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Quantitative Evaluation of the Strehl Ratio
for the Flattop and Gaussian Beams

Laser Process Research Team

Haik Chosrowjan, Yoshifumi Inada, and Seiji Taniguchi

1. Introduction

Optical systems suffer performance degradation due to light
wavefront (WF) distortion. When an optical wave propagates
through inhomogeneous media such as a thick, low-quality
glass or a turbulent atmosphere, refractive index differences in
the lateral cross-section of the beam cause optical phase
distortions along the propagation path. Various adaptive optics
(AO) techniques are used to compensate for such phase
aberrations. AO systems often consist of an active optical
element, such as a deformable mirror (DM), for correcting the
dynamic WF distortions. While AO has its roots in astronomy"),
it is currently used also in a wide range of medical and industrial
applications?.

In the AO systems, a WF sensor for measuring the
aberrations present in the incoming beam, a DM for the WF
correction, and a feedback iteration control algorithm to link
these two elements in real-time are present. This approach is
based on a “closed loop” negative-feedback technique hence, it
is relatively slow due to the convergence time requirements for
multi-channel DMs. In specific AO applications, where fast (~
10 ps) convergence is required, the “closed loop” approach is
difficult to implement. In contrast, by an “‘open loop’ approach,
high operation bandwidth could be achieved if accurate WF
measurement, data transfer, and exact control of the DM
response are fulfilled.

In our previous reports™¥, a control model for hexagonally
arranged 61 piezo-actuator (PA) DMs, taking into consideration
the crosstalk effect between the individual PAs, was
theoretically described (influence function (IF) approach),
verified, and experimentally demonstrated. In this report,
quantitative techniques for DM performance evaluation metrics

will be described and compared. Interrelation between the laser

beam quality (BQ) metrics (M? and the Strehl ratio (SR)), and
DM phase wavefront rms (root mean square) deviation (or
variance) is elucidated. We determine and discuss the SR for
several deformable mirrors developed at the Institute for Laser
Technology (ILT) when used with flattop- and Gaussian
intensity distribution beams, respectively. These results and
analyses will lead to further performance quality improvements

for our DM in future developments.

2. The M? parameter and the Strehl ratio
The M? parameter is a widely used metric for laser BQ. It

is defined as the ratio of the beam parameter product (BPP) of
an actual beam to that of an ideal Gaussian beam (A/r) at the
same wavelength (Eq. 1).

2 _ BPP _ Buwg
A/m - A/m

)

Here 6, wy,and A arethe beam divergence, waist radius,
and wavelength of the light, respectively. Detailed definition
and measurement procedure of the M? for any arbitrarily,
non-Gaussian, fully or partially coherent, single- or multimode,
smooth or distorted real beam in free space is given elsewhere”.
Here wenote that the M2 definition does not involve the beam
power or intensity. A higher M? only implies that the second
moment of the beam expands faster. M? isalways > 1.

The Strehl ratio (SR) is a quality measure of optical image
formation. It is originally defined as the ratio of the aberrated
image intensity from a point source compared to the maximum
attainable intensity using an ideal optical system limited only by
diffraction over the system’s aperture. SR is always < 1. The

SR is broadly used for assessing the image quality of



astronomical objects in the presence of atmospheric turbulence
and evaluating the performance of AO correction systems. The
SR can be alternately defined as a ratio of the far-field, on-axis
intensity (Ipmaxreq:) Ofareal beam propagating from a near-
field hard aperture to the far-field, on-axis intensity
(Imax,idear) of an ideal (in terms of uniform amplitude and

phase), equal power beam filling the same hard aperture (Eq. 2).

SR — Imax,real (2)

Imax,ideal

As we will show below, the alternate definition of the SR allows
using it as another metric for a laser BQ characterization,
especially when the laser beam reflects from a DM.

There is no exact mathematical transformation between the
M? and SR BQ metrics. This basic difficulty can be explained
by the fact that only one number in either definition is used to
characterize a beam with the spatial distribution of amplitudes
and phases. Furthermore, an ideal Gaussian beam is infinite in
the lateral direction, whereas SR is defined for a finite aperture.

To handle the latter, a generalized SR for a beam with an
arbitrary waveform U(x,y) = E (x, y)exp[—2mip(x, y)]
propagating from near-field plane to a focal plane can be
defined without including a hard aperture®. By using the
Fraunhofer diffraction equation for calculating the intensities at
the far-field origin (0, 0), Eq. 2 for the SR can be transformed

into the following expression:

SR — |72 EGey)expl-2mip(ry)ldxdy|
|ff:f E (x.y)dxaly|2

)

In Eq. 3, the E(x,y) and ¢(x,y) are the amplitude and
phase distributions across the beam wavefront in the near-field,
respectively. By only assuming that the WF phase noise can be
described by some probability distribution function (PDF) with
finite 7ms and expected values, SR can be expressed by the

WEF’s random, uncorrelated phase noise distribution variance

o? asfollows:
SR(0) = a?|P[PDF (&)]I? @

Here ¥ is the Fourier transform of the WF aberration PDF,
and ¢ is the normalized random parameter. So, the
generalized SR is proportional to the square of the Fourier
transform of the PDF of the random phase noise. Eq. 4 is valid
for any beam whose WF phase noise can be described by a PDF
with a finite 7ms value o and an expected value. If, for
example, a hyperbolic secant noise function is assumed, then
the PDF (&) = (20) !sech (§ t/2), and the SR(0) =
sech(2mo)?. If a Gaussian phase noise distribution is present,
thenthe PDF() = [(21)72 /o] * exp (—£2/2), and the
Eq. 4 becomes:

SR(0) = exp[—(2m0)?] ®)

This is the well-known expression first introduced empirically
by Maharajan”. In Eq. 5, the o is expressed by A units. In
length units, the o in Eq. 5 should be replaced by (o /A), and
in radian units, it should be replaced by (o /21).

Although Eq. 5 is a special case for Gaussian PDF, no
assumption for small WF error was made, so it is valid for a
broader range of o. For 0 < 1, Eq. 5 yields other well-
known approximations for Strehl ratio such as SR(o) =~
(1 — (2moe)?/2)? (Maréchal approximation) or SR(0) ~
1— (2mo)?.

Eq. 5 was derived for uniform flattop beams, so it is not clear
how well it will hold for Gaussian, super-Gaussian, or other
real-world beams. It is also not clear how sensitive SR will be to
amplitude variations. Finally, although Eq. 5 is strictly valid
only for random, uncorrelated Gaussian phase noise, for small
o values (< A/10), it describes rather well other aberration
cases with different PDFs, including also Seidel and Zemike
aberrations. For the large o values, however, it often

underestimates the SR for low-order aberrations.



Eq. 3 and approximated Eq. 5 can be applied not only for
the quantitative evaluation of the laser BQ but also for the
quantitative evaluation of AO components like DM. Namely,
by measuring the WF rms o of a known beam after reflection
from the DM surface, one can quantitatively estimate the DM
surface quality (flatness) and its influence on the incident light
beam in terms of the latter’s SR.

Recalling the M? parameter and Eq. 1, we note that in
contrast to SR described above, there is no mathematical
relation between M? and the o . This means that by
measuring the ¢ of the laser beam WF distortion (or the DM
surface roughness), one cannot make any rational quantitative
prediction about the M2 BQ metric, and vice versa. Hence,

M? cannot be used for the quantitative evaluation of the DMs

quality.

3. Determination of the Strehl ratio (SR)
There are at least eight techniques for the SR measurement

listed in the References®. To determine how much the various
methods impact the measured SR values, a group of researchers
from The Boeing Company, LLNL, Univ. of California,

Berkeley, etc. created a series of simulated point spread
functions (PSF; it describes what a single point in the object
looks like in the image) and then sent around to the various
researchers, who then measured the SRs. The measurements
were done blindly, with no knowledge of the true SR. The
comparative analysis of the data obtained from those methods
showed that SRs reported in the literature err by as much as 10%,
often biassing the SR downwards. They tested also the validity
of the Maharajan approximation by measuring the rms phase
error (o) of each wavefront, converting it to the SR (Eq. 5), and
comparing it to the true SR. As mentioned by the Authors: ...

the agreement (ervor < 1%) was very good and much better
than what was anticipated ™. Their results confirm the validity
of the SR calculation based on the prior determination of the o.

Hence, for the SR determination of our DMs, we have carried

out direct measurements of the 7ms phase error o using the

ZYGO interferometer Verifire Dynaphase (AMETEK) with
high precision, and then calculated the SRs using Eq. 3 and 5.

4. Strehl ratio (SR) for Gaussian- vs. the flattop beams

In previous sections, we have mostly discussed the SR
when using the flattop beams. However, our DMs are not
intended for imaging applications but for high-power CW
Gaussian beam transmission to long distances through turbulent
media. Hence, we need to characterize the DM influence on
Gaussian beams. However, measuring the SR with a Gaussian
input beam is problematic. In contrast to a flattop beam with a
definite size, the Gaussian beam has infinite lateral dimensions.
Its size is conditionally defined as the distance between two
points on a central cross-section axis where the peak intensity of
the beam drops by 1/¢? times. Depending on the ratio of the DM
size versus the Gaussian beam size, the Gaussian beam will
strongly or weakly truncate. How do we define, for instance,
what the aberration-free maximum intensity should be? In
imaging applications, the Gaussian beam size, as defined above,
is matched by the DM size (Fig. 1). In this case, only a weak
truncation occurs. For high-power CW applications, however,
even a weak truncation is impossible because the power fraction

not entering the DM aperture will be just lost. Moreover, it will

Gaussian
®,=D/6

Gaussian
®,=Ds2

Flattop
dia. D

Fig. 1. Schematic diagram of a DM with an aperture D and
intensity profiles of a flattop beam with a diameter D,
and Gaussian beams with diameters D and D/3,
respectively. The w,, is the spot radius (waist size) of

the corresponding Gaussian beam.



heat and eventually destroy the DM. In our case, we set the
Gaussian beam size, as defined above, to be 3 times smaller than
the DM size (Fig. 1). In this case, the beam truncation is
negligible, and Eq. 3 will be suited for SR calculations, while

Eq. 5 will yield approximated values.

5. Experimental setup and results

We have constructed an experimental setup (Fig. 2) to
measure the performance characteristics of several DMs with
different numbers of piezo-actuators (PA), diameters, and
thicknesses, summarized in Table 1:

Table 1. Main specifications of the DMs studied in this work.

Diameter | Thickness PA Notes
(cm) (mm) number N
DM1 5.08 1 19 homemade
DM2 10 1 25 homemade
DM3 10 1 61 homemade
DM4 10 2 61 homemade
DMS 1.5 ~0.15 40 commercial

DM & ZYGO
Interferometer

’d’,‘;_—j |

Fig. 2. FPGA-based DM control system: (a) the FPGA&PC
system and PA amplifier units; (b) a DM positioned in
front of the ZY GO interferometer.

Briefly, an FPGA (field-programmable gate array) system
and corresponding software controlled by the PC were
introduced in front of the DM PA amplifiers. A desired optical
wavefront was created by a PTC Mathcad software and the Z=
Zi(x; y) (i= 1..N) displacement vector was calculated®. Using
the influence matrix M and Z, the V vector was calculated and
applied to the corresponding PAs¥. The DM surface roughness
was measured and characterized by a ZYGO interferometer
(Fig. 2b).

In Fig. 3, DM surface roughness measurement results are
presented for all DMs listed in Table 1. In Table 2, calculated
SR ratios (flattop beam) are presented. It is seen that the
homemade DMs are the same- or better quality as the
commercial DM (DMS5) studied for comparison.

PV 0.454pm RMS 0.075pm @ PV 0.736pum

RMS50.107 pm

PV 0.680pm RMS0.088pm@ PV 0.218pm RMS 0.032pum

PV 0.621pm RMS0.111pm

Fig. 3. Measurement results of surface roughness for all DMs
listed in Table 1. In the bottom left, top left, and right
comners of each image, the DM number, peak to_valley
(PV), and rms values are listed, respectively. The color

code for =1 pm displacement interval is also shown.



Table 2. Calculated SRs (flattop beam) for 1.064 um
wavelength using the rms values obtained from the

DM surface roughness measurements (Fig. 3).

DM1 | DM2 | DM3 | DM4 | DM5

SR |0.822|0.671|0.763 | 0.965 | 0.651

Due to space limitations, we will refrain from discussing the
details of SR discrepancies listed in Table 2. It is only noted that
these originate from various factors such as the mirror substrate
material, aspect ratio, number of PAs, etc.

Hereafter we will present analysis only for the DM4
because it has shown the largest SR. How does the DM4 affect
the Gaussian beam propagation? Using Eq. 3, the SRs for
Gaussian beams with 2wy = D and 2w, = D/3 widths
(Fig. 1) were calculated to be 0.969 and 0.984, respectively. If
we consider the far-field, on-axis intensity reduction due to the
Gaussian beam truncation” (~0.8, and ~0.99, respectively), one
will get reduced SRs (~ 0.775 and ~ 0.974, respectively). This
was one of the reasons why a Gaussian beam with 2w, =
D /3 width was used in the field experiments.

Next, to investigate how well the DM4 will correct
atmospheric  aberrations, we performed the following
experiments: a known phase aberration was generated on the
DM4 and measured by the ZYGO interferometer. Then, from
the measured phase profile, the known phase aberration was
subtracted. The remaining phase residuals were analyzed in
terms of the SR. Three examples are shown in Fig. 4. The rms
deviations were measured to be 0.038 pm, 0.045 pum, and 0.072
pm for Ast45, Ast90, and SphAb3 Zernike aberrations,
respectively, and corresponding SRs were calculated to be
0.951, 0.932, and 0.835. For low-order aberrations Ast45 and
Ast90, the SRs are quite good, while for high-order SphAb3, it
is a bit lower. Here we note that in many applications SR value
above 0.8 is considered to be “diffraction limited”'?.

Using Egq. 3, the corresponding SRs for a Gaussian beam
with a width 2w, = D /3 were calculated to be 0.97, 0.95,

and 0.85 for Ast45, Ast90, and SphAb3 aberrations,
respectively. As we have already mentioned above, the

truncation effect for this case is negligible.

Fig. 4. First column: known (calculated) phase aberrations (top
to bottom: Ast45, Ast90, and SphAb3); Second column:
corresponding measurements; Third column: phase
residuals. The color codes for the calculated (Mathcad;
first column) and measured (ZY GO-AMETEK: second
and third columns) phase distortions differ. The color

code for the phase residuals is the same as in Fig, 3.

Interestingly, the SRs estimated by Eq. 3 are fractionally larger
than those estimated by Eq. 5. This is because the phase
gradients in the central part of the DM, where most power of the
Gaussian beam is concentrated, are moderate and well
compensated, while the edges of the DM, where the correction
error is larger, do not contribute much to the beam’s SR in the
discussed aberrations. For other Zemike aberrations such as
ComX and ComY, the opposite effect could take place, because,
in those aberrations, the phase gradients in central parts of the
DM are larger. Another reason for the difference between the
results calculated by Eq. 3 and Eq. 5 could be the possible
presence of correlated phase noise, the absence of which was a

condition for deriving Eq. 3.



6. Summary and Conclusions

In this report, we have elucidated the interrelation between
the beam quality metrics M?, Strehl ratio SR, and the
deformable mirror’s wavefront 7ms deviation o . We have
shown that the SR of the system is correlated with the ¢ while
the M? isnot.

We have constructed an experimental setup for
characterizing the performance of DMs with different numbers
of PAs and aspect ratios. The rms phase error o for several
deformable mirrors developed at the Institute for Laser
Technology, have been directly measured, and their SRs were
determined when used with flattop- and Gaussian intensity
distribution beams, respectively.

Analysis of a deformable mirror with a 10 cm diameter, 2
mm thickness, and 61 piezo-actuators (DM4) was presented to
show the DM influence on Gaussian beam propagation. The
peculiarities of the SR determination for a Gaussian beam have
been discussed. It was revealed that a Gaussian beam with 1/3
diameter of the DM shows a fractionally larger SR compared
with a flattop beam. A comparison of our DMs with a
commercial one indicated that the homemade DMs are of equal

or better quality.

These results and analyses will lead to further performance

quality improvements for our DMs in future developments.
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Investigations of Spectrally Tunable Nanosecond Laser Pulse Compression
Characteristics by Stimulated Brillouin Scattering (SBS) Technique

Laser Process Research Team

Haik Chosrowjan, Seiji Taniguchi, and Toshihiro Somekawa

1. Introduction

There are many pulse compression techniques to increase
the peak power of the laser pulses. In the ultrafast regime,
techniques using prism- or grating pairs are applied to compress
an optical pulse”. However, these methods cannot be applied to
nanoseconds (ns) duration pulses. Outside the optical resonator,
pulse compression from several ns to sub-ns can be done by
utilizing only nonlinear light-matter interactions such as
stimulated Brillouin scattering (SBS)?.

SBS pulse compression in liquids has been investigated for
many years’. Different SBS liquids and compression
geometries, such as single-, double-cell, 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 reactions as an ignitor-shock
spike®.

In our investigations, we have set a goal to study pulse
compression characteristics of low energy (tenths of ml),
tunable, varying duration ns pulses. Such pulse systems could
have applications, for instance, in material processing or remote
resonance Raman spectroscopy (RRS). In the latter case, strict
conditions are applied to the excitation light sources. Broadly
tunable lasers generating high energy, high peak power, and
short but narrowband laser pulses are required. One such laser
system satisfying most of the requirements is the tunable

Ti:Sapphire laser operating in gain-switching mode”.  The

laser emits pulses ata 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 to cover 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 and
brightness of the pulses, minimize the pulse duration spread
versus the wavelength, and achieve a 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 power
upscaling, pulse compression seems to be the most viable
option.

In our previous report?, the pulse compressor system with
the new variable-length, compact (folded) SBS amplifier cell
for ns pulse compression applications was described. An SBS
pulse compressor was designed and built. Pulse compression
experiments of ~ 18 ns duration, ~ 30 mJ energy Ti:Sapphire
laser pulses at 780 nm, 800 nm, and 820 nm were performed.
Although the pulses could be compressed from 18 to 8.7 ns, the
SBS energy conversion efficiency decreased to ~ 30%. The
main problems hindering the pulse compression ratio and
energy conversion efficiency have been identified.

In the present report, we describe efforts to solve the
identified problems. Firstly, to reduce the linewidth of the
optical pulses, we have used a Fabry-Perrot etalon inside the
laser resonator. Second, the effective SBS interaction length has
been optimized, and third, the performance of another SBS
liquid (FC40 fluorocarbon) with a shorter phonon lifetime has

been tested.



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. SBS is a 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.

There are many applications of the SBS phenomenon, for
instance, 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. 1 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.

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
half the characteristic length of the pulse in the SBS cell defined
as:

T*C

Ls = @)

2n

Here 7 is the pump pulse duration (FWHM), c is the light

velocity, and n 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.

(a), g\ distance
2 -
g

(b), -y

< pump
== Stokes

pump pulse il

Stokespulse /|
SBS cell 0

Fig. 1. llustration of the SBS pulse compression process: (a),
(b), (c), and (d) points on the time scale are
representative moments for the pump pulse (red)
entering the SBS cell, generating a counterpropagating
Stokes wave (green), amplifying it by depleting the
pump pulse, and exiting the SBS cell, respectively.

The SBS medium properties also have an impact on the
pulse compression ratio. For example, the medium with a
longer acoustic phonon lifetime results in a longer time for
establishing the phonon field that ultimately leads to the longer
rising edge of the SBS pulse hence, to realize a 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 and FC40 liquids with ~ 1.2 ns and 0.2 ns phonon
lifetimes, ~ 6 cm/GW and ~ 3.8 cm/GW SBS gain coefficients,
and ~ 270 MHz and ~ 1292 MHz Birillouin bandwidths were

used, respectively.

3. Experimental setup and results

The modified scheme of the SBS pulse compressor with the
variable-length (folded), compact SBS amplifier, where the
amplifier and the generator cells are merged into one cell, is

presented in Fig. 2.
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Fig. 2. Modified Schematic diagram of the pulse compression
system using the variable-length SBS cell for SBS

interaction length optimization.

Linearly polarized pump pulse (blue) passes the polarizer,
M4 plate, SBS cell with 50 cm length, and is tightly focused into
the SBS cell using the lens L (f= 50 cm). The generated SBS
wave (red) propagates back, is amplified in the same SBS cell,
and is extracted from 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. 3, a snapshot of the experimental setup is presented.
A Ti:Sapphire laser operating in the gain-switching mode with
the following parameters: 15 Hz repetition rate, 10 ~ 30
mJ/pulse energy, 15 ~30 ns FWHM pulse duration, 680— 1000
nm spectral tuning range, ~ 50 pm (~ 0.72 cm™) linewidth, M?
~ 1.6, was used. FC-72 and FC-40 fluorocarbon liquids were

used as SBS liquids.

Fig. 3. Experimental setup of the SBS pulse compression

system.

The SBS backward reflectivity (efficiency) from the FC

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

Firstly, to reduce the linewidth of the optical pulses, we have
inserted a Fabry-Perrot etalon inside the laser resonator. In this
way, the pulse bandwidth at 820 nm was reduced from 50 pm
to about 5 pm (from 22.3 GHz to 2.23 GHz). Second, the
effective SBS interaction length has been optimized. Although
Eq. 1 predicts the optimum interaction length to be ~ 2 m, we
set it at about 1.5 m (3 passes) to reduce the linear optical losses
of the system. And finally, to improve the SBS performance
efficiency, the FC40 fluorocarbon with a shorter phonon
lifetime was used.

In Fig. 4, the pulse FWHM dependence on the wavelength
for two SBS liquids and Ls~ 1.5 m effective interaction length
in comparison with the same dependence, but without a

compressor, is presented.

35F o

—_ O FC72 compressor
2 30 O FC40 compressor
= O before compressor
= 25f
I
= 20
L
3 1 5 B o
S -]
o 10

5 T

| i | L | 1 |
720 760 800 840
Wavelength (nm)
Fig. 4. Pulse FWHM dependence on the wavelength for FC-40
and FC-72 SBS liquids (Ls~ 1.5 m) in comparison with
the pulse FWHM before the compressor.

As expected, due to the shorter phonon lifetime (0.2 ns vs. 1.2
ns), the compressed pulse FWHM in FC40 vs. FC72 was more



efficient. The SBS energy conversion efficiency at around 770
- 800 nm range (Fig. 5), on the other hand, was still low, ~ 0.55
(~ 0.7, if linear optical losses of the system are taken into
consideration) for both FC-72 and FC-40 SBS liquids.
Compared with the case without inserting the etalon and the
same effective length of the SBS cell (Ls~ 1.5 m or 3 passes),
the pulse width decreased from 11. 2 ns to 7.0 ns, and the energy
efficiency improved from~42 % to~ 55 %. Our analysis shows
that the main reason for the low energy conversion efficiency is
still the short coherence length of the pump pulses (L.~ 13.5 cm,
bandwidth ~ 2.23 GHz). Compared with the SBS interaction
length, the laser beam coherence length is still about 10 times
smaller. We note that for transform- limited pulses with a
Gaussian profile, 18 ns pulses would have about 25MHz

bandwidth or more than 3 m coherence length.
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Fig. 5 (a) Pulse energy before and after the compression, and
the energy conversion efficiency for FC-72; (b) Pulse
peak power before and after the compression, and their
ratio for FC-72. Similar results were obtained also for

FC-40.

Obviously, the pulses generated by the gain-switching
technique have much broader (~ 100 times) spectra. To increase
the efficiency of the SBS process, which is an inherently
coherent process by its nature, pulses with longer coherence
length (narrowband) must be used. Increasing the coherence
length physically 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.

Finally, if one compares the pulse bandwidth (~ 2.23 GHz)

with the Brillouin bandwidths of FC-72 (~ 0.27 GHz) and FC-
40 (~ 1.292 GHz), it becomes clear that the pulse spectrum is
broader than the gain spectrum in both media hence, a
conversion efficiency loss is unavoidable.

In our forthcoming experiments, we will build an SHG unit
and investigate the SHG conversion efficiency and stability of
the compressed pulses in a broader spectral region. Our goal
will be to obtain shorter SHG pulses and higher peak power for
compressed pulses compared with the pulses before the

compression.

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 was employed to compress ns pulses. Pulse
compression experiments using ns laser pulses in 720 — 850 nm
spectral region were performed using two SBS liquids. Pulse
compression characteristics in terms of pulse compression
factor and energy conversion efficiency were presented and
discussed. The main problems hindering the improvements of
the pulse compression ratio and energy conversion efficiency

have been identified, and efforts are being made to solve them.
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