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Primary Factors Leading to Efficiency Degradation in
Coherent Beam Combining: Effect of the Laser Linewidth

Laser Process Research Team

Haik Chosrowjan and Seiji Taniguchi

1. Introduction

Interest in coherent beam combining (CBC) has been
driven by the desire to obtain continuous-wave (CW) as
well as pulsed laser beams with higher power, intensity,
and brightness that are not achievable from a single laser
source. Different phase-combining techniques for
tiled-aperture (TA) and filled-aperture (FA) CBC have
been developed and successfully implemented ! =2,

In recent years, we have investigated several CBC
geometries based on single-detector and “climbing hill”” or
stochastic parallel gradient descent (SPGD) algorithms for
phase locking. These CBC techniques in active feedback
phase control systems deal only with the piston-phase
difference correction between individual beams. This is,
however, a necessary but not sufficient condition for
obtaining high CBC efficiency (see section 2). In real
MOPA (Master Oscillator Power Amplifier) systems, the
amplifier arrays are not uniform (power variations, phase
jitters, array element pointing and divergence
non-uniformities, etc.), and the optical elements, coated
surfaces, and beam alignments also contribute to wavefront
aberrations. So, a necessity to evaluate the CBC efficiency
degradation sources arises. Except the piston phase error
between the individual beams, those sources are 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. Hence, strict conditions are applied to the

individual beamlets in the CBC. For achieving the highest

possible CBC efficiency, even small misalignments must
be minimized and controlled.

In our previous report ¥, we discussed the FA CBC
efficiency degradation dependence on the beam diameter
and compared two cases with beams having ~ 1 mm and ~
10 mm diameters, respectively. We have shown that the
pointing mismatch condition becomes looser for beams
with ~ 1 mm beam diameter while the beam centering
requirement becomes stricter. Contrary to this, for ~ 10 mm
diameter beams, the pointing mismatch condition becomes
very strict while the beam centering condition loosens.
Sub-Rayleigh alignment of the laser beamlets in parallel is
required.

In this report, the dependence of the CBC efficiency
degradation on the laser linewidth will be discussed. The
laser linewidth is directly related to the coherence length,
hence affecting the coherence degree (visibility) and the
efficiency of the combining beams. We will show that as
the laser linewidth increases, the optical path mismatch

condition for efficient CBC becomes severe.

2. CBC efficiency

Several metrics are used to characterize the CBC
efficiency. Most widely used ones are the combined power
1pp and the far field on-axis intensity 775 defined respectively

as:
Pcgc Icpc

@ Tp = s¥p, ® M= Y /T2 )

In Egs. 1 (a) and 1 (b), P, and 1, are the power and the
far field on-axis intensity of the n beamlet, Pcpc and Icae
are the power and the peak intensity of the combined beam,
and N is the number of the beam channels. Eq. 1(a)
efficiency definition is often used for the FA CBC, where



combining efficiency decreases due to losses on combiners
because of not absolute destructive interference in the
secondary (loss or dump) channels. For the TA CBC, there
are no combiners in the near field, so 77,, is always 1. On the
other hand, Eq. 1(b) is used for both FA and TA CBC
cases.

Note that one should also distinguish between absolute
and relative efficiencies (m“* and 7", respectively),
which are not always equal. In m “* definition, V
individual beamlets before combining are considered
perfect in terms of phase wavefront flatness (aberration
free), whereas in 7y ™ definition, NV individual beamlets
before combining are considered real, i.e., aberrated. The
relation 7/ = ;™ always holds. In this report, we will
use the combined power 7, CBC efficiency definition
(ncc = mp) because there is no difference between
relative and absolute CBC efficiencies in terms of

combined power.

3. Laser linewidth and the coherence length, coherence
degree and visibility
Coherence length (L) is an important parameter to be
considered for efficient CBC. It is used to quantify the
degree of temporal (not spatial!) coherence as the
propagation length (and thus propagation time) over which
coherence degrades significantly, i.e., the optical phase
undergoes substantial random changes. It is defined as the
vacuum velocity of light times the coherence time (Eq. 2).
Lcoh:c*rcohzﬁzﬁ @
Here ¢, zon, A, AL, and Av are the speed of light, the
coherence time, the wavelength, and the FWHMs of the
wavelength and the frequency, respectively. Beams with
longer L are preferred due to their ability to preserve
coherence (the interfering potential) at longer optical length
differences. Eq. (2) becomes an approximation in cases
where the coherence function (and the spectral-line form)
has a more complicated shape. Generally, the shape and

width of the optical spectrum alone do not fully determine
the coherence properties.

The coherence degree (G) on the other hand, is a
normalized correlation function useful for quantifying the
coherence between two beams, as measured in a
Michelson or other linear optical interferometer. For the
single-frequency, Gaussian, and Lorentzian spectral lines,
respectively, the coherence degree G can be defined (Eq. 3,

from top to bottom) as:
1
_E[M]Z
G - e 2| Leon (3)
_laLoptl
e Lcon

Here, AL,y is the optical length difference between the
interfering beams. By substituting Eq. 2 into Eq. 3, one can
recognize that the coherence degree depends on the laser
linewidth. Narrow-line laser coherence length can be in
kilometers, while the coherence length of, for instance, s
pulses can be in micrometers.

Visibility (V) is another important quantity for
efficient CBC. It is a measure of the interference contrast in
a system with a superposition of waves. Visibility is
defined as the ratio of the intensity difference between the
brightest (Lma) and darkest (Zuin) parts of the interference
pattern to the sum of those intensities (Eq. 4).

V_lmax_lmm (4)

fmax""min

Generally, when two or more waves are superimposed,
and a constant phase difference between them exists, the
intensity in the resulting image redistributes, forming an
interference pattern. The visibility describes the contrast of
such an interference pattern. To get the maximum possible
output in the Zue channel, the visibility must obtain its
maximum value, i.e., = 1. This will mean an ideal black
and white contrast for the gain versus the loss channel.

It is easy to understand the underlying physics when we



recognize that the visibility V and the coherence degree G
describe the same phenomenon: Visibility is the empirical
evaluation of the coherence, while the coherence degree is
the mathematical model-based description of the coherence
phenomenon by considering the spectral shape of the laser
beam. For better illustration, the Coherence Degree (G =
V) versus the ratio of the optical length difference to the
coherence length, for the two-beam CBC scheme (Eq. 3),
is plotted in Fig. 1.
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Fig. 1. The coherence degree (G = V) as a function of ALy
/Leon 1atio for a single line (solid line), Lorentzian (dotted

line), and Gaussian (broken line) linewidths, respectively.

For illustration purposes, an example of interference
blurring due to the coherence degree (visibility) drop is
shown in Fig. 2. The experiments were done using ~ 20
GHz Gaussian linewidth (Len ~ 4.77 mm), 1064 nm
wavelength, 5 mm diameter and equal power laser beams
overlapping at ~ 0.7 mrad angle, when the optical length
difference (AL,y) between them was ~ 0 mm (right panels)
and ~ 3.5 mm (left panels), respectively. The intensity
profile I(x, y) calculations were done using Eq. 5 and the
PTC Mathcad Prime 3.0 software, using the above-listed
experimental parameters for the Gaussian linewidth beams.

x2 4+ y?
I(x,y)zZ*exp(—Z( FE ))* ®

3/(aL.)A
IO

Fig. 2. Demonstration of interference blurring due to the
drop in the coherence degree (visibility). Calculated (top)
and experimentally obtained (bottom) far-field intensity
distribution profiles, respectively. In the right-side images,
the optical length difference (AL,y) between two beams is
~ 0 mm, while in the left-side images, the optical length

difference between two beams is ~ 3.5 mm.

In Eq. (5), R, 4f 6 and @ are the beam radius, FWHM
of the laser linewidth, the interference angle, and the phase
difference between the beams, respectively. In the present
analysis @ was set to zero. In Fig. 2, it is clearly seen that
the visibility contrast is sharp around 0 but degrades as the
optical length difference between the beams increases to
~3.5 mm. The observed contrast blurring is directly caused
by the finite laser linewidth.

As we will show in the next paragraph, the interference
contrast blurring, which directly depends on the laser
linewidth, is primarily responsible for the CBC efficiency

degradation.

4. CBC efficiency degradation for the finite linewidth
beams caused by the optical length mismatch error
Let’s now analyze the two-beam CBC efficiency

dependence on the optical length mismatch for the case of

the filled-aperture coherent combining and different laser



linewidths. In that case, using Eq. 5 for the intensity
distribution, the CBC efficiency can be expressed by the

following equation:

I{x=0,y=0,90=0,AL,,,)
I(x=0y=0¢=0AL,,, =0)

x (1 + exp (_ i (MMZ)ZJZ)) ©
2 2 c

The calculations were performed for several laser
linewidths in the 0 — 50 GHz frequency region and
summarized in Fig. 3. As the laser linewidth broadens, ata

Neee (AI‘apt) =

given finite ALy, the CBC efficiency declines, ie., the
optical difference mismatch condition for high CBC
efficiency becomes severe. For example, to reach high
CBC efficiency in 2-beam CBC with laser beams having ~
25 GHz linewidths, the optical length difference between
the beams should be adjusted within 0.5 mm. For the ~ 50
GHz linewidth beams, the optical length difference
conditions will be even severe, and the path length
adjustment between the beams should be within 0.2 mm.
In time space, this will mean adjusting the beams' temporal
overlap within ~ 500 fs.

Let’s now consider the case when N>>1 beams having

finite linewidths are coherently combined. In that case, the

Temporal Overlap Deviation (7) / picoseconds
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1 1 I 1 1 1
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£ 08 25 GHz
2
3]
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2
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Optical Length Difference (AL,,) / mm

Fig. 3. N =2 beam CBC efficiency degradation versus the
optical pathlength mismatch (AL,,) (bottom scale, in mm
units), and versus the temporal overlap deviation 7 =
AL,y/c (upper scale; in picosecond units) for 10, 25, and
50 GHz Gaussian linewidth beams, respectively.

CBC efficiency will be given by Eq. 7.

_ L )
Nepe(o) =1 “omz 2 © )

Here, o is the optical length »ms deviation in [mm]
units. In Fig. 4, calculation results for four different laser

linewidths, 10 GHz, 25 GHz, 35 GHz, and 50 GHz, are

presented.
Temporal Overlap rms Deviation (7) / picoseconds
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Fig. 4. N >> 1 beam CBC efficiency degradation versus
the optical length 7ms deviation ¢ (bottom scale, in mm
units), and versus the temporal overlap 7ms deviation o=
ofc (upper scale; in picosecond units) for 10, 25, 35, and
50 GHz Gaussian linewidth beams, respectively.

It is clearly seen that as the laser linewidth broadens, the
optical length 7ms deviation condition for high CBC
efficiency becomes severe. For example, to obtain ~ 99 %
CBC efficiency for ~ 35 GHz linewidth beams, the beams'
optical lengths' 7ms deviation should be smaller than ~ 50
pm. In time space, this will mean adjusting the beams'
temporal overlap mismatch within ~ 150 f5, like an overlap
of ~ 150 fs laser pulses.

We need to stress that the above estimations suppose
identical bandwidth shapes for all beamlets. In reality, the
situation could be even severe, ie., the linewidths and
central wavelengths of the individual beams may also vary.
So, in real applications, minimizing or better zeroing the
optical length differences between the individual beams
will be required. In MOPAs with fiber seed lasers, it could



be achieved, for instance, by using fiber-integrated delay
stages.

5. Summary and Conclusions

In summary, the dependence of the CBC efficiency
degradation on the laser linewidth has been elucidated and
discussed. The laser linewidth directly affects the
coherence length, coherence degree (visibility), and the
efficiency of the CBC. We have quantitatively shown that
as the laser linewidth increases, the optical path mismatch
condition for efficient CBC becomes severe.

The interference contrast blurring is primarily
responsible for the CBC efficiency degradation and should

be avoided at any cost.

For an efficient CBC, the tolerance of the optical length
difference is evaluated to be less than 1/10th of the
estimated coherence length of the individual beams. The
analysis also indicates that in the high-power CBC case,
where, due to the temperature increase, linewidth
broadening (coherence length shortening) is expected, fine
adjustment of the optical length differences seems to be

very critical.

The main conclusion of the above analysis is that the
visibility of the laser beamlets should be experimentally
measured, and the optical length mismatch should be
precisely controlled to achieve the highest possible CBC
efficiency. The laser linewidth, together with several 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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