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We describe a new coherent beam combining
architecture based on passive phase-locking of emitters
in an extended cavity on their rear facet, and their
coherent combination on the front facet. This rear-side
technique provides strong optical feedback for phase-
locking while maintaining a high electrical-to-optical
efficiency. Two high-brightness high-power tapered
laser diodes are coherently combined wusing a
Michelson-based cavity - the combining efficiency is
above 82% and results in an output power of 6.7 W in a
nearly diffraction-limited beam with an M?%; < 1.2. A
semi-active automatic adjustment of the current
enhances the long-term stability of the combination,
while the short-term stability is passively ensured by
the extended cavity. This new laser configuration
exhibits the simplicity of passive self-organizing
architectures, while providing a power conversion
efficiency of 27% that is comparable to master-
oscillator power amplifier architectures.

OCIS codes: (140.2020) Diode lasers; (140.3298) Laser beam combining;
(140.5960) Semiconductor lasers.
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Scaling up the brightness of laser diodes has been a major re- search
objective in the laser community in the past few decades. It is now
generally accepted that the power density of single- mode diode lasers
and, consequently, their radiance, is ultimately limited by catastrophic
optical damage (COD)-induced device failure [1]. The most efficient
technique to overcome this limit and increase the brightness
regardless of laser type is beam combination of several emitters. While
spectral beam combining techniques use laser emitters at different
wave- lengths, coherent beam combining (CBC) consists of the super-
position of individual laser beams by constructive interference,
providing a single high-power laser beam with excellent spectral and

spatial properties [2]. For CBC to be effective, individual laser elements
must have a proper phase relationship that

remains constant over time, which can only be achieved in an
arrangement that forces the required phase relation between the
emitters. In all practical CBC implementations, laser beams with
identical and single-transverse mode profiles are combined. Over the
years, different approaches were investigated: either active phase
locking of amplifiers seeded by a single-frequency laser split into N
beams and amplified in par- allel in the individual amplifiers, or passive
self-organization of emitters in a common laser cavity [3]. The
feasibility of such architectures was brilliantly demonstrated with fiber
and solid state lasers, showing impressive performance in the past few
years [4]. With semiconductor lasers and amplifiers, the highest output
power and the largest number of phase-locked semiconductor
amplifiers (respectively, 40 W and 218) were demonstrated in the
master oscillator power amplifier (MOPA) configuration by Creedon et
al. at MIT Lincoln Laboratory [5,6]. The MOPA architecture leads
intrinsically to a high electrical-to-optical (E-O) conversion efficiency,
but requires non-standard devices and real-time active correction of
the phase. On the other hand, different extended cavity setups are
described in the literature, based on self-imaging [7-9] and
interferometric architectures [10-12] to force passive phase locking of
lasers. Nevertheless, with such passive cavities, the coherence of the
laser array drops as the operating current increases and the need for a
strong optical feedback on the front facet of the lasers reduces their
E-O conversion efficiency. Active correction of the lasers was
demonstrated to allow phase-locked operation at high currents, but
still with a low extracted power [10]. Efforts to improve the E-O
efficiency of passively phase-locked arrays were also described in [13]
in a V-shaped external cavity designed for broad area laser diodes,
pointing out the importance of the cavity architecture to get both high
power and efficiency.

In the following, we investigate a new CBC architecture using a
common extended cavity on the back side of diode lasers for phase
locking, while the coherent beam superposition of the phase-locked
beams is realized on the front side. As a result, the E-O conversion
efficiency of the phase-locked laser cavity is increased as compared to
standard front-side configurations. Moreover, such an extended cavity
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placed on the rear side provides the strong optical feedback required
for phase-locked operation. This configuration is demonstrated with
two high- brightness tapered devices [14] in a Michelson-type
extended cavity [15,16], highlighting the capability of such a setup for
high power operation.

The tapered laser devices used are emitting around A = 976 nm. The
lasers contain a 2 mm long ridge section, and a 4 mm long tapered
section (ar = 6° taper angle). The front (tapered section) facet has a
0.5% reflectivity, while the rear (ridge section) facet has a R < 0.1%
coating. Details of the design of the tapered diodes are given in [17].
The tapered lasers are mounted p-side up on C-Mount to allow access
to both facets. The two sections are separately driven by currents Ir
and Ir, respectively. With a high-reflectivity extended cavity on their
rear facets, the extracted optical power reaches 4 W at [r = 400 mA and
IT 6 A, corresponding to an E-O con- version efficiency of 33%. The
beam is diffraction limited along the fast axis; along the slow axis, the
beam quality factor is M2 = 2.5 at It 6 A with about 80% of the
extracted power contained in the diffraction-limited central lobe. The
radiance is B = /A2 xM2 = 200MW-cm-2-sr-1 at 6 A. For such lasers,
separate (rear side) phase locking and (front side) coherent combining
is the preferred and most promising configuration, as optical feedback
into the front facet (tapered section) might deteriorate the beam
quality and even lead to early device failure, and as the phase locking is
obtained with diffraction limited beams from the ridge sections.

We now describe the phase-locking architecture with two emitters.
The extended cavity is based on a Michelson interferometer on the rear
side featuring an external reflector. The front facets of each diode are
the output couplers of the laser cavity, coated to yield 0.5% reflectivity
which is sufficient to achieve lasing owing to the high gain in the diode
medium. The cavity backend features an external 2000 lines/mm
diffraction grating (at Littrow incidence), which serves as a common,
dispersive high reflector and controls the wavelength (see Fig. 1). This
ensures a stable and narrow laser line at 976 nm. Both laser beams are
collimated with high NA aspheric lenses (F1 & F2) and combined on a
50/50 beam splitter (BS1). Since both lasers share the same extended
cavity, they undergo minimum losses if the beams are in phase at BSs,
resulting in constructive interference on the P arm and destructive
interference on the other arm. On the other hand, incoherent operation
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Fig. 1. Experimental set-up with the rear-side Michelson extended
cavity and the front-side coherent superposition; BS12: 50/50
beamsplitters; P, P’: useful arms; L, L: losses. ; F1,2: 8 mm aspheric
lenses; F1'2: combination of 2.75 mm aspheric lenses and 19 mm
cylindrical lenses; M: high reflective mirrors.

of both lasers induces 75% losses per roundtrip in the cavity for each
laser. Coherent operation, thus, is strongly favored by the Michelson
extended cavity.

On the taper (front) side, an arrangement of an aspheric lens and a
cylindrical lens (F'1 & F'2) is used to correct for the intrinsic
astigmatism of the tapered laser devices, and a simple 50/50 beam
splitter (BS2) is used as a combiner to perform coherent superposition
of the beams. A phase plate Lo (an anti-reflection coated 0.5 mm thick
plane silica plate) is added on one arm to adjust the phase relationship
between the two laser beams, as their optical paths are different.
Rotating the plate allows fine tuning of the phase difference and
maximizing of the combined power in the Po arm.

The extended cavity (which is formed from the common backend
external grating to each emitter front facet) performs the phase-
locking function. From BS1 to the rear facets of each emitter, the arms
are 25 and 160 mm long, respectively. The passive phase-locking
operation of the two lasers is realized for currents up to It =6 A (five
times the laser threshold). On the front side, the laser power extracted
from each device is P1 = P2 * 4W at Ir = 400mA and Ir = 6A in phase-
locked operation. The maximum combined optical power Py (see Fig.
1) is 6.7 W, which corresponds to a net efficiency, defined as np =P/ (P1
+P2), in excess of 82%. By this definition, this figure also accounts for all
loss mechanisms inherent in our system. Experimentally, we observe
that the extended cavity acts as a lateral mode filter: the slow axis (SA)
beam quality for each emitter is improved to M24; < 1.3 when both
emitters are phase-locked at It = 6A [seeFig.2(b)]. Since the combining
stage on the front facets operates as a second spatial filter, the beam
quality of the combined beam is further enhanced to M2 < 1.2 [see
Fig. 2(d)]. Indeed, only the common features in the spatial intensity and
phase of both beams are coherently combined. This results in a spatial
cleaning of the combined beam, whereby lateral modes are rejected on
the loss arm. Thus, the radiance of the laser system is enhanced to B =
500 MW-cm-2-sr-1, with 6.7 W of combined power. The corresponding
E-O conversion efficiency is 27%, higher than what is achieved in
standard front-side extended cavities [8-10] owing to the low
reflectivity coatings on the front facets, which is made possible by our
rear-side architecture.
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Fig. 2. Intensity profiles of the far field (top) and near field
(bottom) for laser 1 alone (a, b, ¢) and the combined output (d).
Vertical and horizontal directions correspond respectively to the
fast and slow-axes. The M? values are given for the slow-axis.
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Table 1. Combining results for the full beams and for the central lobes - Ir is set to 400 mA

Individual laser Whole beam - w/o SA spatial filtering stage Central lobe - with SA spatial filtering stage

It (A) Output power P1 (W) | P1+P2(W)  Comb. power P’ (W) n P1+P2 (W) Comb. power P’ (W) n
3 15 29 2.5 85% 24 2.2 95%
4.5 2.8 5.6 4.7 85% 44 41 93%
6 4 81 6.7 82% 6.5 6 92%

The combining efficiency is limited by several factors, such as the
proportion of incoherent light or mismatches between the beams [18].
To illustrate the high coherence between beams to be combined, a
two-wave interference pattern is obtained by crossing the beams at a
large angle [19]. In the central part of the beams, dominated by the
fundamental mode content, the visibility is 96% and can be shown to
be alower bound of the mutual coherence [20], indicating that the ASE
is not a limitation (confirmed with a spectrum analysis). The remaining
origins of beam combining efficiency decrease come from mismatches
in intensity and phase profiles. Since the beams are nearly single
transverse mode, these mismatches can be separated into two parts:
differences in higher-order mode content and differences in
fundamental mode profiles. To identify these contributions, first the
intensity mismatches for the full beams are quantified from the overlap
calculation between both measured intensity profiles [21] leading to
9% reduction of the combining efficiency at It = 6 A. Second, we isolate
the fundamental mode content by implementing a spatial filtering
stage on the combined arm Po for the slow axis (SA). The central lobe of
the beams is selected, corresponding to 80% of the optical output
power for each beam [Fig. 2(c)]. The combined optical power in this
case is 6 W, indicating that the combining efficiency is significantly
improved from 82% to 92% at It =6 A and up to 95% at 3 A. These
results are summarized in Table 1. A 5% decrease in efficiency in this
case can be identified as a consequence of a residual astigmatism
difference between fundamental modes. With SA filtering, the radiance
reaches 600 MW-cm=2-sr-1. The filtered output power of 6 W
demonstrates that 89% of the combined power extracted directly from
the laser system before the filtering stage is into the diffraction-limited
central lobe.

In our standard laboratory environmental conditions, we observe
that the front output power remains stable, typically for several
minutes, before the phase relationship between both laser beams on
the front side jumps to a different phase state. These phase jumps are
the result of mode-hopping of the laser line from one longitudinal
mode of the extended cavity to an- other, arising from external
perturbations [22]. As the optical path lengths from BS1 to BS2 are
different for the two laser beams, a change in the wavelength leads to a
phase shift on BS2, causing a drop of the combining efficiency.
Equalizing on the millimeter scale the optical path lengths could
minimize it. Figure 3 illustrates the effect of mode hopping with a
measurement of the front phase relationship between the beams at
BS2 as a function of time, while several phase shifts occur. The output
power on the rear side loss arm L and the wavelength are measured
simultaneously. The amplitude of the mode-hop is of a few free-
spectral ranges of the interferometric cavity (FSR = 3 pm). Two
different front phase-states are observed while the phase-locked
operation is maintained—indeed, the back optical losses remain
significantly below the incoherent level (represented by a red line on
Fig. 3, bottom), meaning that destructive interference occurs on arm L.
At t > 16 s, we also observe a competition between coherent and
incoherent operations of the cavity, characterized by high extended-
cavity losses on arm L, unstable lasing wavelength and undefined front
phase relationship. On the other hand, between two jumps of the

operating point, a single phase-state is passively maintained with
residual phase fluctuations estimated to 20 mrad RMS.

To get a better understanding of the passive stability provided by
the cavity during a stable phase-state operation, a known phase
perturbation is intentionally applied on one emit- ter to observe the
laser system behavior. The perturbation is a modulation of the ridge
current of 8Ir = 0.4 mA amplitude at 1.2 kHz, resulting in a modulation
SAL of the optical path length of one arm only of the interferometric
cavity and corresponding to a single-pass phase-shift ¢ of about w90.
The modulation is small enough to prevent any mode hopping. As a
result, we observe a simultaneous modulation of the lasing frequency,
measured with a Fabry-Perot interferometer. The frequency
modulation amplitude is v = 10 MHz, corresponding to a relative
frequency shift 5W& compensating for the relative optical path-length
perturbation SALAL, with AL the optical path-length difference
between the two arms from the front laser facets to BS1. This has the
effect of maintaining the relative phase difference A between the
beams on BS1, A@ 2wt x v x AL. Thus, we can conclude that the passive
phase-locking operation of the lasers is maintained through two
effects: the longitudinal mode of the cavity is continuously self-
adapting to small and short-term perturbations on the MHz-scale,
while mode-hops of several FSR in the GHz-range ensure the long-term
stability, compensating for the strongest perturbations.

Even though the phase-locked operation of the cavity is stable, the
combining efficiency is no longer maximum after a longitudinal mode-
hop because of the front-side phase change on BS2. Thus the
orientation of the phase plate Ly has to be corrected after each brutal
phase shift to maximize the combined power on the P' arm in the long-
term. Here we propose to automatically maintain the coherent
combining efficiency n' to its maximum value, with a semi-active
correction of the driving currents of the lasers—self activated when
necessary only. The electronic feedback loop assists the combination of
the beams compensating for the drop of the efficiency caused by mode
hopping and the phase locking of the lasers correcting for long-term
perturbations. The power L' on the front side is measured at a 10 Hz
rate, and the currents are automatically changed to minimize it. The
minimization algorithm uses an iterative random exploration of the
currents around their nominal values, with a 0.5 mA maximum
amplitude at each step. Due to the highly nonlinear behavior of the
laser cavity, it is noteworthy that the currents are not optimized;
strictly speaking, they are corrected to ensure the proper phase
relationship on the front side, while the extended cavity self-adjusts to
maintain phase locking. The active correction runs if only the power on
arm L' increases above a fixed threshold. This long-term electronic
correction of the operating currents completes the passive optical
feedback by the extended cavity on the rear side and stabilizes the
coherent beam combining efficiency 1, which remains higher than
75% (compared to the maximum 82%) in a 15 min average (see Fig.
4). The abrupt jumps of the optical power correspond to wrong
solutions at the start of the random exploration.

In conclusion, we demonstrated a CBC concept for diode lasers, in
which the emitters are passively phase locked by means of an
extended rear-side cavity. In this Letter, we imple-mented our concept
with two tapered lasers in a Michelson- type cavity configuration and
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Fig. 3. Relative front-phase between the two beams on BS: (top),
wavelength (middle) and back optical losses on arm L (bottom)
function of time. The wavelength is measured with a 1 pm
resolution wave-meter. The system passively maintains coherent
operation for about 16 seconds, after which the accumulated
phase fluctuations become excessive.

used a semi-active feedback control of the diode drive currents to
retain long-term coherently phased operation. An optical power of
6.7W has been extracted from the laser system with >82% net
combining efficiency. Our architectures provide minimal coherence
degradation at high drive current, and its benefits are enhanced by our
use of tapered devices which ensures high brightness per emitter,
although our concept is suitable for different laser designs [19,23].

To the best of our knowledge, the optical power reported in this
Letter is the highest achieved in a single beam by coherently combined
diode lasers using a self-organized extended cavity.

The high E-O conversion efficiency and algorithmic simplicity/low
bandwidth of our control feedback loop makes our concept especially
attractive for scaling to N emitters, which can be pursued, for example,
by means of different interferometric [10-12] or self-imaging cavity
[7-9] designs.
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