprising of a beam
expander, polarizer, and a A/4 plate, was measured to be ~ 80 %,
i. e. the linear optical losses of the whole system were estimated
to be ~20 %.

First experimental results describing the characteristics of
the pulse compression are presented in Fig. 5 (The vertical scale
is normalized peak intensity of the laser pulses). At 800 nm, the
pulse FWHM before entering the SBS compression system
was ~ 18 ns. When the effective length of the SBS cell was ~ 1
m (2 passes), the pulse width was compressed to 13.8 ns with
energy efficiency of ~ 55 %. When the effective length of the
SBS cell was ~ 1.5 m (3 passes), the pulse width decreased to
11.2 ns with energy efficiency of ~ 42 %. At~2 m (4 passes)
SBS cell length, the pulse duration was 8.7 ns with ~ 30 %
energy conversion efficiency. Similar results were obtained also

at 780 nm and 820 nm, respectively.
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Fig. 5 Pulse compression characteristics of the SBS compressor

at 800 nm.

Although the pulses could be compressed, the SBS energy

conversion efficiency was decreased as well, and the pulse



shape fluctuations appear. Our analysis shows that the main
reason for this could be the short coherence length of the pump
pulses. Indeed, the present Ti:Sapphire laser operates in gain-
switching mode and the linewidth of the pulses, depending on
the wavelength, are about 15 —20 GHz. This corresponds to a
coherence length (L) of just 1 ~2 cm. To increase the efficiency
of the SBS, pulses with longer coherence length (i. e.
narrowband) must be used. This is because the SBS process by
its nature is a coherent process. Increasing the coherence length
(Looh. ~ A %AX ~ ¢/Av) means increasing the coherent portion of
the interaction length between the pump- and the Stokes waves
and enhancing the energy transfer rate/efficiency from the

pump- to the Stokes pulse.
In our forthcoming experiments we will reduce the

linewidth of the pulses by employing a bandwidth etalon inside
the laser resonator. In this way we hope to increase the
coherence length of the pulses and improve both the pulse
compression factor and the energy conversion efficiency.
Furthermore, we will test other SBS liquids as well. One
promising candidate is the FC40 fluorocarbon. Many of its
basic properties such as chemical stability, refractive index,
transparency etc., match the properties of presently used FC-72.
However, in contrast to FC-72, the phonon lifetime is markedly
better suited (0.2 ns vs 1.2 ns for FC-40 and FC-70, respectively)
3, Namely, the pulse compression ability will be enhanced by ~

6 times.

4. Summary and Conclusions

In this report, we have described the optical pulse
compression principle based on the stimulated Brillouin
scattering (SBS) phenomenon. A variable-length, folded SBS

amplifier cell allowing compact cell design with reduced SBS

liquid volume, has been proposed for ns pulse compression
applications. An SBS pulse compressor was designed and built.
Pulse compression experiments using ~ 18 ns duration, ~ 30 mJ
energy Ti:Sapphire laser pulses at 780 nm, 800 nm, and 820 nm
were performed. First results of our ongoing investigations on
pulse compression characteristics in terms of pulse compression
factor and energy conversion efficiency were presented. Main
problems hindering the pulse compression ratio and energy
conversion efficiency, have been identified and efforts are made

to solve them.
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