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A theory of the far spatial coherent-suppressed single-peak field distribution of a rectangular wave-guide CO2 laser

is presented. The theoretical analysis shows that a rectangular wave-guide laser can have an output intensity distribution

in far field similar to that produced from a wave-guide array laser, which is in agreement with the experimental result.

A single-peak mode output is obtained within 5 metres. The experimental far-field spread angle in the bigger-Fresnel

number direction is 0.63 mrad, compared to the calculated one, 0.6 mrad, and when the length of the laser resonator is

changed, a double-peak or multi-peak in far-field distribution of the laser is obtained.
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To obtain a far suppressed single-peak field distri-
bution in a RF-excited CO; laser, much research work
has been conducted.['=7) In a rectangular waveguide
laser, whose waveguide can have different sizes and
Fresnel numbers in the two transverse directions, the
smaller Fresnel number N will keep N < 1, while the
bigger Fresnel number will keep N > 1, even N > 1.
In the traditional waveguide laser resonator theory, a
hollow rectangular waveguide is supposed to have in-
finite length with definite transverse dimensions, and
the mode of the hollow rectangular waveguide laser
resonator can be described by the waveguide mode

function. 891

According to the traditional hollow waveguide
laser resonator theory, the output mode of a rectan-
gular waveguide laser should be a high-order mode
or multi-mode of high orders, the far-field intensity
distribution of which should be double-peak or multi-
peak, but some experimental results have shown that
a rectangular waveguide CO5 laser can produce the re-
sult of a single-peak field distribution.['?! Tt has been
seen that the traditional waveguide resonator theory
cannot well explain the experimental results of the
spatially suppressed single peak of the intensity dis-
tribution. Therefore, in this paper, a theory called
quasi-waveguide resonator theory is put forward, the
output mode of the quasi-waveguide resonator is anal-
ysed, and the experimental results are in good agree-
ment with the results predicted by the proposed the-
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ory.

In practice, the rectangular waveguide laser used
consists of a total reflection mirror, an output mirror
and a section of rectangular waveguide which has a
finite length and the transverse dimensions of a x b
as shown in Fig.1. A roundtrip of the light wave in
this resonator includes two trips through the guide
and the propagation to and from the two resonator
mirrors through the free-space. In the absence of a
waveguide, the free-space resonator mode structure
and characteristics could be described by free-space
resonator theory. When a waveguide is present, the
effect of the waveguide will play an important role in
forming the stable axial and transverse mode struc-
ture of the resonator. Due to the combination effect
of waveguide and free-space propagation in the quasi-
waveguide resonator, the mode of the resonator will
not be a pure waveguide mode or a pure free-space
resonator mode. These characteristics make it inap-
propriate to describe the quasi-waveguide resonator
modes with free-space resonator theory and the tradi-
tional waveguide resonator theory. The propagation of
electromagnetic field in the quasi-waveguide resonator
is illustrated in Fig.2. Inside the waveguide, from M;
to My or from M, to M;, the electromagnetic field
is influenced not only by the waveguide aperture but
also the waveguide wall reflection effect. While out-
side the waveguide, from M; to My or from M to M3,
the electromagnetic field propagates in the free space.
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The diffraction loss in the quasi-waveguide resonator is
lower than that in the waveguide resonator. The free
space between the waveguide aperture and the res-
onator mirror makes the coupling loss different in dif-
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I

ferent mode, which characterizes the output mode of
the quasi-waveguide laser. This property of the mode
produced by the rectangular quasi-waveguide laser is
analysed by using the numerical approach.
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Fig.1. Diagram of the rectangular waveguide resonator.
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Fig.2. Diagram of the simplified model of light wave diffraction process.

The field distributions on resonator mirrors M,
M3 and waveguide apertures My, My are uo(To,Yo),
us(x3,ys) and uy (21, y1), uz(x2, y2) respectively in the
plane-parallel quasi-waveguide resonator illustrated in
Fig.1. Because the flat mirror has no effect on the cur-
vature of the propagation wave front, the field propa-
gation in the resonator can be modelled by the physi-
cal picture as shown in Fig.2, It can be seen that after
a round trip of propagating through the distance of
2d; in free space, passing through the waveguide ds,
propagating the distance 2d3 in free space to reach the
plane of M) and going back along the same path to
the plane of M, the starting field uq(z1,y1) becomes
u(z),y1). After g round trips of propagation, for the
steady field distribution, the field on the mirrors can
be expressed as:

Ulg+1 = YUlq, (1)

U2g 1 = YU2g, (2)

2/

2a><2b

ulqp(‘rb yl

where v is the propagation constant, denoting the
phase shift and amplitude attenuation.

Equations (1) and (2) show the steady field equa-
tions or the eigen equations in the cavity. When the
polarization of the light is taken into consideration,
Egs.(1) and (2) can be rewritten as

u14(71, Y1) = Uigp(1, y1)P + U1gs (71, Y1),

Uzq(T2,Y2) = p(ﬂﬂz 2)P + Ungs (T2, Y2)s,

uy (21, 91) = p(w’l VP + U (21, 18,

U2q (73,95) = (33/2 5D + U2gs (3,5)s,
q=0,1,2,..., (3)

where ulqp(xla yl)v U2gp (x27 yQ)a ullqp (Illa yll)a
u/qu(x/% yé) and Uigs (Ila yl)? U2qs (x27 yQ)a ullqs (Illa yll)a
uy,5(5,y5) are the p components and s components
of the wave field distribution. The propagation of the

field can be described by the following equations:

—ik

A1 Uigp(@1, y1)dz1dys,

P1
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2a><2b
( _1 e—ikp20 N e—ikp241 N e—1kp242
Ungp(22,Y2) Wy gp (1, Y1) TApl + ————TAp2
® P20 P2A1 P2A2
2a><2b
e~ ikp2c1 e~ ikpac2 L
+ | ——7rcs1 + —7res2 dxldylv
p2c1
e~ 1kp20 e ikp241 e~ ikp2a2
u2‘15(x27y2 ulqs xlvyl =+ TAs1 T ——TA4s2
P20 P2A1 P2A2
2a><2b
e~ ikp2c1 e~ ikp2c2
+ 7?0171 + ——7rcp dzdy;,
P201
—i e~ ikp20 e~ ikpza1 e~ ikp2a2
Utgp(T1,41) = // Usy, (T, 1) + repl + ———————TCp2
» P20 P24 P2A2
2a><2b
e~ ikp2c1 e~ ikpac2
+ | ———rgs1 + ———res2 dedyQ,
p201

In the above, rapi, ropi (i = 1,2) are the reflectivities
of p component wave reflected by aluminium surface
and ceramic surface respectively; and 744,705 (0 =
1,2) are the reflectivities of s component wave; p; de-
notes the route of wave propagation from M; to M7,
p2 represents the route from M; (or M{ in Fig.2) to
M inside the waveguide, p2 = pao, p241, p242, p201,
P202, P20 is the route of the wave propagating from M,
to Ma; paa1, p2az and pac1, p2c2 denote the routes of
the wave inside the waveguide while reflected by the
aluminium surface and ceramic surface respectively.
The loss of the wave field increases with increasing
number of reflections. In our calculation, we sup-
pose that the electromagnetic field is reflected only
one time on the surface in the waveguide before it
passes through the waveguide, which is good enough
for the accuracy of calculation.

According to Fresnel theory, the reflectivities of p
component and s component of the incident wave can

be written as:

o= tg(@i — Gd)
P tg(0 4 6a)’
- sin(@i — Hd)
s = sin(6; + 64)° 5)

where 6; and 64 denote the incident angle and refrac-

tion angle respectively. From the refractive law, we

q:O71’27"'7 (4)

can obtain:
sin 6; k; H2€E2
— = — = == = /lyEp. 6
sinfq  k; 11 Hir®r (6)

Here 64,7y, 75 can be determined by using €, = 5.5~
200, p, ~ 1M1 (for ceramic), according to Eqgs.(5)
and (6). The reflection of the wave field from the
conductive reflection surface can be described: for s
component,

(noko cosb; — p) — ig .
s = - - ) 7
" (noko cosb; + p) + ig prexp(=igr),  (7)

where ng is the refractive index of the medium in the
waveguide and ko represents the propagation constant
of wave in the medium.

In a good conductor, from p ~ ¢ ~ nk, and

N~ y/o2/(2weg) > 1, we can obtain

(noko COS 91 — 77)2 + 772
(noko cos0; +n)? +n?
2n0nq cos 6;

~1—~ycosb;, (8)

N —— ~ — 0;
(ng cos 6;) — 212 TSt

n =4/ 2we /oy < 1. (9)

The p component reflectance of the wave in a perfect
conductor is

(cosB; — ) —icosb;
Ty R

(cost; +v) —icosb; = pexp(-igy), (10)
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where
o _ (cosb —~)* 4 cos® 6;

~ 11
Al (cosb; + )% + cos? 6; (11)
2nokoq cos 6;

The reflectance calculation module of the metallic sur-
face and ceramic surface in the waveguide can be ob-
tained by using Egs.(5)—(12).

The near-field mode distribution of the experi-
mental results is shown in Fig.3(a) and the far-field
mode distributions of the experimental results are
shown in Figs.3(a), 4(a) and 5(a).
is based on the plane-parallel waveguide resonator

Our experiment

laser we have designed with the parameters (nor-
mal size): 2a = 20mm, 2b = 1mm, do = 200mm,
di = ds = 3mm, A = 10.6 um, the ceramic dielectric
constant!¥) €,=5.5; and the experimental mixture gas
is CO42:Ng:Heo(1:1:3) mixed with 5% Xe, the gas pres-
sure being about 1.3x10* ~ 2.7 x 10* Pa, and the RF-
excited frequencies being 70-110 MHz. The gas laser
medium distribution has little influence on the laser
output model because of the uniformity of the gas
medium. Theoretical results are shown in Figs.3(b),
3(c), 4(b), 4(c), 5(b) and 5(c). Figures 3, 4 and 5
show the different results for different lengths of the
laser resonator, which are in good agreement with the
experimental results. The field mode has several nodes
in x direction due to N, >1, while it has only 1 node
in y direction due to Ny, < 1. From the experimental

and theoretical results, it can be seen that the out-
put intensity distribution of the resonator field shows
a line of spots in the near field and a spatially sup-
pression in the far field in z direction.

The calculated and the experimental results of
suppressed single-peak far-field distribution are shown
in Fig.3, with the resonator parameters: 2a = 20 mm,
2b = 201.40mm, the distances be-
tween resonator mirror and waveguide aperture d; =

1mm, dy =
3.5mm, d3 = 3.507mm and the laser wavelength
A = 10.6 um. A single-peak mode output is obtained
within 5 metres using this resonator, and the exper-
imental far-field spread angle in the bigger- Fresnel
number direction is 0.63mrad, compared to the calcu-
lated one 0.6mrad. This means that the output light
field has the characteristics which the array waveg-
uide has. When the length of the laser resonator
is changed, a double-peak or multi-peak in far-field
distribution of the laser is obtained. The results are
shown in Figs.4 and 5.

In conclusion, a new kind of quasi-waveguide the-
ory is put forward in this paper, aiming to solve the
difficulties confronted by the traditional waveguide
laser resonator theory in explaining the characteris-
tic of wide waveguide CO4 laser output mode, based
on the experimental studies of rectangular waveguide
COg, laser; and the experimental results of the quasi-
waveguide laser output mode are in good agreement
with the theoretical ones.
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Fig.3. The single-peak distribution of output at different distances (the resonator length is 208.470 mm).
(a) Experimental spots; (b) theoretical spots; (c) theoretical intensity distribution.
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Fig.4. The double-peak field distribution of the output (the resonator length is 207.013 mm).

(a) Experimental
spots; (b) theoretical spots; (c) theoretical intensity distribution.
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Fig.5. The multi-peaks field distribution of the output (the resonator length is 207.000 cm). (a) Experimental spots;
(b) theoretical spots; (c) theoretical intensity distribution.
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It is proved theoretically that the rectangular
waveguide laser output mode may have double or mul-
tiple peaks in the far field, and in some situations a
suppressed single-peak output field distribution, anal-
ogous to the one produced by array-waveguide laser,
can be obtained, which is different from the one given
by the traditional waveguide laser resonator theory.
Quasi-waveguide laser theory given in this paper can
be used to explain the double-peak or multi-peak far

field characteristic and suppressed single-peak far field
characteristic of the rectangular waveguide laser si-
multaneously, indicating that this theory is compat-
ible to the traditional waveguide laser resonator the-
ory. For an ideal waveguide, the quasi-waveguide laser
resonator theory will change into the traditional laser
resonator theory, and thus can well characterize a real

wide waveguide laser.
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