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Array size scaling of passive coherent beam combination
in fiber laser array
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Array size scaling of passive coherent beam combination is explored theoretically. The Strehl ratio variation
with wavelength is simulated in 4-, 9-, 16-, and 25-channel fiber arrays. The average Strehl ratio and phase
error are calculated. The Strehl ratio is found to be near 100% for arrays with less than 5 fibers, but
decreases significantly for larger arrays. These results are in good agreement with the recent experimental
results.

OCIS codes: 140.3510, 140.3298, 140.3290.
doi: 10.3788/COL201210.011401.

Coherent beam combination (CBC) of a fiber laser ar-
ray can achieve power scaling while maintaining near
diffraction limited (DL) performance. Numerous tech-
niques have been proposed and demonstrated. CBC
can be classified into two categories, namely, active
phasing[1−4] and passive phasing[5−13]. Active phasing
requires complicated phase detection and phase modu-
lation for each element of the array. Locking the phase
stably is difficult when the number of combining ele-
ments is large. Passive phasing is realized by the self-
adjusting process of the resonance frequencies of fiber
laser arrays to adapt to changes in the optical path
lengths. Passively phase-locked techniques have been re-
ported including self-Fourier laser cavity[5,6], self-imaging
resonator[7−9], all-fiber combining[10], self-organization
mechanism in fiber laser arrays[11,12], and mutual injec-
tion locking lasers[13]. However, most of the reports have
focused on power boost and phase noise and the charac-
teristic of array size scaling is taken into account rarely
in CBC. Array size scaling is one of the important factors
for power scaling in CBC. Array size scaling of passive
beam phasing can be estimated using the Strehl ratio,
combining efficiency, and beam quality. The Strehl ratio
represents far-field peak intensity. Combining efficiency
is the ratio between the output powers of phase locking
and non-locking. Beam quality shows energy concentra-
tion in the far field.

In this letter, we conduct theoretical study on the pas-
sive CBC of multi-channel fiber laser arrays based on
a typical ring cavity. The Strehl ratio variation with
wavelength is simulated in 4-, 9-, 16-, and 25-channel
fiber arrays. The average Strehl ratio and phase error
variation in relation to the number of fibers are calcu-
lated. When the array size increases, the average Strehl
ratio decreases significantly while phase error increases.
These results are compared with recent experiments and
in good agreement with the recent expermental results.

As a model system for studying passive CBC, a
configuration of fiber amplifier array with a ring cavity is
chosen. The configuration has been demonstrated in an
earlier phase locking experiment[15]. The model system,
shown in Fig. 1, consists of N fiber amplifiers (A) and
single mode feedback fiber (FF) loop. At the output end
of the fiber amplifiers, collimators (Co) transform the
output beams into a compact array of parallel beams.
The major part of the beam power is output through a
beam splitter (BS). The rest weak fraction of power is
reflected by the beam splitter and coupled into the single
mode FF that provides the seed for all the amplifiers.
The FF is located at the focus of lens (L) as a filter.

In this system, the longitudinal modes with high peak
intensity are coupled into the FF loop, and other longi-
tudinal modes are suppressed. The Strehl ratio can show
peak intensity in the far field. Thus, it can be used to
represent the transmission efficiency of the filter. The
optical path length of each fiber amplifier ranges from
several meters to tens of meters. Ensuring equal lengths

Fig. 1. Architecture of a passive coherent beam combination
with a ring cavity.
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is practically impossible. In addition, the optical path
lengths are constantly changing due to thermal and me-
chanical effects, and thus, their phases randomly change.
The typical roundtrip time for a fiber channel is in the
order of hundreds of nanoseconds, and the frequency of
optical path length variation is from hundreds to thou-
sands of hertzs. Therefore, the optical path length of each
channel can be seen as a constant in a short time (∆t=
1 ms). The phase of every amplifier output is written as

φi = 2πf(nL)i/c, (1)

where f is the longitudinal mode frequency and (nL)i is
the optical path length of the ith fiber channel. Given
that the average value of the fiber optical path lengths
is (nL)avg, the relative phase of fiber output is given by

φ′i = 2πf [(nL)i − (nL)avg]/c. (2)

Assuming all fiber outputs have fields that are equal
with unity amplitudes, the Strehl ratio of the combined
beam in FF can be written as

S =
∣∣

N∑

i=1

exp(iφ′i)
∣∣/N2 =

∣∣
N∑

i=1

exp{i2πf [(nL)i

− (nL)avg]/c}∣∣/N2. (3)

At this point, we consider the case of a large number
of fiber channels, where the fiber lengths are normally
distributed with several root mean square (RMS) varia-
tions, (nL)RMS. An earlier study[16] has shown that the
Strehl ratio variation with frequency bandwidth can be
represented by a Gaussian function as

S(f − f0) = exp[−4π2(f − f0)2(nL)2RMS/c2]. (4)

Fig. 2. Strehl ratio versus wavelength in a 4-channel fiber
array.

Fig. 3. (a) Calculated and (b) experimental beam profiles in
the far field for four-channel fiber array.

Fig. 4. Strehl ratio versus wavelength in an N -channel fiber
array. (a) N=9, (b) N=16, and (c) N=25.

Nabors has demonstrated that the phase error can be
obtained using the Strehl ratio as[17]

σ =

√
ln

N − 1
NS − 1

. (5)

Firstly, a 4-channel fiber array is simulated according
to Eq. (4). The optical path lengths of the channels
are assumed to be 20.941, 21.020, 21.011, and 21.052
m. Figure 2 shows a simulation of the Strehl ratio vari-
ation with wavelength. Numerous longitudinal modes
with high Strehl ratios of over 0.8 are found. When
the wavelength is 1 076.0294 nm, the relative phases are
0.0213×2π, 0.0897×2π, 0.0059×2π, and 0.0540×2π. The
maximum phase error is 0.0838×2π, and the Strehl ratio
is 0.97. According to Ref. [17], the beam profile in the
far field is simulated with a wavelength of 1 076.0294
nm. Figure 3 shows the calculated and experimental
beam profiles in the far field when the near-field beam
of fiber array is arranged for the square.

Furthermore, the Strehl ratio variation with wave-
length is simulated in 9-, 16-, and 25-channel fiber arrays,
as shown in Fig. 4. The average value (nL)avg of fiber
optical path lengths is 21 m, and the variation of these
optical path lengths is 1-cm RMS. The maximum Strehl
ratio is 0.36 for 25 channels, and only a few longitudinal
modes with a Strehl ratio of over 0.2 exist, as shown in
Fig. 4(c). Because of the increase in channel number,
the maximum Strehl ratio decreases and the number of
longitudinal modes with a high Strehl ratio decreases as
well. Figure 5 shows the calculated beam profiles in the
far field for 9-, 16-, and 25-channel fibers array when
the near-field beam of fiber arrays is arranged for the
square.

To describe the relationship between the Strehl ra-
tio and array size better, the maximum Strehl ratios
are determined for each realization in the ensemble and
subsequently averaged to find the expected Strehl per-
formance for a given fiber array. Figure 6 shows the
average Strehl ratio and phase error variation with
the number of fibers. The calculated Strehl ratio is
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Fig. 5. Calculated beam profiles in the far field for an N -
channel fiber array. (a) N=9, (b) N=16, and (c) N=25.

Fig. 6. Average Strehl ratio and phase error variation in re-
lation to the number of fibers.

nearly 100% for arrays with less than 5 fibers, but de-
creases significantly for larger arrays. The dot in Fig. 6
is the approximation of experimental results of Ref. [18].
The theoretical results are in good agreement with the
experimental results.

In conclusion, theoretical analysis and numerical sim-
ulations are presented for passive CBCs of 4-, 9-, 16-,
and 25-channel fiber arrays. The maximum Strehl ratio

decreases and the number of longitudinal modes with
a high Strehl ratio decreases with the increase in array
size. The Strehl ratio is nearly 100% for arrays with
less than 5 fibers, but decreases significantly for larger
arrays. These results are in good agreement with recent
experiments.
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