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Abstract—Intracavity coherent addition of several laser channel
distributions where one is a Gaussian distribution and the others
are multimode distributions is investigated. It is shown experimen-
tally that the Gaussian distribution is inherently imposed on all the
channels. A model for analyzing coherent addition of two or four
beams is developed and used to support the experimental results.

Index Terms—Coherent addition, laser arrays, lasers.

I. INTRODUCTION

COHERENT addition of several separate lasers, each with
a low output power and good beam quality, can lead to a

practical and compact overall laser system having a high output
power concomitantly with good beam quality. Indeed, a number
of methods for phase locking and coherent addition of lasers
have been developed [1]–[12]. These involve specialized laser
resonator configurations such as Talbot or Fourier transform res-
onators [1], [2], Vernier–Michelson resonators [3]–[5], evanes-
cent waves coupling [6]–[8], and the introduction of amplitude
and phase diffractive components or polarization elements into
the resonator [9]–[12]. In these methods only identical Gaussian
distributions were coherently added with high efficiency once
their phases are properly locked.

In this paper we investigate coherent addition of two as well
as four laser channel distributions that, when operated sepa-
rately, one channel has a Gaussian field distribution and the
others have multimode field distributions. In such a configu-
ration, the modal composition, and the phase and amplitude
of each mode influence phase locking and coherent addition.
We show that for a laser configuration with multichannels, the
Gaussian distribution is imposed on all other channels, enabling
efficient coherent addition and a nearly Gaussian output beam
distribution. The phase locking between the channels needed
for coherent addition is achieved by using an intracavity planar
interferometric combiner, which enables coupling between the
different laser distributions [5]. The overall combined laser con-
figuration is relatively compact and robust, and could potentially
be incorporated into practical laser systems.

In the following we begin by describing the principle of op-
eration of coherent addition of several laser distributions, where
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Fig. 1. Basic configuration for coherent addition of two laser distributions.

one differs from all other distributions. Then we present our ex-
perimental multichannel laser configuration, and describe the
experimental procedure and results. To support the experimental
results we then develop a theoretical model for calculating the
combined output distribution from a laser that contains several
coupled channels. We apply this model to evaluate coherent ad-
dition of two as well as four coupled channels, that when oper-
ated separately one has a Gaussian distribution and the others
multimode distributions. Finally we present some concluding
remarks [15].

II. PRINCIPLE OF OPERATION

A basic configuration for coherently adding two laser dis-
tributions with a single interferometric combiner is schemat-
ically shown in Fig. 1. It is essentially a two arm resonator,
where the two arms are coherently combined on a 50% beam-
splitter. Such a configuration can be considered as two separate
laser resonators with common reflection and output coupler mir-
rors. The interferometric combiner is a parallel substrate that is
coated with high reflective layer on part of one surface and with
50% reflective layer on part of the other surface. The light re-
flected from the output coupler is divided by the combiner into
two beams propagating in parallel inside the laser gain medium.
After reflection from the rear end mirror, they are recombined
to form one beam by the interferometric beam combiner.

The distance between the two parallel beams inside the
gain medium depends on the thickness and the angular
orientation of the combiner substrate. This distance is:

, where is the thickness of
the substrate, is the angular orientation of the substrate rela-
tive to the laser resonator axis, and n is the refractive index of
the substrate material. If the two parallel beams are incoherent
with each other then each will suffer a 50% loss while passing
through the combiner, and typically no lasing will occur. If, on
the other hand, they are coherently added at the beamsplitter
then complete destructive interference is obtained in the loss
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channel (illustrated with a dashed line in Fig. 1), so the losses
introduced by the combiner are completely suppressed. Typi-
cally, when certain longitudinal mode constraints are fulfilled
[5], the overall laser tends to lock the relative phase between
the two beams so as to operate at minimum losses.

It is known that two identical Gaussian laser distributions can
be coherently added with high efficiency to obtain a combined
output with a nearly Gaussian distribution but double the power,
provided that common longitudinal modes exist [5]. But what
would be the combined output distribution when we try to co-
herently add a Gaussian distribution with a multimode distri-
bution? This can be done, as shown in Fig. 1, by inserting a
small circular aperture in the path of one channel so as to ob-
tain a nearly Gaussian mode distribution, and no aperture in the
other channel so as to obtain multimode distribution. Intuitively,
we can argue that the phase of the Gaussian mode distribution
in the channel with the multimode distribution will lock to the
phase of the Gaussian distribution in the other channel, thereby
suppressing losses of these two Gaussian distributions at the in-
terferometric combiner. Yet, the phases of the other modes in
the channel with the multimode distribution will not lock to the
Gaussian distribution in the other channel (since these modes
are nearly orthogonal), so these other modes will suffer a 50%
loss at the combiner and consequently will be suppressed. Es-
sentially, the Gaussian distribution of the one channel is thus
imposed on the other channel.

In practice, however, there are several possible complications
to this simple intuitive argument. First, the Gaussian distribution
in the channel with the multimode distribution inherently dif-
fers from that of the (nearly) Gaussian distribution in the other
channel, both in shape and intensity, because it does not have an
aperture. Such inherent difference reduces the spatial overlap
of the two distributions, so complete destructive interference
into the loss channel can not occur. Second, even extremely
weak high-order modes in the channel with the Gaussian dis-
tribution that are not completely suppressed by the aperture can
still phase lock with the corresponding high-order modes in the
channel with the multimode distribution. Such phase locking af-
fects their losses at the interferometric combiner in a rather com-
plicated manner, and is strongly dependent on the dynamics of
the mode competition in the presence of gain. The model which
will be discussed further on will allow a better understanding
of this issue. Third, longitudinal modes, geometrical misalign-
ments, non uniformities in gain medium and imperfection in re-
flectivities of interferometric combiner layers must be taken into
account.

The configuration shown in Fig. 1 can be expanded to deal
with a larger number of channels. For example, four laser dis-
tributions can be coherently added by inserting two identical in-
terferometric combiners inside the laser resonator, as shown in
Fig. 2. In this configuration, four laser distributions are first co-
herently added in one coordinate direction, to obtain two laser
distributions. The resulting two distributions are then coherently
added in the orthogonal coordinate direction to obtain one distri-
bution. The loss mechanism when coherently adding four laser
distributions is similar to that of adding two distributions. Thus,
if one distribution is Gaussian while the other three have multi-
mode distributions, the Gaussian distribution will be imposed

Fig. 2. Configuration for coherently adding four laser distributions with two
identical and orthogonal interferometric combiners.

on all, so the combined laser output distribution will have a
Gaussian distribution.

III. EXPERIMENTAL PROCEDURE AND RESULTS

To experimentally demonstrate how one laser distribution is
imposed on another with coherent addition, we used the experi-
mental arrangement shown in Fig. 3. It includes a 70-cm—long
plano-concave resonator, with a concave output coupler having
a radius of 1.5 m and 40% reflectivity at 1064 nm, and a flat
reflector mirror with high reflectivity. The laser gain medium
is a Nd:YAG rod of 5 mm diameter and 10 cm length, with
1.1% doping, placed in a diffusive ceramic pump chamber, and
pumped with a pulse rate of 4 Hz at constant level throughout
the experiments. The thermal lensing of the rod under these
pumping conditions was measured to be m. A circular
aperture of 1.4-mm diameter was inserted in one channel and no
aperture in the other. To ensure that light oscillating inside the
resonator would be P-polarized in correspondence with the se-
lected reflection layers, a high quality thin film polarizer (TFP)
was inserted near the output coupler. The interferometric com-
biner was a flat parallel plate made of fused silica. Half of one
surface was coated with a 50% reflective layer and half of the
other surface was coated with a high reflective layer. Its thick-
ness was 3 mm, the refractive index 1.45, and it was oriented
at the Brewster angle of 55.4 . The other halves of the surfaces
were not coated but reflections from them were negligible be-
cause the combiner was set at a Brewster angle and the light was
P polarized. A charged-coupled device (CCD) near the output
coupler detected the near-field intensity distribution and another
CCD camera set at the effective focal plane of a lens, detected
the far-field intensity distribution. Both the near and far field
distributions were quantitatively analyzed using Spiricon laser
beam analyzers.

Initially the interferometric combiner was removed from
the resonator and the output coupler was adjusted for each
channel separately. The near-field and far-field intensity distri-
butions were detected for each channel, and the corresponding
beam quality factor was calculated in accordance to

, where is the effective focal length
of the lens, and are the second moments of the near
and far field distributions, respectively. We ascertained that the
value of was lowest for an aperture diameter of 1.4 mm
and higher for other diameters, indicating that the channel with
this aperture diameter oscillates with the lowest mode.

Fig. 4 shows the near-field and far-field intensity distribu-
tions for the two channels without the interferometric combiner.
Fig. 4(a) and (b) show the near-field and far-field intensity dis-
tributions of the channel with the aperture, while Fig. 4(c) and
(d) those of the multimode distributions in the channel with
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Fig. 3. Experimental arrangement for coherent addition of two-channel distributions. TFP denotes a thin film polarizer.

Fig. 4. Experimental near and far field intensity distributions for the separate
channels. (a) Near-field intensity distribution for channel with 1.4-mm
aperture. (b) Far-field intensity distribution for channel with 1.4-mm aperture.
(c) Near-field intensity distribution for channel with no aperture. (d) Far-field
intensity distribution for channel with no aperture.

no aperture. The laser output energy for the channel with the
1.4-mm aperture was 4.5 mJ per pulse. The calculated for
the channel with the aperture of 1.4 mm was 1.13, indicating a
nearly pure Gaussian distribution. The calculated
for the channel with no aperture was 4.9, indicating, as expected,
that several high-order modes distributions are present in addi-
tion to the Gaussian distribution.

We then inserted the interferometric combiner inside the res-
onator. After aligning the combiner and the output coupler we
measured an output energy of 10 mJ per pulse. This is more
than doubling the energy of the channel with the 1.4 mm aper-
ture. The combined near and far field intensity distributions are
shown in Fig. 5. Fig. 5(a) shows the near-field intensity distri-
bution and Fig. 5(b) the far-field intensity distribution. The cor-
responding calculated for the combined output was found
to be 1.28. The slightly higher and higher combining ef-
ficiency than those expected when coherently adding two pure
Gaussian distributions indicate that the combined output also
contains some higher order modes. We believe that these added

Fig. 5. Experimental near and far field intensity distributions of the combined
output when coherently adding two laser channels. Here an aperture of 1.4 mm
diameter was used in the channel with the Gaussian distribution. (a) Near-field
intensity distribution. (b) Far-field intensity distribution.

higher order modes result from complicated interference effects
that are explained in the next section.

In order to reduce the contribution of the higher order modes
to the combined output, the aperture diameter was reduced to
1.3 mm, and the combined intensity distributions were detected
and measured. The combined output energy was measured to
be 8.5 mJ, i.e. a combining efficiency of 94% (all the com-
bining efficiencies are calculated relative to the energy from the
channel with the Gaussian distribution). The detected near-field
and far-field field intensity distributions are shown in Fig. 6. The
corresponding calculated in this case was 1.09, indeed in-
dicating a nearly pure Gaussian distribution.

We also coherently added four distributions by inserting two
orthogonally oriented identical interferometric combiners (as il-
lustrated in Fig. 2) inside the same experimental arrangement.
We added a polarization rotator between the two combiners so
they both operate with P-polarized light. The use of two iden-
tical interferometric combiners ensures that conditions for the
existence of a common longitudinal mode for all four channels
is identical to that for a two-channel configuration, and is hence
automatically fulfilled [5]. The diameter of the aperture in the
channel with the Gaussian distribution was 1.3 mm. The mea-
sured energy of the combined output was 17.2 mJ, i.e. a com-
bining efficiency of 95.5%. The detected near-field and far-field
intensity distributions are shown in Fig. 7. The corresponding
calculated M2 was 1.3 indicating that the output beam was a
nearly Gaussian distribution, but again with some contribution
from higher order modes. This indicates that the four-channel
configuration has even a higher tendency to develop high order
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Fig. 6. Experimental near and far field intensity distributions of the combined
output when coherently adding two laser channels. Here an aperture of 1.3 mm
diameter was used in the channel with the Gaussian distribution. (a) Near-field
intensity distributions. (b) Far-field intensity distributions.

Fig. 7. Experimental near and far field intensity distributions of the combined
output when coherently adding four laser channels. Here an aperture of 1.4 mm
diameter was used in the channel with the Gaussian distribution, with an aperture
of 1.3 mm diameter. (a) Near-field intensity distribution. (b) Far-field intensity
distribution.

modes than the two-channel configuration, and both a higher
tendency than the single channel configuration.

IV. MODEL AND CALCULATED RESULTS

We developed a relatively simple one-dimensional model, for
analyzing intracavity coherent addition of several laser distribu-
tions which are not necessarily identical. The configuration of
the basic model is schematically presented in Fig. 8. It has a bare
plano-concave resonator that contains two channels, each with
independent distribution, that are coupled by an interferometric
combiner. The model which is an extension of one that was used
for analyzing high-order mode selection in a single channel con-
figuration [13], does not take into account the effect of the laser
gain medium and saturation on the light propagation. As shown
in Fig. 8, there are four fields , , , and associated with the
interferometric combiner and three different planes AC, B, and
D at which these fields are determined. The part of the interfero-
metric combiner surface with high reflective layer is treated as a
simple mirror, and the part with the beam splitter layer has com-
plex reflection and transmission coefficients of and . These
coefficients obey the relations

(1)

where and are the phases of the transmitted and re-
flected waves. Typically, . The four fields

Fig. 8. Configuration of the basic model for analyzing coherent addition of
two-channel distributions.

, and , which can be separated to incident
and outgoing (one-dimensional) fields, are coupled in accor-
dance to

(2)

where the subscript in denotes the incident field and out the field
emerging from the beamsplitter.

We proceed by numerically calculating self-consistently the
four coupled fields , , , and . This is done by solving the
self-consistent round-trip propagation equation

(3)

where the eigenvectors are defined as the resonator global
modes, the round-trip propagation kernel, and the eigen-
values, with being the round-trip losses. Eigenvectors

contain the four fields in the form

(4)

where is the size of the one-dimensional vector representing
each of the fields , , and . Accordingly, the size of the
eigenvector is , and the round-trip kernel is a matrix
composed of 16 blocks. Each diagonal block essentially
represents single field propagation (SFP) operator that includes
contribution from free-space propagation, lenses, apertures, and
phase elements associated with that particular channel [13]. The
off-diagonal blocks are operators that can exchange energy be-
tween the different fields, which are associated with the beam-
splitter.

The free-space propagation matrix is calculated by using the
angular spectrum propagation [14]. Apertures, lenses, and phase
elements for each field are all simply represented by appropriate
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Fig. 9. Calculated fields at specific planes for the configuration shown in
Fig. 8. (a) Field d at plane D. (b) Field b at plane B. (c) Field a and c at plane
AC.

diagonal matrices. The round-trip propagation kernel
is formed by multiplying several matrices, each having the form

(5)

where e.g., represents single channel propagation matrix
of field , and - represents a unit matrix multiplied by
the transmission coefficient between fields and . Equation (3)
was solved numerically by diagonalizing the round-trip kernel,
to obtain a self-consistent solution for the four different fields
(global mode of the resonator) and the round-trip losses. We
found that for convergence, is sufficient, requiring the
diagonalization of a 400 400 matrix.

Initially, the model was exploited for calculating the fields
, , , and at planes AC, B, and D for the basic two-channel

configuration shown in Fig. 8. An aperture of 1.3 mm was placed
in one channel and no aperture in the other. The difference in
propagation distances for the two channels was chosen such as
to ensure destructive interference into the loss channel. The cal-
culated results for the cross section of the field (square root of
the intensity) of the lowest order mode are presented in Fig. 9.
Fig. 9(a) shows field at plane D; this field is a coherent combi-
nation of the distributions of the two channels. Fig. 9(c) shows
the fields and at plane AC, where the distributions from two
channels are spatially separated; a slight difference is seen be-
tween the fields and , which results from aperture diffraction
of field . Fig. 9(b) shows the field at plane B; this field rep-
resents the losses, and results from imperfect destructive inter-
ference, due to the slight difference between the fields and .

Next, we extended the model to deal with coherent addition of
four-channel distributions. In this extension two interferometric
combiners are inserted inside the resonator configuration, as il-
lustrated in Fig. 2. The second combiner for the orthogonal co-
ordinate direction can be treated as two identical beamsplitters
each for a different channel from the first combiner, as illustrated
in the configuration of Fig. 10. As evident, there are 10 different
fields in this extended configuration. Each beamsplitter has four

Fig. 10. Extended configuration of the model for coherent addition of
four-channel distributions.

fields and there are two common fields. Each field is represented
by a vector of the size of . The size of the eigenvectors
is and the round-trip kernel is a matrix with
100 blocks. As before, each block is an oper-
ator that modifies the fields that propagate through the resonator.
Specifically, the diagonal blocks represent free space propaga-
tion, lenses, mirrors and phase elements, which can differ for
each channel, and the off diagonal blocks are operators that can
exchange energy between the different fields, that are associated
with the beamsplitters.

We are now in a position to determine how a Gaussian distri-
bution of one channel is imposed on other channels, which inde-
pendently would have multimode distributions. Specifically, we
evaluate the special case where one channel has an aperture to
obtain a Gaussian distribution while the others have no aperture.
We consider three different configurations—a single channel,
two channels, and four channels. The single channel configura-
tion simply has a conventional resonator with one aperture. The
two-channel configuration includes a resonator in which one in-
terferometric combiner is inserted, and one aperture in one of
the channels to obtain a Gaussian distribution. The four-channel
configuration includes a resonator in which two interferometric
combiners are inserted, and one aperture in one of the four chan-
nels to obtain a Gaussian distribution. All resonator configura-
tions were plano-concave, where we assumed a flat reflection
mirror and a radius of curvature of 1.5 m for the output coupler.

The calculated results are presented in Figs. 11–15. Fig. 11
shows the fields of the three lowest order modes near the output
coupler, calculated for a conventional single channel resonator
configuration with an aperture of 1.4 mm. The fields are nor-
malized according to the lowest order mode and the
round-trip losses were taken into account. Fig. 12 shows the
fields of the three lowest order modes, near the output coupler
(plane D in Fig. 8) for a two-channel resonator configuration,
where an aperture of 1.4-mm diameter is inserted in one of the
channels. Here again the fields are normalized according to the
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Fig. 11. Calculated field distributions of TEM , TEM , and TEM
modes for a single channel resonator configuration with an aperture of 1.4 mm.

Fig. 12. Calculated field distributions of TEM , TEM and TEM
modes for a two-channel resonator configuration with an aperture of 1.4 mm.

Fig. 13. Calculated field distributions of TEM , TEM , and TEM
modes for four-channel resonator configuration with an aperture of 1.4 mm.

lowest order mode. Fig. 13 shows the normalized fields
of the three lowest order modes, near the output coupler (plane A
of Fig. 10), for a four-channel resonator configuration, where an

Fig. 14. Calculated round-trip losses of TEM and TEM mode
distributions as a function of aperture diameter. (a) Single-channel
configuration. (b) Two-channel configuration. (c) Four-channel configuration.

aperture diameter of 1.4 mm is inserted in one of the channels.
As evident from Figs. 11–13, the amplitudes of the higher modes
increase as more channels are coherently added to the channel
with the Gaussian distribution. This indicates that the round-trip
losses of these higher modes decrease as more channels are co-
herently added.

Fig. 14 shows the calculated round-trip losses of the
and modes as a function of the aperture diameter in
the channel with the Gaussian distribution for the three res-
onator configurations (with single channel, two channels and
four channels, respectively). As evident, the discrimination be-
tween the and modes is reduced when more
channels are coherently added to the channel with the Gaussian
distribution at any fixed aperture diameter. It is also evident
that when the aperture size is reduced, the discrimination is
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Fig. 15. Beam quality factorM of the combined TEM mode distribution
as a function of aperture diameter for the three resonator configurations: single
channel (x), two channels ( ), and four channels (�).

increased for the two-channel as well as the four-channel res-
onator configurations. Thus, in order to ensure that the discrim-
ination is sufficient for obtaining only Gaussian distri-
butions, the aperture size must be reduced when more channels
are coherently added.

Such a behavior is in good agreement with our experimental
observations described in the previous section. Specifically, we
found that an aperture diameter of 1.4 mm was experimentally
needed in order to obtain the Gaussian distributions
shown in Fig. 4(a) and (b) for a single channel. This, together
with the results shown in Fig. 14(a), implies that the round-trip
losses of the mode must be at least 30%. Accordingly,
the round-trip loss of the mode must also be approx-
imately 30% in order to obtain a combined Gaussian
distribution of the output. As evident from Figs. 14(b) and 14(c),
such a round-trip loss would occur when the aperture diameter is
reduced to 1.3 mm in the two-channel configuration and 1.1 mm
in the four-channel configuration, in good agreement with the
experimental results.

Finally, it is important to understand how the beam quality
of the combined mode distribution is affected when we
decrease the aperture diameter. Thus, we calculated the beam
quality of the lowest order mode as a function of the
aperture diameter for the three resonator configurations. The re-
sults are presented in Fig. 15. As evident, the beam quality factor

of the combined mode distribution improves as the
number of the coherently added channels increase for a given
aperture diameter. Moreover, the is even better in the two-
channel resonator configuration with an aperture of 1.3 mm, and
still better in the four-channel resonator configuration with an
aperture of 1.1 mm. Thus, in accordance to Figs. 14 and 15,
when more channels are coherently added the discrimination
does not change and the beam quality improves, if the appro-
priate aperture diameter is chosen. These calculated results are
in good agreement with our experimental results. We applied
our model to a configuration where the aperture is inserted in
the combined channel, or in the separated channels. In this con-
figuration both channels suffer diffraction losses by the aper-
ture and we will not benefit from the higher beam quality of the

open channel. From looking at the experimental and theoretical
model results it is clear that when two or four laser distributions
are combined the beam quality of the combined beam is better
then the beam quality of the separate beams.

Although we presented examples of coherent addition of
two and four laser channels, our configuration can be extended
to deal with larger numbers of lasers. An inherent limit when
scaling some configurations is the need for a common longitu-
dinal mode to all channels. Using our configuration there is no
such inherent limit since all the optical elements are common
and each beam combiner introduce an identical optical length
difference between the channels. Unfortunately, presently our
model cannot be used to study these effects for much larger
number of channels since the size of the matrices we would
need to diagonalize rapidly becomes impractical. On the other
hand, additional lenses, phase elements and other optical com-
ponents can be incorporated in each channel, so as to deal with
coherent addition of single high-order mode distributions as
well as multimode distributions.

V. CONCLUDING REMARKS

We showed experimentally that when a channel with
Gaussian distribution is coherently added intracavity to one
or more multimode distributions, the Gaussian distribution
is imposed on all channels. We have showed that for a small
number of channels using a single aperture in one of the chan-
nels and imposing its transverse content on the others results
in improved beam quality when the lowest mode is selected.
Experimentally, such coherent addition leads to a combined
laser output with Gaussian distribution, and combining effi-
ciency close to 100 %. A model to support the experiments
was developed, and the calculated results for coherent addition
of two and four laser distributions are in good agreement with
the experimental results. Such model could be extended to
deal with coherent addition of more laser distributions. We
expect that our approach should be valid for imposing a single
high-order mode laser distribution, rather than a Gaussian
distribution, on other multimode distributions by intracavity
coherent addition.
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