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Output mode characteristics of an in-phase
locked gain waveguide array CO2 laser
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In this paper, experimental and theoretical studies of the output mode characteristics of an in-phase locked gain

waveguide array CO2 laser are reported. The experimental results of the optical oscillation mode frequency, the far-field

intensity distribution and the burnt pattern of the sliced waveguide array laser are obtained. A revised mode expression

of the rectangle waveguide, which is suited for this waveguide array CO2 laser, is proposed. The theoretical simulation

results based on the revised mode expression are shown to be in good agreement with the experimental results.
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1. Introduction

The phase-locked array laser has been widely
studied because it can achieve a high brightness laser
output. In the past few decades, in order to obtain in-
phase locked output, many techniques and structures
have been proposed, especially in the field of semicon-
ductor lasers,[1,2] solid lasers[3,4], and gas lasers.[5−10]

Although many papers on CO2 waveguide array lasers
have been published, the mode characteristics and the
relative theoretical calculation are rarely reported. In
1984, Butler et al.[11] reported the first coupled-mode
analysis for an array of N identical elements by using
their coupled-mode model, thereby interpreting many
published experimental results. However, in those ex-
periments, all the gain regions were a few micrometers.

In this paper, based on Hall’s waveguide array
laser structure,[12] the sliced waveguide array laser is
proposed; the experimental results of the optical os-
cillation mode frequency, the far-field intensity distri-
bution and the burnt pattern of the sliced waveguide
array laser are obtained. To explain the experimen-
tal results, a revised mode expression based on the
Gaussian mode[13−15] and the normal mode[13] of the
rectangle waveguide is proposed, and it is shown that
the theoretical simulation results based on the revised
mode expression are in good agreement with the ex-
perimental results.

2. Theoretical analysis and calcu-

lation

According to the coupling formula[11,16,17] of the
N -unit array, the intensity distribution E(x, y) is
given by

E(x, y) =

[
N∑

n=1

cnεn(x, y)

]
e iβz, (1)

where cn = sin(nsπ/(N + 1))(n = 1, 2, . . . , N) is
the coupling coefficient between adjacent waveguides;
εn(x, y) is the expression of the intensity distribution
for the n-th element of the array laser, in which the
mode coupling between the different propagation con-
stants is ignored; β is the propagation constant of the
waveguide array coupled mode.

For cn, s can be any integer value among [1, N ],
each s corresponds to a value of cn. Then there are N

independent expressions for cn. The positive or neg-
ative value of the corresponding cn will change with
s value. For an in-phase locked laser output, s = 1.
Then cn = sin(nπ/(N + 1)). So when the laser output
is in-phase locked,

E(x, y) =

[
N∑

n=1

sin
(

nπ

N + 1

)
εn(x, y)

]
e iβz,

(n = 1, 2, . . . , N). (2)

Because of the independence between x and y,

E(x) =

[
N∑

n=1

sin
(

nπ

N + 1

)
εn(x)

]
e iβz. (3)
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From Eq. (3), it can be seen that E(x) is determined
by the function ε(x). However, as is known, for the
waveguide laser, the optical field propagates in the
waveguide in the normal form of a waveguide mode
which can be described by the following equation[13]

ε(x) = cos
( π

2a
x
)

rect(x/a) e iβ0z, (4)

where a and b are the waveguide transverse sizes in
the x and the y directions, respectively. The optical
field propagates between the resonator mirror and the
waveguide end in free space, which should be in the
form of Gaussian mode and can be described by the
following equation:[13−15]

ε(x) = A
1

w(z)
e−x2/w2(z)

× exp
[
−ik

(
z +

x2

2R(z)

)
+ iarctg

(
z

f

)]
.

(5)

The relationship between the beam radius of a Gaus-
sian beam and the waveguide transverse size can be
determined by the following equations:[12]

w0 = 0.7032a, (square),

w0 = 0.6435a, (round).

The simulations of the above two expressions both
have differences from the experimental results, which
were obtained with the sliced waveguide array laser.
To explain the experimental results, a revised mode
expression is proposed, which is based on the above
expressions.

Considering the fact that the optical field prop-
agates between the resonator mirror and waveguide
end in free space in the form of Gaussian beam, the
waveguide aperture will restrain the beam in trans-
verse for the beam to be coupled into the waveguide,
the function ε(x) should be expressed as

ε(x) = A
1

w(z)
exp

(
− x2

w2(z)

)
× exp

{
−ik

(
z +

x2

2R(z)

)
+ iarctg

(
z

f

)}
×rect

(x

a

)
. (6)

We call it an “aperture Gaussian”. When there
is only one mode frequency oscillation in the waveg-
uide array cavity, the output mode of the N -unit array
locked in phase can be written as

E(x) =

{
N∑

n=1

sin
(

nπ

N + 1

)
exp

[
− x2

n

w2(z)

]

× exp
[
−ik

(
z +

x2
n

2R(z)

)
+ iarctg

(
z

f

)]
× 1

w(z)
rect

(xn

a

)}
exp(iβz). (7)

Based on Eq. (7), the theoretical simulation results
are shown in Figs. 1–3.

Figure 1 shows the far-field intensity distribu-
tion and the cross section of the output beam when
there is only one oscillation mode in the cavity. From
Fig. 1(a), it can be seen that the far-field intensity
distribution is a spatially suppressed single peak dis-
tribution with two negligible side lobes. Figure 1(b)
demonstrates the cross section of the output beam,
which is a one-dimensional single interference strip
and the simulation result of the output beam that
is obtained at a free propagation distance of 4.5 m
without focusing.

Fig. 1. Theoretical simulation results for one mode os-

cillation, showing (a) the far-field intensity distribution of

the output beam, and (b) the output beam cross section

at 4.5 m.

Figure 2 indicates the far-field intensity distribu-
tion and the cross section of the output beam when
there are two oscillation modes in the cavity. In this
situation, the optical field of the waveguide array is
coupled into two groups which respectively oscillate at
one frequency. Figure 2(a) exhibits that the far-field
intensity distribution is a spatially suppressed distri-
bution with two peaks and negligible side lobes; fig-
ure 2(b) displays the cross section of the output beam
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at 4.5 m which has two one-dimensional interference
strips with a central intensity valley.

Fig. 2. Theoretical simulation results of two-mode oscilla-

tions, showing (a) the far field intensity distribution of the

output beam, and (b) the output beam cross section at 4.5 m.

Fig. 3. Theoretical simulation results of three-mode oscilla-

tions, showing (a) the far field intensity distribution of the

output beam and (b) the output beam cross section at 4.5 m.

Figure 3 shows the far-field intensity distribution
and the cross section of the output beam when there

are three oscillation modes in the cavity. In this situa-
tion, the optical field of the waveguide array is coupled
into three groups which oscillate at one frequency sep-
arately. In Fig. 3(a), it can be seen that the far-field
intensity distribution is a spatially suppressed distri-
bution with three peaks and negligible side lobes; in
Fig. 3(b), it is demonstrated that the cross section of
the output beam at 4.5 m is three one-dimensional
interference strips symmetrically distributed.

3. Experimental setup

The slice waveguide array laser structure used in
this experiment is shown in Fig. 4. The total width
of the slab gain region is 20 mm, and the height of
the slab gain region is 2 mm. The aluminum top elec-
trode is sliced into 10 parallel strips and each strip
is 100 mm in length and 1.5 mm in width. The slit
between two neighbouring strips is fixed at 0.4 mm in
width and 2 mm in depth. By using this structure,
a gain waveguide array is obtained; the laser optical
field in each strip can be mixed with the laser optical
field in its neighbouring strips over the narrow slits to
achieve phase locking.

Fig. 4. Schematic diagram of the laser head structure,

showing (a) the cross section of the laser head and (b)

the vertical view of the top electrode. 1: Aluminum top

electrode, 2: aluminum bottom electrode, 3: matching in-

ductor, 4: water cooling tube, 5: ceramic insulating plate,

6: LC matching network, and 7: RF power supply.

The experimental setup is illustrated in Fig. 5, the
laser output beam travels through a ZnSe beam split-
ter and is divided into two parts. The reflected part is
reflected by a copper reflector again and directed into
an infrared Burleigh CFT-500 scanning interferome-
ter, and then received by a nitrogen cooled HgCdTe
detector which detects and delivers the optical mode
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scanning signal to the Tektronix TDS2012B digital
oscilloscope. The transmission part travels through a
ZnSe lens with a focal length of 127 mm and enters
into a beam intensity distribution scanner located in
the focal plane of the ZnSe lens. A LeCroy wavePro
7000 oscilloscope is connected to the beam scanner to
show the far-field intensity distribution of the laser
beam, meanwhile a reflector is set in front of the ZnSe
lens to intercept and reflect the beam for the free prop-
agation to the far field at a distance over 4 m without
focusing when the burnt pattern is needed to be ob-
tained.

Fig. 5. Schematic diagram of the experimental setup ar-

rangement. 1: Laser head, 2: ZnSe beam splitter, 3: ZnSe

lens, 4: intensity distribution scanner, 5: LeCroy wave-

Pro 7000 oscilloscope, 6: Copper reflector, 7: aperture,

8: CFT-500 interference scanner, 9: HgCdTe detector, 10:

Tektronix TDS2012B digital oscilloscop, 11: Copper re-

flector, and 12: beam free propagation direction.

Tap water is used to cool the top and the bottom
electrodes. An RF power supply at a frequency of
95 MHz is used to drive the gas discharge and the RF
power is coupled into the discharge plasma through a
low-pass matching network. The gas composition used
is in a mixture of CO2:Ne:He:Xe=1:1:3:0.5%. The
optical resonator is a case-1 type optical waveguide
resonator.[8] The output coupler of the resonator is
a flat ZnSe mirror with a transmission of 10% and
the feedback mirror of the resonator is an uncoated
flat copper mirror with a reflectivity of 98%. The gas
pressure is 8.55 kPa and the RF input power is 400 W
with a reflected power less than 5%.

4. Experimental results

With the above experimental setup, the optical
oscillation mode frequency, the far field intensity dis-
tribution and the corresponding output beam burnt
pattern of the waveguide array laser are obtained.

Figure 6 shows the experimental results when
there is only one mode oscillating in the waveguide
array cavity. Figure 6(a) shows the optical field os-
cillation mode, figure 6(b) displays the burnt pattern

of the output beam obtained at a free propagation
distance of 4.5 m without focusing and figure 6(c) ex-
hibits the far-field intensity distribution. From Fig. 6,
it can be seen that when there is only one mode oscil-
lating in the cavity, the far-field intensity distribution
has a single peak without side lobes and the burnt
pattern is a spatially suppressed single strip, which is
a consequence of the spatial interference of multiple
beams.

Fig. 6. Experimental results for one-mode oscillation,

showing (a) oscillation mode, (b) output beam burnt pat-

tern at 4.5 m, and (c) far field intensity distribution of the

output beam.

Fig. 7. Experimental results for two-mode (left) and

three-mode oscillations (right), showing (a) oscillation

modes, (b) far field intensity distribution of the output

beam, and (c) output beam burnt pattern at 4.5 m.

Figures 7 shows the experimental results for two
oscillation modes and three oscillation modes in the
cavity. Figure 7(a) indicates the optical field oscil-
lation mode, figure 7(b) displays the burnt pattern
of the output beam at a free propagation distance of
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4.5 m without focusing and figure 7(c) shows the far-
field intensity distribution.

5. Discussion and conclusion

Comparing the above theoretical simulation re-
sults with the experimental results, it can be seen that
the theoretical simulation results are in good agree-
ment with the experimental results. In Fig. 1, when
there is one oscillation mode, the far-field intensity
distribution is a spatially suppressed single peak dis-
tribution with two negligible side lobes and the cross
section of the output beam is a spatially suppressed
single strip, which is in quite good agreement with the
experimental results presented in Fig. 6. When there
are two oscillation modes or three oscillation modes,
the simulation results based on Eq. (7), as shown in
Figs. 2 and 3, are in good agreement with the experi-
mental results as shown in Fig. 7.

In conclusion, for the sliced waveguide array, we
present a revised theoretical mode expression based
on the Gaussian mode expression and the normal
mode expression of the rectangle waveguide, which
is an aperture Gaussian field distribution outside the
waveguide. When the sliced waveguide array is in-
phase locked, the field distribution can be expressed
by the aperture Gaussian as

E(x) =

{
N∑

n=1

sin
(

nπ

N + 1

)
exp

[
− x2

n

w2(z)

]
× exp

[
−ik

(
z +

x2
n

2R(z)

)]
1

w(z)
rect

(xn

a

)}
× exp(iβz).

In additin, the corresponding experimental work
is carried out. The obtained results are in quite good
agreement with the simulation results based on the
presented revised theoretical mode expression.
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