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Assessment of Primary Factors Leading to Efficiency Degradation in
Filled-Aperture Coherent Beam Combining

Laser Process Research Team

Haik Chosrowjan and Seiji Taniguchi

1. Introduction

Powerful lasers with high brightness and good beam
quality are increasingly required for many applications in
material processing, medicine, environment monitoring,
defense, etc. To reach higher intensities, one needs to increase
the laser beam's power while keeping and improving the beam
quality. For the final design of a desired laser system with
kilowatts class average power, the beam-combining concept
seems to be one of the viable choices. Several coherent,
incoherent, and spectral beam-combining techniques have
already been proposed !-3. Filled-aperture (FA) coherent beam
combining (CBC) designs are often preferred when further
amplification of the combined beam is required, because the
FA CBC is side-lobe free.

There are two modes for FA CBC - polarization addition
and diffractive optical element (DOE) based combinations.
Several FA CBC implementations have already been
proposed and implemented. In the polarization combination
technique, for the addition of 2 beam pairs, 2 detectors, a
polarizer cube, and a A/2 waveplate are required, making the
scaling of the number of beams challenging. In a single
DOE-based FA CBC technique, the requirements on DOE are
strict  (diffraction-limited), making DOE fabrication
challenging and very costly. Moreover, in a single DOE-based
CBC the number of beams is fixed: to increase the number of
the beams by just one beam, one needs to manufacture a new
DOE suitable for that number. Finally, when multiple DOEs
(50/50 beam splitters) have been used, multi-detectors have
often been employed, like in the case of the polarization
addition.

We have recently investigated several single-detector, FA
CBC geometries based on half-mirrors designs and simple
“climbing hill” or stochastic parallel gradient descent (SPGD)

algorithms for phase locking. Generally, strict conditions are
applied to the individual beamlets in the CBC. We have
identified 11 efficiency degradation sources for the FA CBC.
Those sources are the piston phase error between the
individual beams, beams’ power imbalance, beams' lateral
shift imbalance (fractional spot displacement), beams' size
mismatch, optical path length (temporal overlap) mismatch for
the finite bandwidth beams, pointing mismatch, divergence
mismatch, wavefront distortions (high order aberrations),
polarization state mismatch, wavefront deformation error due
to the optical components, and beam splitting ratio imbalance.
Besides, depending on the system architecture, diameter of the
beams, etc., some conditions may become looser while others
may become even stricter. It is beyond this report to discuss all
those degradation sources and their mitigations in detail.
Briefly, nonuniformities in beam-combiner splitting fractions
and input beams power balance result in relatively small
impacts on combining efficiency degradation. Efficiency will
degrade when variations in beam-to-beam intensity profiles
exist. Only uncorrelated wavefront aberrations impact
combining efficiency. Correlated aberrations have no
efficiency impact and simply “go through’ onto the combined
output beam. Depolarization among beams is effectively a
direct power loss for the CBC output. For ~1% impact on
combining efficiency, beams must be mode-matched to within
~10% of the diffraction-limited beam waist, position, pointing
angle, divergence, and coherence length. For achieving the
highest possible CBC efficiency, even small misalignments
must be minimized and controlled. Our results can be used to
guide the design of coherently combined lasers emitting single,
high-brightness beams.

In the present report, we will discuss the FA CBC
efficiency degradation dependence on the beam diameter and



compare two cases with beams having ~ 1 mm and ~ 10 mm
diameters, respectively. We will show that the pointing
mismatch condition becomes looser for beams with ~ 1 mm
beam diameter while the beam centering requirement becomes
very strict. Contrary to that, for ~ 10 mm diameter beams, the
pointing mismatch condition becomes very strict while the

beam centering condition loosens.

2. CBC scheme on a 50/50 beam splitter

Let’s consider the CBC on a 50/50 beam splitter as
schematically illustrated for the 2-beams’ case in Fig. 1. Let’s
also assume that except the pointing mismatch error, all CBC
degradation sources including the piston phase error, do not
contribute to the overall efficiency degradation i. e. the system
is ideal except the pointing.

Gain port

BS 50/50

Loss port

Fig. 1 Nlustration of the 2-beam CBC scheme on a 50/50 beam

splitter (BS) with pointing mismatch angle p.

FA CBC efficiency ()" calculations for the pointing error
mismatch for 2, 4, and 8 beam binary-tree geometries have
been done (Eq. 1) for 50/50 beam splitters and equal power
Gaussian beams for ~ 10 mm and ~ 1 mm beam diameters

(1/¢? definition), respectively.

1 1
nN,o)=—[N+NN—-1)——
NZ & * 1
( RC 1:;’ 0)2) @

Here IV, k, D, and orare the beam number, wave vector, beam
diameter (1/¢%), and pointing mismatch error rms deviation,
respectively.

The CBC efficiency dependences on the pointing
mismatch for 2 (green), 4 (blue), and 8 (red) beams are
presented in Fig. 2. For comparison and discussion purposes,
results for 10 mm (solid lines) and 1 mm (dotted lines)
diameter beams are summarized in the same figure. The
calculations were done by the PTC Mathcad Prime 3.0

software.

RMS deviation o4 (rad)
0.0 12.56 25.12 37.68 50.24 62.8

CBC Efficiency

10x10°
RMS deviation o (A units)

Fig. 2 CBC efficiency degradation versus the pointing
mismatch error rms deviation ¢ for N = 2 (green), 4
(blue), and 8 (red) beams, respectively. Results for 10
mm (solid lines) and 1 mm (dotted lines) diameter
beams are summarized for comparison and

discussion purposes.

In Fig. 2 it is seen that the pointing error-related CBC
degradation is very severe for the case of the 10 mm diameter
beams compared with the case of the 1 mm diameter beams.
For example, at ~ 50 prad pointing rms error, the CBC
efficiency for a system with 8 beamlets will drop by almost
30 %.

The small tolerance for the pointing error comes from the
large beam size D = 10 mm. As a reference, the pointing
tolerance for the D = 1 mm beam size case is also plotted

(dotted lines). In high-power applications, for the CBC

_7_



beamlets with ~ 10 mm diameter, the uncorrelated pointing
errors in each beam path due to the vibrations, cooling, etc.,
should be kept preferably within < 13 prad (~ M(5*10°)).
However, minimizing the pointing error below < 13 prad by
the system alignment constitutes a challenge by itself. Firstly,
the angular resolutions of the mechanical screws on mirrors
and beam splitters barely reach such a resolution. For that
purpose, piezo-actuator-driven mirror and beam  splitter
adjustments could be required. Secondly, the adjustment
method, as discussed in the next section, will remain a problem

even when piezo-driven mirrors are used.

3. Pointing error in CBC for the perfectly adjusted piston
phase
Let’s now consider a 2-beam CBC with a pointing
mismatch (Fig. 1). For simplicity, only the case when the
pointing deviation occurs in the x (tilt) direction (Eq. 2) is
considered.

_H(IZ'HVZ) 21T
I(x,y,p) =2¢ D? (1+cos T*p*x}) Q)

Here, I is the resulting far-field (FF) intensity distribution, x
and y are the lateral coordinates, A is the wavelength, D is the
beam diameter (1/¢%) and p is the pointing mismatch angle,
respectively.

In Fig. 3 calculated far-field intensity distribution images of
the combined beams corresponding to 200 prad, 100 prad, 50
prad, 25 prad, 10 prad, and O prad (perfect pointing case)
pointing mismatch angles (p) are presented. As it can be seen,
at larger pointing deviation angles (above 50 prad), the beam
shape change in the FF pattern can be recognized. However,
below 50 prad, the FF pattem is almost unchanged, and
recognition of the pointing mismatch will constitute an
experimental challenge. As we have already discussed above
(Fig. 2), to obtain high CBC efficiency for ~ 10 mm diameter
beams, one needs to keep the pointing mismatch below ~ 13
prad. In ILT, we are working on new practical methods for

accurate measurement and control of the high-power beams

pointing mismatch below the ~ 13 prad.

200 prad

100 prad

50 prad

25 prad

10 prad

0.0 prad

Fig. 3 Calculated far-field intensity distribution images of two
coherently combined beams corresponding to 200 prad,
100 prad, 50 prad, 25 prad, 10 prad, and O prad (perfect

pointing case) pointing mismatch angles (p),

respectively.
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Calculated  far-field intensity  distribution  profiles
corresponding to the images shown in Fig. 3 are presented in
Fig. 4. 1t is clearly seen that below ~ 50 prad, the differences
between the intensity profiles become indistinguishable as the
pointing angle p mismatch reduces. In real situations, when
environmental noise, intensity fluctuations, etc. will adversely
affect the CBC images and profiles, measurements and control

of the pointing angles for large diameter beams will be even

more challenging.
4 \ — 200 prad
100 prad
-~ 3 50 ad
= jur
= 25 prad
B 27 10 prad
2
oy 0.0 prad
CEE
(=
0 T T T
-15 -10 -5 0 5 10 15

Far-field X profile

Fig. 4 Calculated far-field intensity distribution profiles in the

X-direction of two coherently combined beams

corresponding to 200 prad (blue), 100 prad (green), 50
prad (red), 25 prad (yellow), 10 prad (black), and O prad
(sky-blue, perfect pointing case) pointing mismatch

angles (p), respectively.

4. Lateral shift (centering) mismatch between the

individual beams

In this section, we present the calculation results of the
beam lateral shift mismatch (centering or fractional spot
displacement) for 50/50 beam splitters and equal diameter
eight Gaussian beams. A specific example of the lateral shift
between the individual beams, as illustrated in Fig. 5, was
considered, namely, symmetrical and equidistant lateral shifts
of 8 individual beams from the center.

As shown in Fig. 5, each beam has been displaced from the

Fig. 5. Illustration of the symmetrical and equidistant lateral
shifts of the 8 individual beams (shown by 7 black and
1 red circles) from the center. The illustrated case
corresponds to the /R = 0.5, where r is the lateral shift
magnitude and R is the beam radius. The red dots (on
the green circle) indicate the centers of each individual

beam.

center by 1/R ratio, where r is the beam center displacement
magnitude and R is the beam radius. The calculations were
done by the PTC Mathcad Prime 3.0 software.

In Fig. 6, The CBC efficiency degradation results are
shown. It is seen that the fractional spot displacement caused
efficiency degradation is not severe. This is due to the nature of
the filled-aperture CBC, i. e., it is based on the interference
phenomenon, which is in quadratically dependent on the

electric field.

CBC Efficiency

0.7

0.6 -l | I 1 ! I
0.0 0.1 0.2 0.3 0.4 0.5

/R ratio
Fig. 6. CBC efficiency degradation versus the equal power
beams’ centering mismatch /R ratio between the 8

beams (corresponds to the case illustrated in Fig. 5).
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For example, fractional spot displacements by 10 % will
induce just ~ 1% efficiency degradation in the 8-beam CBC
system. For ~ 10 mm diameter beams, this means less than 1
mm displacement rms error which is not critical! However, for
~ 1 mm diameter beams, this will correspond to a 100 pm
beam displacement rms error which will be challenging to

realize in practice.

5. Conclusions

In conclusion, we have identified the main efficiency
degradation sources in filled-aperture CBC systems. We
compared two efficiency degradation factors, pointing- and
centering mismatches of the beams, for ~ 1 mm and ~ 10 mm
diameter beams. For large diameter beams, below ~ 50 prad
pointing error, distinguishing the pointing changes by ob-
serving the far-field images and profiles of the resulting CBC

beam will be problematic due to the tiny changes in the beam
images and profiles. On the contrary, for large-diameter beams,
the centering mismatch condition, in absolute terms, is more
relaxed compared with the small-diameter beams. These, and
many other properties of real amplified beams must be
considered to achieve high combining efficiency when
designing and engineering high-power CBC systems.
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by the Stimulated Brillouin Scattering (SBS) Technique
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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
optical pulses V. However, these methods cannot be applied to
nanoseconds (ns) duration pulses. Pulse compression from
several ns to sub-ns can be done by utilizing only nonlinear
light-matter interactions such as degenerate four-wave mixing?,
stimulated Raman scattering®, or stimulated Brillouin scattering
(SBS)?.

The spontaneous scattering of light from an acoustic wave
was first demonstrated in 1922 by the French physicist Léon
Brillouin ¥, however, SBS, a third-order nonlinear optical
phenomenon, was shown for the first time only in 1964 by
Chiao et al.? shortly after the invention of the laser. SBS is the
simplest and most practical way to achieve pulse compression
in the ns time domain with high efficiency and without
expanding the pulse spectral bandwidth?.

SBS pulse compression in liquids has been investigated for
many years¥. So far, different SBS liquids and compression
geometries, such as single-, double-cell, counter-propagating
pulses, etc., have been utilized ?. 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
11)

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 compression
systems could have applications, for instance, in material
processing, in LIDAR (Light Detection and Ranging) for
spatial (depth) resolution, in OPCPA (optical parametric
chirped pulse amplification) for a pump pulse compression, or
in remote resonance Raman spectroscopy (RRS) for increasing
the S/N resolution. In the latter case, strict conditions are applied
to the excitation light sources. Broadly tunable lasers (from NIR
up to the DUV region) 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 2. The laser
emits pulses at a 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 18
ns at around 800 nm. An additional inconvenience arises from
the pulse duration dependence on the emitting wavelength, e.g.,
~ 18 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, 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.

The pulse compressor system with the new variable-length,
compact (folded) SBS amplifier cell for ns pulse compression
applications, where the amplifier and the generator cells are
merged into one cell, was described in our previous reports 14,

Briefly, an SBS pulse compressor was designed and built. Pulse



compression experiments of 18 ~ 30 ns duration, 5 ~ 13 mJ
energy Ti:Sapphire laser pulses between 720 - 850 nm were
performed. Although the pulses could be compressed from 18
to ~ 7 ns, the SBS energy conversion efficiency was around
0.55 (~ 0.7 if linear optical losses of the system are considered).
The main problem hindering the pulse compression ratio and
energy conversion efficiency was the short coherence length
(broader linewidth compared with the transform-limited
spectral width) of the pump pulses.

In the present report, we describe the SHG unit built for the
frequency doubling of the SBS compressed pulses and present
investigation results of the SHG conversion efficiency and
stability of the compressed pulses in a broader spectral region.
Our goal was to obtain shorter SHG pulses and higher peak
powers for compressed pulses, compared with the pulses before

the compression.

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

Ls= o M)

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.

distance

< puUmp
== Stokes

pump pulse i

Stokespulse /|
SBS cell Tm

Fig. 1. Illustration 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 (FC72, FC70,
FCA40, 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,
FC72 and FC40 liquids with ~ 1.2 ns and 0.2 ns phonon
lifetimes, ~ 6 cm/GW and ~ 3.8 c/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
SHG unit is presented in Fig. 2.

L 2 | Y
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| RN
’I j;’ A4
M M —
L

Polarizer -
D Pulse_In
Amplifier & Generator

mo Ismg

y A
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MN E ) \ 'ﬂ
BBO
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crystal

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

interaction length optimization and the SHG unit.

Linearly polarized pump pulse (red dotted pulse) passes the
beam expander, polarizer, /4 plate, SBS cell with 50 cm length,
and is tightly focused into the SBS cell using the lens L (f=40
cm). The generated SBS wave (red line) 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 these experiments, the number of the

SBS cell passes was set to 3.

The compressed output pulses were directed to the
broadband coated BBO crustal where the second harmonics
(SH) was generated. Using a dichroic mirror (DM), the SH
(blue line) was separated from the fundamental frequency (FF;
red dotted line blocked by a dumper (D)), and measured by a

power meter (PM).

Fig. 3. Experimental setup of the SBS pulse compression
system and the SHG unit.

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: repetition rate - 15 Hz, pulse energy -
10 ~ 30 mJ, pulse duration (@FWHM) - 15 ~ 30 ns, spectral
tuning range - 680 — 1000 nm, bandwidth ~ 50 pm (~ 0.72 c
1, and ~ 5 pm (~ 0.072 cm™) without- and with the etalon,
respectively, and the beam parameter product M? ~ 1.6, was
used. FC72 and FC40 fluorocarbon liquids were used as SBS
liquids.

Firstly, we have used a Fabry-Perrot etalon inside the laser
resonator to reduce the linewidth of the optical pulses. Second,
the effective SBS interaction length has been optimized. We set
it at about 1.5 m (3 passes) to reduce the linear optical losses of
the system. Finally, the FC40 fluorocarbon with a shorter
phonon lifetime was used, to improve the SBS performance
efficiency.

The pulse-to-pulse stability of the SH was good. In Fig. 4(a),
the FF (red) and SH (blue) pulse widths at FWHM before-
(filled circles) and after (empty circles) the compression, are

plotted versus the wavelength. In Fig. 4(b), respectively, using



the same nomenclature, the FF and SH pulse energies versus the

wavelength before and after the compression are plotted.

(a)

Wavelength (nm)
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Fig. 4. (a) FF (empty red circles) and SH (empty blue circles)
pulses FWHM dependences on the wavelength for
FC40 SBS liquid (Ls ~ 1.5 m) in comparison with the
FF (filled red circles) and SH (filled blue circles) pulses
FWHM before the compression, (b) FF and SH pulse
energies before and after the compression in FC40

liquid. The same nomenclature is used as in (a).

As seen from Fig. 4, although the FWHM of the SH pulses
reduced (Fig. 4(a)), the SH pulse energies of the compressed
pulses significantly dropped (Fig. 4(b)). A simple estimation
shows that the peak intensities of the resulting pulses are also
reduced to the ~ 90% level of the non-compressed pulses. Our

analysis shows that the main reason for the low energy
conversion efficiency is still the short coherence length of the FF
pump pulses (L. ~ 13.5 cm, bandwidth ~ 2.23 GHz). The laser
beam coherence length is still about 10 times smaller than the
SBS interaction length. 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.
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 FC72 (~ 0.27 GHz) and FC40
(~ 1292 GHz), it becomes clear that the pulse spectrum is
broader than the gain spectrum in both media hence, a
conversion efficiency loss is unavoidable. To mitigate this
problem, other SBS liquids such as galden perfluoropolyether
(PFPE) compounds HT230 and HT270 (HT stands for Heat
Transfer) which have 0.1 ns phonon lifetime, and 3.16 and 8.4
GHz Birillouin linewidths, respectively, could be used.

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. We have
builtan SHG unit and investigated the SH conversion efficiency
and stability of the compressed pulses in a broader spectral
region. Although shorter SH pulses could be obtained, the peak
powers for compressed pulses were on the ~ 90% level
compared with the pulses before the compression. The main
problems hindering the improvements of the pulse compression

ratio and energy conversion efficiency have been identified and



discussed.
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