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This paper theoretically analyzes excitation of linearly polarized waves in ring
chip lasers both of plane and nonplane geometry.

INTRODUCTION

The present-day solid-state chip lasers (solid-state lasers with semiconductor pumping) have found
wide use both in fundamental science and in technology [1]. The use of solid-state lasers in such areas
as coherent optical communications, remote environmental diagnostics, precision optical measurements,
metrology, laser gyroscopy, holography, and interferometry poses stringent requirements for the amplitude,
frequency, and polarization stability of generated radiation.

For this reason, the optimization of the characteristics of chip lasers, extension of their functional
capabilities, and development of methods to control their operating conditions still remain top-priority
tasks.

Of especially great interest are single-crystal ring lasers (ring chip lasers). Such lasers are fairly easy
to operate both in single-frequency traveling-wave mode and in self-modulation mode of the first kind [2],
which are of great practical importance.

One of the problems of current concern is the calculation of the cavity parameters that a ring chip
laser must have for one to obtain output radiation with the desired characteristics, specifically to generate
2 linearly polarized radiation. It is precisely this problem that the present work is devoted to.

A single-crystal ring chip laser is a complex polygonal prism manufactured from an optically homo-
geneous crystal (e.g., a YAG:Nd3* crystal). The crystal in such lasers serves simultaneously as an active
medium, a reciprocal and nonreciprocal optical element, and a cavity. The configuration of the crystal is
chosen so as to make the beam inside it follow a ring path on account of total internal reflection from its flat
faces and from the partially transmitting selective mirror deposited on its spherical face serving to stabilize
the operation of the ring cavity. The pumping radiation is injected into the crystal through this spherical
face. Detailed descriptions of chip laser design can be found in [1]. In the general case, the cavity of a ring
chip laser is nonplanar.

The cavity characteristics are usually calculated by means of the Jones matrices [3-5]. The beam
trajectory in a ring cavity is shown in Fig. 1. The beam path is specified by the four reflecting surfaces
whose normal vectors are generally noncoplanar. The dihedral angle 8 (the angle between the planes ABD
and BC D) characterizes the cavity nonplanarity. The total internal reflection of the beam takes place at the
points B, C, and D lying on the flat faces of the prism. The point A is on the spherical surface carrying the
vacuum-deposited multiple-layer dielectric selective mirror having a high reflectivity at the lasing wavelength
and a high tronasmissivity at the pumping wavelength. The curvature of this surface governs the stability
condition of the cavity and spatial characteristics of the output radiation.
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Fig. 1

Schematic diagram of the beam path in the nonplanar cavity of a ring chip laser.

Geometrically the beam path in the cavity (assuming its symmetry about the plane passing through
the points A, E, and C) consists of two isosceles triangles, ABD and BCD, with a common side, BD.
To fully define the beam trajectory in the cavity, it 1s necessary to specify the angle 6 and the lengths of
the line-segments AF and CE. And to completely define the characteristics of the output radiation, one
should take account of the change the radiation characteristics undergo on reflecting from the spherical
mirror surface at the point A4, i.e., one should specify the reflection coeficients and phase shifts for s- and
p-polarized waves. In the general case, one should also know the radius of curvature of the spherical surface
{to allow for the divergence of the output radiation).

CALCULATION METHOD

When making calculations, the active medium parameters were assumed to be homogeneous and
isotropic. The effects associated with the excitation of the active medium were not taken into account.
Considered were only the anisotropic losses at the output mirror and anisotropic phase changes due to total
internal reflections.

To analyze the characteristics of a ring chip laser, it is necessary to write the ring cavity path-tracing
Jones matrices. The coordinate systems and the method of constructing the ring cavity path-tracing Jones
matrices are traditional and have been described in detail in [4]. In these coordinates, the Jones matrices
for reflection from the mirror and faces of the prism are of diagonal form and are the same for on-coming
waves

Ma = rp exp(in/2) 0 —r, ip 0 M= exp(iA;/2) 0 ,
4 0 75 exp{—im/2) 0 —i 7 0 exp(—iA;/2)

where r, and 7, are the moduli of reflection coefficients for the s- and p-polarized waves, respectively
(p = rp/rs < 1is the relative reflection coefficient}, and A; is the phase shift resulting from total internal
reflection at the jth vertex.

Starting from the plane of the output mirror, one may obtain the following ring cavity path-tracing
matrices for on-coming waves

Mt = MAR(GAB)MBR(—GBC)McR(egc)MBR(—HAB), (1)
M~ = R(—64B)MpR(98c)McR(—6pc)MpR(Bap) M4,

where R(a) is the matrix of polarization rotation through an angle of « and 645 and fp¢ are the angles
between the planes of incidence at the vertices A, B and B, C, respectively. In the absence of cavity
nonreciprocity, M+ = M~.

So, the geometry of beam trajectory in the cavity possesses three degrees of freedom: two parameters
for specifying two isosceles triangles and one parameter characterizing the nonplanarity of the cavity. To
fully define the output radiation characteristics, including its polarization, one more parameter should be
specified, which describes the reflection of light waves from the dielectric mirror at the point A. For the
purpose, it is expedient to use the ratio p = r,/r, (0 < p < 1). Thus, the characteristics of output radiation
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of a ring chip laser can fully be described in terms of the following four parameters: & = AE/CE, 6, 3
and p.

It is well known that the mode polarization in a planar ring laser is linear. With the angle 8 other
than zero, the cavity is no longer planar, and so the cavity mode polarization generally ceases to be linear.
Let us analyze the relationship between the character of the output radiation polarization and the cavity
parameters.

Let a{b) be the major (minor) semiaxis of the polarization ellipse. The radiation ellipticity ¢ = b/a,
(0 < d/a < 1). In the case of linear polarization, ¢ = 0 and in that of circular polarization, ¢ = 1.

CALCULATION

Let us find the excitation conditions of linearly polarized waves in a nonplane (8 # 0) ring cavity
(the € values are calculated by means of the formulas presented in [4]). To this end, we will consider ¢ as
a function of the following four arguments: k, 8, 3, and p. Having fixed the values of k, §, and p, we will
consider € as a function of only the angle 8. Let us find out how the function ¢(8) will behave when £, 6,
and p are varied.

The calculation results are presented in Figs. 2 and 3. It is evident from these calculations that
changing p with the values of k and @ kept fixed has no effect on the behavior of the function {5} {the
positions of the points where (8 # 0) = 0 remain unchanged), while varying k£ or 6 causes the behavior
of the function €(8) to alter. Thus, when searching for the cavity configurations providing for the linear
polarization of the cavity modes (i.e., for € = 0), one can take it that the value p # 0 has no effect on the
final result.
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Radiation ellipticity € as a function of the angle Radiation ellipticity € as a function of the angle
of nonplanarity, 3, at various values of cavity pa- of nonplanarity, 8, at three k values: &k = 1.5,
rameters. k=3.5,and k = 5.5 (§ = 27°, p = 0.97).

We will continue next our calculation as follows: we fix the value of & and put 8 = 0. Using the
conditions of total internal reflection at the points B, C, and D, we find the maximum and minimum values
of the angle § for the planar cavity. For each value of the angle 8 € [0iin, fmax), Where the given range
of 8 values corresponds to a concrete value of k (Fig. 4}, we find, proceeding from the same conditions,
the maximum value of the angle 3. Using the total internal reflection conditions in the cavity under
consideration, one can easily obtain the following expression for Bmax as a function of n, k, and 8 (n is the
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Values of the upper (fmax) and lower (fmin) Angle By as a function of 6 at several k values:
boundaries of the domain of definition of the k=1,k=15,and k = 2.5.
function Gy(f) as a function of k.
crystal refractive index)
cos(20cr)y/ 14k2 tan (8)* — k sin(8) tan(6)
Bmax = T — arccos (2)

cos(8) ’

where 8 € [Omin(k), Omax(k)] and cr = arcsin (%) is the angle of total internal reflection at the faces of the
prism.

Next, with k and 6 specified, we find numerically the value of § = o in the range of angles 8 € (0, Bmax)
for £(Bo) = 0. _ '

Specifying the value of k and making such a calculation for each 8 € [fpin, fimax), Wwe get the function
Bo(8) defined on the line segment [fmin, Omax]. The boundaries of this line segment are assumed to depend
only on k, whereas Bnax is a function both of k and 8.

Based on what has been said above, one can determine the conditions under which linear polarization
1s possible in a nonplanar cavity. It is seen from the curves of Fig. b that when % is fixed, the value of
the angle of nonplanarity corresponding to the linear polarization condition is shifted toward smaller angles
as the angle 8 grows. One can also see that as the value of k is reduced, the curve of the function Sy(8)
shifts to the right. The curve of Byax(#) behaves similarly. Accordingly, the shift of the curve to the left
corresponds to the increase of the value of k. It should be noted that the shape of the curve changes as &
is varied: as k is increased, the curve starts to decrease quicker. Such a behavior is quite understandable,
for as k increases and 6 grows, the cavity becomes more and more plane.

The investigation has shown that as k is reduced, the curve of the function Bmax(P) shifts to the right
faster than the curve of By(#). At kcr = 1 these curves coincide: Fo(0) = Bmax(f). The last equality is
easy to prove. To this end, assuming that 8 = Buax, one should construct the matrix of the cavity by the
method described above and make sure that this resultant matrix (1) is diagonal. And from the diagonality
of the resultant matrix it follows that the polarization of the cavity modes is linear [4]. Thus, putting
k =1, n = 1.82, for the given case from formula (2) we get the function SBy(f) at 6 € [33.33°,56.67°] in
explicit form. As k is reduced further, the curve of 8y(6) shifts to the left of the curve of Bnax(f), i.e.,in a
nonplane cavity with the ratio k < k¢ g excitation of linearly polarized waves is impossible, no matter what
the allowable value of 8 # 0.
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It follows from the calculations performed that given certain cavity parameters, even very small devi-
ation of B from zero gives rise to a fairly perceptible ellipticity of output radiation. As can be seen from
the curves of Fig. 2, the sharpest change of ellipticity in the vicinity of 8 = 0 is observed in the case
corresponding to the following values of the cavity parameters: k = 2.36, 8 = 34.46, and p = 1. In the
given case, as 3 is increased, the radiation ellipticity grows higher to reach the maximum value of ¢ =1
at B = 0.101° and then decreases to vanish at 8 = 77.03°. As 8 is further increased to Bumax, the radiation
ellipticity grows higher again. It is also worthy of note that near the point # = 77.03° the radiation
ellipticity depends on £ not as strongly as in the neighborhood of zero. Assuming that the ellipticity in the
right-hand semineighborhood of the points 8 = 0° and 8 = 77.03° is linear in 3, one can approximately
determine the value of the derivative de/df in a small interval in the vicinity of these points: near 8 = (°
de/dB = 1860 deg™!, and near 3 = 77.03° de/dB = 0.06 deg™?.

CONCLUSIONS

Thus, it 1s demonstrated in this work that given a certain cavity geometry, excitation of linearly
polarized on-coming waves in a ring chip laser is possible. The necessary condition is obtained for the
existence of such waves, namely, ¥ > 1. With the value of k kept fixed, the values of the angles 6 and 8
are restricted by the conditions for the existence of total internal reflection at the faces of the prism. The
value of the angle 6 is limited both from above and from below. If the condition & > 1, 8 € [fmin, Omax] is
satisfied, there can exist Go € (0, Bmax] such that ¢(5y) = 0.

Given certain cavity parameters, the radiation ellipticity in the neighborhood of the points 8 = 0° and
B = Bo is found to depend strongly on 3, the dependence being stronger in the vicinity of zero.
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