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Abstract

An efficient approach to suppress thermal lensing, when coherently combining several laser distributions, is presented. It is based on
incorporating a compensating lens inside the laser cavity. The results reveal that with compensation the overall efficiencies can be more
than 80% when combining four laser distributions and more than 90% when combining two laser distributions even at relatively high
pulse repetition rates. A model for analyzing coherent combining is developed, where predicted results are in good agreement with
the experimental results.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Coherent combining of several separate lasers, each with
a low output power and good beam quality, can lead to
practical and compact overall laser systems, having a high
output power concomitantly with good beam quality
[1–10]. Coherent combining requires that the individual
lasers be phase-locked, and this in turn leads to very strict
requirements on the relative alignment between them. In
particular, for efficient phase locking and coherent combin-
ing, the required parallelism between the individual laser
distributions must be a significantly less than their diffrac-
tion limited divergence angles. This, for typical solid state
lasers, implies parallelism of few microradians. As a result,
laser systems that involve coherent combining are very sen-
sitive to thermal drifts and acoustic vibrations.

During the past few years, we have investigated new
configurations for coherently combining several pulsed
Nd:YAG laser distributions [5,11–13]. In these configura-
tions, interferometric couplers, formed on single parallel
substrates, were inserted inside the laser for phase locking
and coherent combining of several individual laser distribu-
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tions. Typically the back mirror, output coupler mirror,
and gain medium, were common to all the individual laser
distributions, and the combined laser operated at low pulse
repetition rate of about 1 Hz. Consequently, relative misa-
lignments of the individual laser distributions, due to vibra-
tions and drifts, were substantially eliminated, and we were
able to successfully demonstrate efficient coherent combin-
ing of up to 16 laser distributions [14].

Unfortunately, for more practical laser systems, where a
higher pulse repetition rate is needed, thermal lensing
becomes prominent and degrades the coherent combining
efficiency. Specifically, since thermal lensing may differ
for each individual laser distribution, the angular orienta-
tion of each will also differ. Consequently, the required par-
allelism of all laser distributions cannot be maintained, so
phase locking is poorer, resulting in significant reduction
of combining efficiency.

In this paper, we present a method in which the thermal
lensing effects are suppressed by adding a proper compen-
sating lens inside the laser cavity close to the laser rod.
With such suppression, we demonstrate that efficient phase
locking and coherent combining can be obtained even for
pulse repetition rate of �15 Hz. Our method is applicable
where arrays of beam distributions pass through a single
gain medium that is symmetrically pumped. The advantage
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of using configurations with a single gain medium and sym-
metric pumping is that they alleviate the complexity of
alignment and significantly improve the stability. Such con-
figurations were used both for coherent combining as well
as for improving beam quality [12,15–17]. We present a
model for predicting the loss of the combined laser output
due to thermal lensing, and show that the predicted results
are in good agreement with our experimental results.

2. Experimental procedure and results

Our experimental set up for coherent combining four
laser distributions is shown in Fig. 1. It includes a 62 cm
long plano-concave resonator, with a concave output cou-
pler having a radius of 1.5 m and 40% reflectivity at
1064 nm, and a flat reflector mirror with >99% 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 �200 ls flash
lamp pulse at constant level throughout the experiments.
The laser rod acts as a positive thermal lens with focal
length, which depends on the pulse repetition rate (at the
flash lamp). For a specific focal length, it is possible to
add a negative lens close to the rod, in order to compensate
for the thermal lensing.

A square array of four apertures each with a diameter of
1.4 mm, results in four separate and independent channels
within the cavity, each with a nearly pure Gaussian trans-
verse mode distributions. The separation between adjacent
channels was 2.4 mm, and the energy per pulse for each
channel was about 6 mJ. The four channels are combined
by means of two orthogonally oriented intra-cavity inter-
ferometer couplers [12]. Each interferometric couplers
was form on a 3 mm thick precision plane parallel fused sil-
ica substrate, oriented at the Brewster angle of 55.4�, one
vertically and the other horizontally. Half of the front sur-
face of each coupler was coated with a 50% reflective layer
and the other half left uncoated, while half of the rear sur-
face was coated with highly reflective layer and the other
half uncoated. When four parallel beams, having some
common longitudinal modes, are incident on the first inter-
ferometric coupler from the left, their relative phase will
typically self-adjust. Accordingly, there will be destructive
interference into one output path and constructive interfer-
ence into the other path, so only two beams propagate
toward the second interferometric coupler. Then, a similar
Fig. 1. Configuration for coherently combining four laser distributions with tw
film polarizer.
operation in the second coupler will result in only one
beam propagating toward the output coupler mirror.
Finally, a thin film polarizer and a 90� polarization rotator
ensure that the light incident on each interferometric cou-
pler is P polarized, in order to suppress the reflections from
the uncoated areas of the couplers.

We began our experiments by measuring the thermally
induced focal length of our laser rod as a function of pulse
repetition rate. This was done by letting a collimated beam
propagate through the laser rod while it was pumped at dif-
ferent pulse repetition rates and determining the distance
between the rod and focus plane at each rate. Since this dis-
tance was very large, we used an additional lens, with a
known focal length, to bring the focus plane of the thermal
lens closer. The experimental results together with expo-
nential fit are presented in Fig. 2. As expected, the thermal
lensing is stronger at the higher pulse repetition rates.

We also considered thermal induced birefringence and
phase front distortions effects which might influence coher-
ent combining. The birefringence effects were determined
by measuring the polarization rotation of a linearly polar-
ized probe after it passed through the Nd:YAG laser rod,
first without pumping and then with pumping at a pulse
repetition rate up to 20 Hz. We found that the change of
polarization was less than 1�. This was repeated for differ-
ent regions of the rod, with similar results. The phase front
distortion was determined by comparing the focal spot
sizes, which were obtained by focusing the beams emerging
from the Nd:YAG rod with and without pumping. No
detectable change of size was observed, indicating that
the phase distortion were negligible as well. We note that
at much higher pulse repetition rates both thermal induced
birefringence and phase front distortions are expected to
have a strong influence, and hence may limit our correction
scheme.

Next, we investigated the effect of thermal lensing on the
coherent combining of four laser distributions, using the
configuration of Fig. 1, first without, and then with, a com-
pensating lens. The results are presented in Fig. 3. Fig. 3a
shows the measured combining efficiency as a function of
pulse repetition rate for the configuration without a com-
pensating lens. As evident, for a low pulse repetition rate
of about 1 Hz, a combining efficiency of 85% is obtained.
The combining efficiency decreases for the higher pulse rep-
etitions rate, and is only �30% at 15 Hz. Fig. 3b shows the
measured combining efficiency as a function of pulse repe-
o identical orthogonally oriented couplers. HR: high reflection, TFP: thin
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Fig. 2. Measured focal length of thermal lens as a function of pulse
repetition rate. Dots—experimental; solid curve—exponential fit.
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tition rate for the configuration with a compensating lens
of focal length f = �6 m located 12.5 cm from the center
of the Nd:YAG rod. As shown, the combining efficiency
is now indeed maximal at pulse repetition rate of 15 Hz,
where the deleterious effect of the thermal lens of the laser
rod is now cancelled by the negative compensating lensing.
The efficiency is nearly identical to that measured for the
configuration without a compensating lens when using
pulse repetition rate of 1 Hz. As pulse repetition rate
increases beyond this optimal value of 15 Hz, the combin-
ing efficiency again decreases, indicating that our simple
compensation method can be successful only for a narrow
and predetermined range of pulse repetition rates.

The near-field and far-field intensity distributions were
detected, using CCD cameras. The corresponding beam
quality factor M2 was then calculated in accordance to
M2 = rnfrffp/(4kF), where F is the focal length of the far-
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Fig. 3. Measured combining efficiency as a function of pulse repetition rate for
lens. (b) With compensating lens of focal length of 6 m. Insets: far-field distrib
field lens, and rnf and rff are the second moments of the
near and far-field distributions. We found that the M2 of
the combined output distribution from the configuration
without the compensating lens at pulse repetition rate of
1 Hz was about 1.3. The M2 was essentially the same for
the combined output distribution from the configuration
with the compensating lens and pulse repetition rate of
15 Hz. These values, as well as the far-field distributions
presented as insets in Fig. 3a and b, indicate very good
beam quality and near Gaussian beam distribution in both
cases.

We repeated the same experiment for coherent combin-
ing of two laser distributions, by removing one of the inter-
ferometric combiners and polarization rotator from the
configuration of Fig. 1. The results were essentially identi-
cal to those of Fig. 3, except that the maximal efficiencies
without the compensating lens at pulse repetition rate of
1 Hz as well as with the compensating lens at pulse repeti-
tion rate of 15 Hz, were improved to above 90%.

3. Theoretical model and results

In the intra-cavity coherent combining configuration of
Fig. 1, the effect of thermal lensing is that the laser rod acts
as an off-axis lens on each laser channel distribution. This
results in two loss mechanisms. First, the off-axis thermal
lens deflects the light from each channel so it will not com-
pletely pass through its corresponding aperture (for single
channel resonators, the light is usually centered along the
axis of the laser rod, so typically it is not deflected laterally
by thermal lensing). Secondly, since the light of each chan-
nel is deflected to a different direction by the independent
thermal lenses, the laser distributions from the four chan-
nels are no longer parallel. Thus, complete destructive
interference into one path or complete constructive inter-
ference into the output path could be less than distributions
that are from parallel channels.
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coherent combining of four laser distributions. (a) Without compensating
utions, indicating nearly Gaussian distributions for both cases.



Fig. 4. Extended configuration of the model for coherent combining of
four-channel distributions.
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To evaluate the first loss mechanism of thermal lensing,
we first calculated the round-trip cavity loss for a single
channel distribution, corresponding to the configuration
of Fig. 1 with three of the apertures blocked and no inter-
ferometric couplers, and compensating lens. The round trip
losses are found by solving the self-consistent round trip
propagation equation in the matrix form

KU N ¼ cN UN ; ð1Þ
where the eigenvectors UN ¼ ½a1; . . . ; aN � are the ampli-
tudes of the resonator modes (in one transverse dimen-
sion), cN the eigenvalues, with 1 � (c1)2 being the round
trip loss for the mode of minimal-loss (N = 1), and
K the round trip propagation matrix that includes contri-
bution from free-space propagation, mirrors, lenses, aper-
tures and effects of thermal lensing [18]. We simulate the
thermal lensing in the laser rod, as a thin lens where focal
length corresponds to pulse repetition rate according to
the exponential fit shown in Fig. 2. Using Eq. (1) we cal-
culated (c1)2 (i.e. ‘‘1-loss’’) as a function of pulse repetition
rate.

To evaluate both the first as well as second loss mech-
anisms, we calculated how the thermal lensing affects the
efficiency and output beam quality when coherently com-
bining four laser distributions. We used a two dimensional
model [11] to fully account for the round trip propagation
of each channel (as done above for the single channel
case), as well as for the phase locking between the chan-
nels that is obtained by the interferometric couplers. For
the model, we used the expanded configuration shown in
Fig. 4. Since the light of each channel passes through a
different part of the laser gain medium, each will undergo
a shifted thermal lensing effect. We included these differ-
ences by inserting a lens of proper off-axis in each of the
four channels.

As shown in Fig. 4, the two interferometric couplers are
represented by three beam splitters, and there are 10 partic-
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Fig. 5. Calculated ‘‘1-loss’’ as a function of pulse repetition rate. (a) Single laser
without compensating lens—solid curve. (b) Coherent combining of four laser
ipating fields a, b, c, d, e, f, g, h, i and j. Accordingly, the
eigenvectors UN contain 10 fields, in the form

UN ¼ ½a1; . . . ; aN ; b1; . . . ; bN ; c1; . . . ; cN ; d1; . . . ; dN ; e1; . . . ; eN ;

f1; . . . ; fN ; g1; . . . ; gN ; h1; . . . ; hN ; i1; . . . ; iN ; j1; . . . ; jN �;
ð2Þ

where N is the size of the one-dimensional vector represent-
ing each of a, b, c, d, f, g, h, i and j fields. Thus, the size of
the eigenvector is 10 N, and the round trip kernel is a
10 N · 10 N matrix composed of 100 N · N blocks. Each
diagonal block represents a single field propagation opera-
tor for a corresponding channel distribution. The off-diag-
onal blocks are operators that exchange energy between the
different fields, which are associated with the beam
splitters.

The calculated results, presented in Figs. 5 and 6.
Fig. 5, show the calculated ‘‘1-loss’’ as a function of
pulse repetition rate. Fig. 5a shows the results for both
a single channel laser as well as for coherent combining
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distribution—dashed curve, coherent combining of four laser distributions
distributions with compensating lens.
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Fig. 6. Calculated cross-section of output beam for coherent combining of four laser channel distributions at a repetition rate of 15 Hz (a) without
compensating lens and (b) with compensating lens.
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of four laser distributions. As evident, the decrease in
‘‘1-loss’’ as pulse repetition rate increases is relatively
moderate for the single channel. This is as expected for
the first loss mechanism. It should be noted that even
though the propagation mode is shifted in order to sup-
press the loss due to aperture, there was still distortion
that results in some measurable losses. When coherent
combining four laser distributions, the thermal induced
losses are much stronger than those for the single channel,
indicating that the main thermal loss mechanism is the
relative misalignment between the channels. Such mis-
alignment (loss mechanism 2) is greater than the misalign-
ment between each channel and its corresponding
aperture (loss mechanism 1). Fig. 5b shows the calculated
‘‘1-loss’’ as a function of pulse repetition rate for coherent
combining of four lasers distribution after adding off-axis
compensating concave lenses with focal lengths of �6 m a
distance of 12.5 cm from each thermal lens in the model.
As expected, the compensating lens results in a shift of the
region with the lowest losses to a higher pulse repetition
rate of �15 Hz where the lens exactly compensates for
the thermal lensing of the laser rod.

As evident, the calculated result of ‘‘1-loss’’ as a function
pulse repetition rates shown in Fig. 5 are in good agree-
ment with the experimental results of combining efficiency
as a function of pulse repetition rates shown in Fig. 3. This
is expected, since the output power of our laser which cor-
responds to the combining efficiency is essentially propor-
tional to ‘‘1-loss’’ [19].

Fig. 6 shows the calculated cross-section of the output
beam at pulse repetition rate of 15 Hz. Fig. 6a shows the
cross-section for a configuration without a compensating
lens and Fig. 6b with a compensating lens. As evident,
without the compensating lens the cross-section of the out-
put beam is severely distorted due to the thermal lensing,
whereas with the compensating lens it is nearly Gaussian
as in the experimental results shown in Fig. 3.
4. Concluding remarks

When coherently combining several lasers distribution
from pulsed solid state lasers, the combining efficiency is
severely reduced due to thermal lensing, which occurs at
high pulse repetition rates. We discussed the effects of ther-
mal lensing and showed, both experimentally and theoret-
ically, how they can be fully suppressed by using
compensating lens. Such suppression leads to high combin-
ing efficiency as well as to improvement of the combined
output beam quality, even for high (predetermined) pulse
repetition rates. We expect that the suppression with com-
pensating lenses would also be valid for coherent combin-
ing of several multimode laser distributions and for
several CW laser distributions, where thermal lensing can
be very strong.
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