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Abstract. Some waveguide_features responsible for angular structure of a plane-plane cavity
output emission, which were not discussed before, are considered. A number of common
regularities in mode structure of such cavity at the level of their elementary organization is
established. Among them are: the angular quantization of initial plane waves spectrum, the
real size of diffraction losses, the phenomenon of reorientation of plane waves in waveguide
propagation, the role of optical filling of the cavity, etc. The obtained data most essentially
supplement the traditional representations of mode properties in the area of the small cavity
apertures characterized by the Fresnel number about or less than unity.
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1. Introduction

Though all general laws of open cavity operation are con-
sidered as have been established [1], the properties of real
modes of laser emission still remain a subject of active
researches. In many respects it is explained by the break
existing between the theoretical model of open cavity,
which is generally considered as optically homogeneous,
and the specificity of any laser system with a particular
combination of optical elements. Naturally, such model
simplification may cause the loss of important aspects of
mode real formation process. It, in particular, also explains
an often discrepancy between experimental data with theo-
retical predictions.

The detection of structural anomalies in the far field
of the single-mode Nd™: glass laser with plane mirrors
and intracavity slit [2,3] gave the cause for the present
article. Though these anomalies had obviously regular
character, which had not been connected with the action
of random factors, any explanation within the limits of
existing theoretical conceptions [1,4,5] was not found.
Therefore, the immediate purpose of the article was an
attempt to construct a simple physical model of arbitrary
filled plane-plane cavity, which could give an opportu-
nity to analyze quantitatively the angular structure of
modes that it forms.
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2. Waveguide approach to description of an
open cavity

The Wainshtein’s idea about the analogy between an
open cavity and a segment of a waveguide, mathemati-
cal model of which was well developed [1,5], became very
fruitful for the theory of optical cavities. The field of any
mode in such cavity can be represented by the superposi-
tion of plane waves converging under a small angle on its
axis. As is known from optics, the similar superposition
has steady spatial structure, where number of field
extrema on the aperture of the cavity is determined by the
particular convergence angle of plane waves. For the
further consideration let us use the «semi-geometrical»
approach proposed in [1], which combines beam repre-
sentation of waves inside the cavity with their diffraction
transforms at the open edge.

The general scheme of plane waves propagation in this
case is shown in Fig. 1a. The two-dimensional cavity rep-
resented here contains simultaneously 4 plane waves
equally inclined relatively to the optical axis. The addi-
tion by pairs of 1-2 and 3-4 waves gives two waveguide
waves propagating in the cavity upwards and downwards
in parallel to the mirrors (Fig. 1b). The superposition of
close in direction waves 2-3 and 1-4 forms light beams
propagating along the optical axis (Fig. 1c). As the real
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Fig. 1. Schematic representation of plane waves in the cavity (a)
and their aggregation into a light mode (A,,) and into a guide
wave Ay, (b), where AB and EC is the normal and the front of plane
wave.

convergence angles of plane waves in the cavity are of
small value: a ~ 103+107, the distinction in lengths be-
tween light and guide waves is from 3 up to 5 orders of
magnitude.

The least obvious moment here is the reflection of
plane waves from the open edge of the cavity. The reflec-
tion effect for the incident wave, which interacts with the
edge, is caused by its diffraction on the aperture edges of
the cavity, and is similar to the diffraction of light on a
periodic pattern, just with the difference that the slit in
this case is only one (the open edge under the grazing in-
cidence angle), but the waves are numerous (the train, re-
peatedly «combined» in the cavity). The separation of the
total field maximum in the direction of the plane wave
mirror reflection from the aperture boundary of the cav-
ity becomes the result of this process [1].

A necessary condition of the effect is the severe pe-
riodicity of any wave front interaction moments for each
aperture edge. For this any normal of the initial wave should
propagate in the cavity by one of closed trajectories, which
are self-reproducing relatively the transversal pass around
the cavity (Fig.2a-c). All such trajectories satisfy the con-
dition

d=kal,, (1)

where k = 1,2,3... — the number of double passes between
mirrors during the wave round path in the cavity, a—the
angle of wave incidence onto the mirror (the inclination
angle of the wave), L, = ZI;/n; — the effective length of
the cavity, where /; — its homogeneous parts with con-
stant value of refraction index n; [6].

As is seen, the trajectory an arbitrary wave normal
forms the set of similar ring elements (Fig. 2), the number
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Fig. 2. Normal trajectories of plane waves at small values of k
parameter (for details see the text).

of which coincides with value of k index. The last should
not be confused with the transversal index of modes — at
the inclinations of waves which does not exceed the dif-
fractive divergence of the emission, all variants of the tra-
jectories correspond to the fundamental modes of the cavity.

At implementation of the condition (1) and for small
angles of wave deviation from the axial direction of propa-
gation, the significant part of their energy is reflected by
the open edges and remains in the cavity. The reflectance
of the guide wave is represented by the simple formula [5]:

A= -exp[-aﬁ(l - l')(27TLO/A)1/2]a (2)

where 4 — the relative amplitude of the reflected wave,
B=0.824, L,= 2I;n;— the optical length of the cavity,
A —thelength of a plane wave in vacuum. The phase mul-
tiplier in the right part of the formula means the phase
shift of the guide wave at reflection, which is possible to
be interpreted as a small displacement of the reflecting
plane beyond the aperture boundary of the cavity [1,5].

In view of stated, an arbitrary open cavity at the two-
dimensional representation can be described as a rectan-
gular cavity with two pairs of both real and virtual reflect-
ing boundaries. Each of plane waves, being transformed
during the reflection from one into another, seems to be
closed in the resonant cavity. A simple and evident inter-
pretation of this situation can be given. As is known, the
interference of unlimited plane waves forms two mutu-
ally perpendicular systems of nodal planes with zero field
intensity. Combining the boundaries of the resonant cav-
ity with the appropriate planes, we receive the limited
space with the same structure of the confined light field.
The two-dimensional images in Fig. 2 correspond to an
arbitrary section of such a cavity.
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We shall consider for the definiteness the cavity with
a slit aperture, located at one of mirrors. This cavity is
similar to that used in the experiments mentioned in the
introduction [2,3]. Its optical scheme is completely equiva-
lent to the cavity with one strip mirror and unlimited an-
other one (Fig. 3). The structure of transversal oscilla-
tions in it corresponds to the symmetric strip cavity of
double length [5], where during the complete pass of the
cavity by a plane wave, the mode makes 2k passes with the
period of 2L /c. Subject to this the complete number of
double passes of plane waves in the cavity and their edge
power reflectance can be presented, accordingly, by for-
mulae

k=dRaL,, 3
R ;= exp[-4aB(miL,/A)"]. @

After the substitution in (3)—(4) of parameter values
which are typical for Nd+: glass lasers: d = 2 mm, a =
2104, L, = 500 mm, L, = 400 mm, A =1060 nm, we re-
ceive k =12, R;=0.58.

As it was already noted, the length of the guide wave
coincides with the period of fringes at the interference of
plane waves. It is essential, that the structure of these
fringes does not depend on the presence of optical ele-
ments in the cavity: at passage of a superposition of plane
waves through a boundary of two media the width of fringes
Al2a is kept due to the proportional change of A and o
values in each medium. It follows from this that at any
optical filling of the cavity the guide wave fronts do not
suffer distortion — the cavity remains homogeneous for
them. This fact completely equalizes the waveguide rep-
resentation of both empty and arbitrary filled cavities
and makes it possible to spread the well-studied laws of
waveguide oscillations in the ideal cavity [1,5] onto the
last one.

3. Phase matching of waves

There is a value in the theory of cavities, which has no
analogs in usual optics that sometimes complicates its clear

Fig. 3. Scheme of the cavity with one-side aperture diaphragming.
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perception. It concerns to the phase correction for modes
revealed at the rigorous analysis of field intracavity oscil-
lations [1,5]. The waveguide approach allows to consider
features of this phenomenon in the most evident way.

As it follows from the simple geometrical considera-
tion, the phase incursion for the plane waves and for the
modes they form in the cavity is different [1]. Really, the
wavelength of the total field of waves Ay exceeds the length
of each of them in 1/cosa = (1+0a%/2) times, that is illus-
trated by the ratio of AD/AB segment in Fig. 1b. The
mode spatial retardation associated with it equals to 27(1-
A BI/AD)=27cf phase shift for one elementary wave field
oscillation. For double pass of waves between the mirrors
this retardation becomes equal to 27TcP2L/I(1+a?%/2) =
47,a%/A, and for the complete round pass of the cavity it
increases 2k times, reaching

A= 4rl ad/AL,. ®)

The phase correction for modes, usually used in the
theory, is required for calculation of exact values of their
frequencies [1,5], here coincides with the value of a mode
phase increment retardation for the pass of the cavity rela-
tively to the increment of a plane wave following the same
direction:

5=2mL,a?/A. 6)

The meaning of the found A value is another. The
energy state of the field in the cavity depends on complete
phase shift of the mode relatively to its plane components.
The most favorable situation in this respect is the deter-
mined by the equation

A, =21m+1), (7)

wherem =0,1,2.... If the condition (7) is obeyed, the phase
self-coordination simultaneously for all light fields is
reached in the cavity. In this case the angle between the
plane wave normals and the axis according to (6) is rep-
resented by the formula

0y = ALy(m + 1)/2Lod. (8)

Beside the negligible multiplier the received value co-
incides with plane waves convergence angle of the empty
cavity mode, where m — transversal index of the mode
[1,5]. Atusual for solid-state lasers values of parameters —
L, =500 mm, L, =400 mm, A = 1060 nm, d = 2.0 mm —
the formula (9) for m = 0 gives a, =210

From the formulae (3) and (9) it is not difficult to find
the connection between indexes k and m:

k= d*L /AL (m+1) ©)

Parameter k,, determines here the number of wave
double passes in the cavity at the mirrors incidence angle
of a,,. The number of passes grows in process of m value
reduction, reaching the maximum at m = 0, when the in-
clination of plane waves according to (8) is minimal.

SQO0, 3(3), 2000



S. Anokhov: Simple waveguide model of arbitrary filled plane-plane cavity

4. Diffraction losses

The waveguide approach gives the most simple interpre-
tation of plane-plane cavity diffraction losses, connect-
ing them with the light power which is lost at diffractive
reflection of guide waves from the open edge [1,5]. To
have an opportunity to compare quantitatively these losses
with other ones (radiation output through mirrors, scat-
tering on optical heterogeneity, absorption, etc.) it is nec-
essary to use their values appropriate to plane wave dou-
ble pass in the cavity [1].

For this purpose we shall pass from units of power R
to exponential parameter of losses y= -InR,;. As it was
already specified, the closed wave trajectory contains 2k
of plane wave double passes between mirrors and two
diffractive reflections from its aperture boundaries. In view
of this the parameter of a wave diffractive losses, which
corresponds with its two passes between mirrors, is de-
termined by the ratio y;= -2InR ;/2k or

Va = 8ba*L(pL/)"2/d. (10)

At the typical conditions of the cavity’s operation the
resonant condition a = @, is obviously met, therefore it
is possible to write the formula (10) as

Va= B(T12)*(m + 1)X(L,/Lo)* 18 N2, (1
where
N =d?8AL, (12)

—is the Fresnel parameter of the arbitrary filled cavity
with one-sided aperture. As is seen, in contrast to the
Fresnel number for the similar empty cavity, the param-
eter (12) contains the multiplier (L,/L,)*?. At the growth
of the cavity optical filling, which means the increase of
distinction between lengths L, and L, in favor of the last,
the diffractive losses reduce.

The formula (11) makes clear the reason of failures
with the practical realization of «large effective length»
cavities — one of the most enticing offers for angular se-
lection of laser radiation. The idea consists in introduc-
tion of a telescopic system into a plane cavity to reduce its
angular aperture up to just one Fresnel zone without the
vignetting of an active element [1]. Thus, the consider-
able growth of the cavity effective length L, is reached at
L, = const, which, as is clear now, results in keen (~ L3?)
growth of diffractive losses. These losses become the stum-
bling block for any attempts to change excessively the
natural balance between values of L, and L.

5. Effect of waveguide trajectory reorientation

One of the key parameters of waveguide mode represen-
tation is k — the number of wave double passes in the
cavity. On its sense k has an integer value in principle.
Let us consider what will happen with the light field struc-
ture in the cavity at smooth change of its aperture or
length? The answer is unequivocal: the angle between
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plane wave normals and the axis will evolve in this case
an oscillatory manner, where its monotonous change ac-
cording to the formula (8) should be periodically inter-
rupt by fast returning into the area of optimal values with
the change of k value on one unity.

The spasmodic change of plane wave inclination
means the system transition from one stationary condi-
tion into another with the change wave pass number in
the cavity. Thus, the configuration of the wave trajectory
(Fig. 2b-c) changes by jump on one ring element with
complete reorientation wave normals in the cavity. It is
logical to suppose that the experimentally observed in-
stability of the far field angular structure at monotonous
change of the cavity aperture [2,3] is connected to this
phenomenon as well.

Conclusion

As s seen, the analogy between a plane-plane cavity and
a waveguide segment makes it possible to use a model of
the closed cavity with partially transparent walls during
the analysis of its properties, where the reflectance of
side boundaries varies together with the inclination of
plane waves (quasi-plane — at the small apertures). In
this connection the plane waves can be considered as real
components of intracavity field, the structure of which in
this case is the subject of simple analytical calculations.
As it was shown in the article, the simultaneous use of two
cavity spatial characteristics — its optical L, and effec-
tive L, lengths — is sufficient for taking into the objective
account the role of cavity optical filling.

According to the initial task, the basic attention is
given to determine the roles of parameters responsible
for the angular structure of the output emission. It was
established that the convergence angle of plane wave com-
ponents of a mode is not only distinct from the diffraction
one but also depends in some complex way on geometri-
cal parameters of the cavity. It is necessary to pay atten-
tion to the fact that all ratios received in the article con-
tain just really controllable values. This circumstance
extremely simplifies an experimental verification of their
reliability. The most perspective area of above ratio ap-
plication is the aperture range characterized by the
Fresnel number close to unity, when full round of the
cavity by plane waves is realized for rather small number
of their passes between mirrors.
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