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We present an approximate analysis of the nonlinear operation of the
hollow-waveguide laser with Gaussian reflectivity profile output mirror, in-
cluding gain saturation and longitudinal- as well as transverse-field distribu-
tion of the laser mode. The model presented is general and can be applied to
the study of an arbitrary configuration of the waveguide laser.. In particular,
the laser characteristics show the influence of the position of the output mir-
ror and the Gaussian mirror parameter on the power efficiency of the laser
system. It was shown that optimal position of the output mirror, which pro-
vides maximal power efficiency (with other parameters constant), depends
on output power level and the mirror reflectivity coefficient.

PACS numbers: 42.60.Da, 42.60.Lh

1. Introduction

Hollow-waveguide lasers [1-4] have become one of the most commonly used
laser structures in many applications. They have been intensively studied theo-
retically [5-11] as well as experimentally [12-19]. The efforts to demonstrate and
characterise different devices with different gases (especially with CO3) as an ac-
tive medium, and experiments with different resonators and waveguide types have
been reviewed in several very good papers [20-22]). However, most of the theo-
retical works consider mode behaviour of the passive resonators of the various
configurations. In particular, mode structure and loss minimisation in waveguide
resonators have been analysed. It has been found that three low-loss reflectors -
geometries exist, i.e., when the large radius R mirrors are very near the guide (so
called “dual case I”), when the distance between the large radius R mirror and the
guide entrance is approximately equal to R (“dual case II”), and finally, when the
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mirrors are set at the Rayleigh range of the EHj; mode approximating Gaussian
mode (i.e., TEMgo beam having maximum overlap with EH;j; across the guide
-aperture — “dual case III”, see for example [23]).

Moreover, transverse modes of active hollow waveguide resonators have been
investigated [11]. It has been shown that the deviations from passive waveguide
modes, resulting purely from the presence of the active medium, can be neglected
for parameters representing.typical experimental situations of single-guide CO,
waveguide lasers (with a guide cross-section of a few mm?). The thermally-induced
index profile of laser gas already causes more efficient inversion exploitation over
the cross-section and supports transversal, single mode operation of the laser.

More recently, the approximate method describing nonlinear operation of
the hollow-waveguide laser including transverse field distribution has been de-.
veloped [24-27]. A simple approximate expression describing dependence of the
output power on the global small-signal gain coefficient, the distributed losses, the
mirror reflectance, and the transverse mode distribution has been derived. How-
ever, the model presented in [24] is confined to the “dual case I” and it gives -
the results, which are in good agreement with the exact solutions [28-37] in the
low-power limit.

More general model of the nonlinear operation of the hollow-waveguide, valid
for the arbitrary configuration of the waveguide laser and the wider power range,
has been presented in [38]. It has been shown that the optimal position of the
output mirror (which provides maximal power efficiency of the laser system with
the other parameters constant) depends on the output power level and the mirror
reflectivity coefficient. Moreover, the laser characteristics show that introducing
an additional device into the cavity causes dependence of the power efficiency on
which end of the laser the light power is extracted from.

~ In this paper we extend the approximate model presented in [38] to de-
scribe the nonlinear operation of the hollow-waveguide laser with Gaussian mir-
ror [39-48]. In general, the utilization of the Gaussian-reflectivity mirror provides
the good transverse selectivity for the lowest-order (fundamental) mode. Thus,
using Gaussian reflectivity mirror as a transmission one makes possible improv-
ing quality of the generated beam. However, because the Gaussian behaves in the
different way than classical mirror [49], the boundary conditions for the electric
field of the laser mode requires some modifications (in comparison with the model -
presented in [38]). Moreover, we can also expect that the coupling losses between
waveguides modes and free-space modes will be changed and different low-loss
reflector geometries will exist.

In the next section, the theoretical model of the nonlinear operation of the
hollow-waveguide laser with Gaussian mirror is presented. With the help of the en-
ergy theorem and threshold field approximation an approximate expression of the
small signal gain as a function of output power and the characteristic system pa-
rameters is derived. In particular, this expression makes possible the investigation
of the effect of the Gaussian mirror on nonlinear operation of the hollow-waveguide
laser. It is worth noting that it is valid for arbitrary laser configuration. Laser char-
acteristics showing the behaviour of the coupling losses and power efficiency of the
laser structure are presented in Sec. 3. Section 4 gives the conclusions.
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2. Energy theorem for the hollow-waveguide lasers

We analyse the rectangular waveguide laser shown in Fig. 1. The laser con-
figuration consists of hollow waveguide with distributed losses o (in general, dif-
ferent for different transverse modes) and the length L, filled with the gas active
medium with a small-signal gain coefficient go. The end mirrors “classical” and
“Gaussian”, are set at distance z; and z; from the waveguide, respectively. The
“classical” mirror has curvature radius R.. Its amplitude reflectivity coefficient p.
is uniform in the plane of the mirror. The Gaussian has curvature radius Rg. Its
amplitude reflectivity coefficient pg varies with the radial distance from the center
of the mirror according to pg(r) = poexp (—r?/w2), where wg is the Gaussian
mirror parameter [39, 40] and pg is the amplitude reflectivity at the centre of the
mirror. :

REGION | REGION it REGION I
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Fig. 1. Hollow-waveguide laser configuration considered in this paper.

For generality we also assume nonzero distributed losses in regions between
the waveguide and the end mirrors (regions I and II in Fig. 1), described by the
distributed loss coefficients o; and as, respectively. These distributed losses can
represent many effects, in particular, they can represent losses in other extracavity
devices such as modulators and polarizers.

For our laser structure the electric field of the laser mode can be written

" (similarly as in [38]) in the following form:

EI II,I1I (CI? Y, Z) RI 1I, IH(Z)EI AT, III( z,v, Z),

R,gnm gnm R,gnm
I 11,111 111,111
Eggnm(®:9:2) = St () Eg gim (2,9, 2), (2.1)

where RUILII(z) and SLILIT(Z) are the complex amplitudes of the two counter-
-running waves of the laser mode, in free-space (regions I and II) and in the
waveguide (region III), respectively. E};;;g(«: y,z) and EéI;nI,I,f(m Y, z) describe
appropriate transverse field distribution in the free-space (the Hermite—Gauss or
the Laguerre-Gauss modes [27]). In our case in region I we have E} ,....(2,9,2) =

E% iam(2,9,2). In region II, because of Gaussian mirror acting, we have
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ER (@, y,2) # EY nm(2,9,2). In the waveguide we have the waveguide
modes [5,12] ERY | (2,y,2) = B m(@,y,2) = E (2,9, 2). Subscript ¢ de-
notes longitudinal mode number. Subscript nm describes transverse mode number.
In our approach we assume that the active medium is homogeneously broadened,
spatial hole burning and the mode competition are neglected, and finally, the fre-
quency of the laser mode is centrally tuned.

For this assumption, an energy relation for our laser structure, according
to [38], can be written in the following form:

. . 21
35 (1R — S ) = ~20 (|Rh* + [Shun) 0

21+L

e 2o (R + jsm )

11+L

~205 (|BiL " + |SEL )

21+L

2 2 2
—— gof(@,v,2) (|RYfL|* + |SHL ) | AL, | war| . @2
Brn (1B 14 (R lsi, ) Eg, P e
T,y PS 21
where Ps is the saturation power and the normalisation factor || E11L is given by
gnm

ERL || = ff |ELL, '2 dzdy, where the integral is carried out over the cross-section
of the waveguide. Moreover, the normalised function f(z,y, z) describes the spa-
tial distribution of the small signal gain, which in general, depends on the pumping
of the active medium. '

In order to integrate Eq. (2.2) over the length of the structure we should -
specify the boundary conditions. Because of the Gaussian mirror, they should be
modified in comparison to the model presented in [38]. Thus, in our case the new
boundary conditions can be written in the following form. At the ends of laser,
z =0 and z = Ly, we have :

R ()] = pc? [SLm (0)]

(1—a?—p:?) lsénm(O)IZ// ]E;nnz(w,y, 0)|* dedy = PS,,, (2.3)
z,y :

and , \
| Bnm (Leot)|” P2 = |SE, o (Lsar)|?,

2 2 »
(1 —_ag - Pgﬁ‘) leam(LtOt)I // ,Egzm(m’ Y, Ltot)l dzdy = Polfxt’ (2'4)
z,y v

where a; and ay are the point loss coefficients at the mirrors, total resonator length
equals to Loy = 21+ L+ 23, Pouy = PR, + P35, describes the total power escaping
from the laser and the effective reflectivity of the Gaussian MIITOT peg, which, in
general can be defined as [46]

1

' .ff:i,y . E}?I,qnm(a"i Y, Ltot) exp (—%tgﬁ) d(l?dy
peft = Po. a (2.5)-
ff:v,y E.Il%,qnm(mi Y Ltot) dl’dy
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The boundary conditions at the waveguides ends, z = z; and z = z; + L, can be
written as follows:

|anm(21)|2’7. |R£InIm Z1 | |anm 2+ L)I s = | {]E»m(zl + L)Iz’
and ' '
Isgzlm(z )| 77°Ut l nm(zl)l2 ’ |ngm(zl + L)lznizn = IngIm(zl + L)|2 (26)
out

M3(2) is the power coupling coefficient between the waveguide modes and free-space
modes [38] defined as follows: :

out

N2 =

’ 2
(ff . {Eén‘m [e,9, 2101 + DY ESD ol 2121 + L)]*} dmdy>

ffa;,y |E§¥-Em[:l:, Y, Zl(zl + L)]Izdwdy ffx,y I(II)

. 2 » (2.7)
ES(R)qnm [23, Y, Zl(zl + L)]l d.'l:dy

where Eg.((lg) gam is free-space mode excited by waveguide mode. 77i1?2) is the power
coupling coefficient between free-space modes and the waveguide modes [38] de-
fined as follows: '

.77i1?2) =
' 2
(ff:c y [EgH"“[m’ ¥, Z1(Z1 + L)]E}Q(E.?)qnm[m’ Y, 21(2:1 + L)]*] da}dg) (2 8)
2 » 4
ffxﬂ | ‘gllm[a: Y 21(21 + L) | dil!dy ffw W g:([.IS‘))qnm[m Y 2'1(2‘1 + L)]\ di’)dy
where Efg( s)) gnm is free space mode incident on waveguide cross-section. It is worth

noting that in general, for the arbltrary waveguide structure geometry with arbi-
trary end mirrors, M2 and 771(2 can be different.

In order to calcufate effective reflectivity of the Gaussian mirror and power.
coupling coefficients we need to specify appropriate transverse field distribution in
three regions of our laser structure.

In general, the transverse distribution of the laser mode inside the waveguide
is determined by the geometry of the waveguide and is described by waveguide -
modes [5, 12, 38]

cos (N cos [mm even
E;Em(m,y, z) - { sin (%—) X sin (—2%)}’ mm= { (2.9)
In our model, because of the presence of the Gaussian mirror, we assume that laser
action inside the waveguide develops on the fundamental wavegulde mode EHy;
given by Eq. (2. 9) withn=m=1.

On the other hand, in free-space region the electric field is described by
the Hermite—Gauss modes. However, because of the transverse mode selectivity
of the Gaussian mirror, we can assume that in this region, the laser operates on
fundamental Gaussian mode
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1(11) _owo k(4?1 QX
Ep($)gnm (®:4:2) = wg(2) exp{ 2 R(z)  mw2g(2)
wo ik(z?+y?) 1 } '
= expl ———= 2 4 2.10
TR R e 2100
where wy is the beam waist, wg is the Gaussian parameter, the phase front curva-

ture radius is denoted by R, ) is the wavelength in the free-space region, k = ZT”

is the wavenumber and ¢ is the complex beam parameter.

Now, using the field distributions, Eq. (2.9) with n = m = 1 and Eq. (2.10), it
is possible to calculate spatial overlap integrals between waveguide and free-space
describing coupling efficiency, Egs. (2.7) and (2.8), as well as effective reflectivity -
pert of the Gaussian mirror, Eq. (2.5).

First, we consider the coupling between the waveguide mode and free-space
mode. It is well known [5] that the fundamental waveguide mode excites with the
maximal efficiency the fundamental Gaussian mode having Gaussian parameter
equal to wg = 0.703a (where a is the waveguide cross-section) and flat phase front,
ie., 1/R = 0 (see also [49]). In this case the coupling efficiency 7]‘1’%‘;), which is
simultaneously power transmission from waveguide to free-space, is equal to 0.98.
Thus, we can assume that the waveguide mode leaving the waveguide transforms
itself into the fundamental (free-space) Gaussian mode having beam parameters
equal to wg = 0.703a and R = oco. Now, we can use Kogelnik transformation
[42] to determine the spatial field distribution of the laser mode in free space
(i.e. in regions I and II), instead of time consuming analysis based on diffraction
theory. Thus, using appropriate ABC D matrices (one including reflection from the
classical mirror and the second one taking into account reflection from the Gaussian
mirror [39, 40]) it is possible to calculate the transverse field distribution of the
wave incident on the Gaussian mirror and waves coming back to the waveguide,
ie., EY gnm(%, ¥, 21) and qunm(w ¥, L + z1), respectively. Furthermore, using
Eq. (2.8), the power coupling coefficients n"zt) between the free-space and the -
waveguide modes as well as effective reﬂect1v1ty of the Gaussian mirror pes defined
by Eq. (2.5) can be determined.

Integration of Eq. (2.2), taking into account boundary conditions Egs. (2.3),
(2.4), (2. 6) results in

|anm(Lt0t)| (1 - peﬂ‘) + | qnm(o)l (1 - pCZ) + |anm(zl)|2 (1 - ﬂi1n

+|SH(20)]” (1 = 0g*®) + |RIEL, (21 + L)|* (1 — n3%)
I ( 1 2 1 2
+ 158+ D (L= 1)+ [ 201 (R0 + (S )

21

z1+L
+ [ 200 (|REGI + S () a2
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Lot I 9 - k
+~/z1+L 203 <|anmm,,( )' + 'Sqnmmn(z)l )dz = I EIII I

/w / / 90f(@,9,2) (|BSn ()" + St ()]) | BHL,

(IR, () +|s1,. ()]?) |Ew,, |2
, Pg

dzdy.  (2.11)

This relation is exact and describes the energy conservation theorem for
hollow-waveguide lasers having resonator with the Gaussian mirror.

Similarly as in [26], we use that relation as a starting point in our approx-
imate analysis. We approximate the field distribution appearing in the energy
theorem, Eq. (2.11), including nonlinearities, by the one existing in the linear
structure, i.e. satisfying linear equations (valld at the threshold operation) for the
bounda,ry conditions, Eqgs. (2.3), (2.4), (2.6). It is worth noting that approxima-
tion has been verlﬁed for two-mirror lasers [50] as well as for distributed feedback
lasers [26]. Moreover, this assumption has been also confirmed experimentally [11].
According to this, we assume that R{;LI(z) and SHILIT(z) are proportional to
the threshold ﬁeld distribution. Thus, we have in the region I (for 0 < z < ;)

|R}1nm(z)|2 = A? ekp(—?alz),

1 2 _ A2 9 ' 9 12)
|Sqnm(z)| - ;‘z"exP( (112), : ( .
in the region II (for L + 21 € 2 < Liot)
|anm( )l = —exp[ 2“2(z - Ltot)];
|S5,n(2)|* = C? expl2as(z - Luor)), - (2.13)

and in the waveguide (region III, z; < 2 < L + z1)
2
|R¥'zlm(z)| = B2 exp[27(z - zl)])

|SIII (z)|2_ ] 32
o I NS exp(—4da121)

where constant v is given by

1 1
¥ = 200121 + 20929 + In : )) . (2.15)
2L ( \/nxln ntlnut,rlan ﬂgUtPcPeff .

According to the boundary conditions (2.3), (2.4) and (2.6), the relations between
the field amplitudes A, B, and C, can be written in the following form:

2
42 = pr@(arn) d O = B exp(2aym) B (216)
Uj1 Ui/ ia/p)

Moreover, taking into account boundary condxtxons (2:3), (2.4) and (2.6), the field
distributions (2.9), (2. 10) and the relations (2.16), we can relate the field amplitude
B to the output power in the following way: :

exp[—2v(z — z1)], (2.14) _
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1_
B = Pow i ( 9 = 08 | B,y (2,3, )|

exp(2a121) Py
C g2 2 -1
— a3 — Pest gl
+ Peff < nmnoutnm ” ’qmn(iL‘ Y Lt°t)”) * (2']‘7?

Combining the approximate field distribution for R%,,(z) and S%,,(z), Egs. (2.12)-
(2.14), and the expression for the field amplitude, Eq. (2.17) (together with the
relations (2.16)), with the energy theorem (2.11) we obtain

oo = { [(exp@r) - 1 - (exp(-272) - n2RE)] (14 20)

penirnpmt v

2)D(z) IEHInl

11+L
ko / / f(m’y’ dedy |, (2.18)
ﬂmn Eg}ml D(z) Egm )

Yy
where the longitudinal intensity distribution is given by

Peft nmnoutnm

Relation (2.18) is an approximate expression relatlng the small signal gain coeffi-
cient to the normalised output power and system parameters for hollow-waveguide
lasers having Gaussian mirror. This relation is valid for arbitrary configuration of
the cavity.
Using this formula the systematic study of nonlinear single mode operation
“of the waveguide laser with Gaussian mirror is performed. The output power
characteristics revealing an influence of system parameters on laser operation such
as arbitrary mirror reflectivity, Gaussian mirror parameter and geometry of the
cavity are obtained.

exp(4ayz
D(z) = exp[2v(z — z1)] + exp[—2y(z — zl)]%, (2.19)
Pemi M v
and the normalisation constant N is deﬁned by
_exp(20n21) |1 - a? — p?
N= Pe l: Pe nm < ”ES qmn(m Y, 0)”
1—a}—p2
+ — || R,gmn (1:, Y, Ltot)” (2.20)

3. Laser characteristics

In Sec. 3 we describe the results of numerical evaluation for the rectangu-
lar waveguide structure shown in Fig. 1. In our calculations we assume uniform
pumping of the active medium in waveguide region (f(z,y,z) = 1). The power
is extracted through the Gaussian mirror and the reflectivity of the conventional
mirror is equal to unity. The radius of the curvature of the end mirrors is equal
to R = Rg = 200 cm, the length of the waveguide is equal to L = 1 m. In
our calculations, the spatial distribution of the waveguide mode is described by -
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the passive waveguide modes, since, according to [38], the deviations from passive
waveguide modes resulting purely from the presence of the active medium, can be
neglected for typical experimental parameters of single-guide CO, waveguide laser
considered in this paper.
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Fig. 2. Power coupling coefficient 73" as a function of the normalised to the mirror
curvature radius Gaussian mirror position z2/Rg for three values of the Gaussian mirror
parameter wg. Gaussian mirror curvature radius is equal to Rg = 200 cm.

First we consider the behaviour of the power coupling coefficient 7i® between
the free-space wave reflected from the Gaussian mirror (region II) and incident on
the waveguide aperture (at z = z; + L; see Fig. 1) and the waveguide mode.
In Fig. 2 this power coupling coefficient, i.e. 7i?, is plotted as a function of the
normalised to the mirror curvature radius Gaussian mirror position. We assume
the square cross-section of the waveguide and consider height (or width) of the
waveguide as a parameter. The characteristics are obtained for two values of the
Gaussian mirror parameter wg = 1 cm and wg = 0.1 cm. It is worth noting that:
the Gaussian mirror tends to the classical one when the value of the parameter wyg
increases.

As we can notice, for the moderate values of wg (i.e., wg = 1 cm), simi-
larly as in hollow-waveguide laser with classical mirrors, there exist three reflector -
configurations (corresponding to the dual case I, II and III) resulting in relatively
high coupling efficiency. However, with decreasing Gaussian mirror (GM) param-
eter (the profile of the reflection coefficient of GM becomes sharper) the coupling
efficiency decreases remarkably and the optimal position of the Gaussian mirror
is close to the waveguide aperture only. This effect is caused by the fact that
simultaneously the spot size of the reflected from GM wave decreases (for small
values of wg the spot size of the reflected wave practically equals wg) and, as a
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consequence, the divergence angle of the coming back wave becomes greater. This
also justifies the fact that in this case the best coupling efficiency is obtained for
the waveguide with greater cross-section.

Moreover, it is worth noting that the effective reflection peg of the Gaussian
mirror depends not only on po (like in classical mirror) but also on the Gaussian
mirror parameter wg, the radius of the curvature of GM Ry, the position of the
Gaussian mirror with respect to the waveguide and on the waveguide cross-section.
It can be easily ‘explained as follows. According to Eq. (2.5) pes is not only deter-
mined by po but also by the ratio of the spot size of incident on GM wave (which
is sensitive to the cross-section of the waveguide and to the distance between the.
waveguide and GM) to the Gaussian mirror parameter. When this relation takes
on small values the incident wave is reflected mostly by this part of the Gaussian
mirror which has relatively high reflectivity coefficient. Otherwise the effective .
reflectivity pesr becomes small. { ‘

Thus, as we can see in Fig. 3, the effective reflectivity peg of the Gaussian
mirror decreases remarkably when we move out GM from the waveguide (the spot
size of the incident wave increases) and when the Gaussian mirror parameter wyg
decreases (GM has the ”sharp” profile of the reflectivity coefficient).
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Fig. 3. Effective reflectivity of the Gaussian mirror pes as a function of the normalised
to the mirror curvature radius Gaussian mirror position z2/Rg for three values of the
Gaussian mirror parameter wg. Gaussian mirror peak reflectivity is equal to po = 1.0.
Gaussian mirror curvature radius is equal to Rz = 200 cm.

Fig. 4. Small signal gain go as a function of the Gaussian mirror peak reflectivity po
for three values of the Gaussian mirror parameter wg and for three values of waveguide
cross-section a. Gaussian mirror peak reflectivity is equal to po = 1.0. Both end mirrors
curvature radii are equal to R. = Ry = 200 cm. Waveguide length is equal to L =
100 cm. Normalised output power is equal to Poyi/Ps = 0.01.
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In Fig. 4 the small signal gain go is plotted as a function of the output
mirror peak reflectivity coefficient po for various Gaussian mirror parameters wyg
and various cross-sections of the waveguide and fixed mirror position (z; = 2z =
0.1 cm). The distributed losses outside the waveguide are neglected.

As we can notice, for small Gaussian mirror parameter (i.e., wg = 0.1 cm
and 0.01 cm) with increasing peak reflectivity po the small signal gain go decreases
monotonically. In that case the maximal output power is obtained (for given pump- -
ing level) for po = 1. However, this value of the py does not necessarily provide
maximal power efficiency of the laser system.

Furthermore, for greater values of the Gaussian mirror parameter (i.e., when
GM has “soft” profile of the reflectivity coefficient) there exists optimal peak
reflectivity po resulting in small signal gain required to maintain given output
power. It is worth noting that in contradiction to the hollow-waveguide laser with
conventional mirrors (compare Fig. 2 in [38]) in the present case (i.e., when the
cavity mirrors are close to the waveguide) the small signal gain increases with
increasing waveguide cross-section. This is caused by the fact that although the
volume of the active medium is enlarged but simultaneously the spot size of the
wave leaving the waveguide and incident on GM is increased and, as a consequence,
the effective reflectivity of Gaussian mirror becomes smaller (compare Fig. 3).

Moreover, the optimal value of py depends on the waveguide cross-section
and is shifted towards smaller values with increasing width (height) of the wave-
guide.

In Fig. 5 the small signal gain go is plotted as a function of the normalised
(to the curvature radius of the end mirrors) mirror positions for various mirror
parameter wg. The height (width) of the waveguide is a = 0.18 cm and the output -
power level is Poys/Ps = 0.01. The solid lines describe the behaviour of the laser

_operation when the classical mirror changes its position and the Gaussian mirror
is set at the waveguide aperture. The dashed lines show opposite situation.

As we can notice the laser operation depends remarkably, on which mirror
is moved out from the waveguide. If we keep the Gaussian mirror close to the
waveguide aperture two optimal positions (resulting in minimal values of the small
signal gain) appear. In general, they correspond to dual case I and IT, however they
are shifted towards smaller values of the normalised distance in comparison with
the positions predicted by linear analysis [4, 5, 23]. This effect is a consequence of
the gain saturation in the laser and it is discussed in detail in [38].

If we change Gaussian mirror position and keep classical mirror close to the
waveguide, the behaviour of the laser characteristics depends remarkably on the
value of the Gaussian mirror parameter wg. For the “soft” reflection profile of the
GM (i.e., wg = 1 cm) the small signal gain behaves similarly as for the classical
mirror, and in this case alsoé two optimal positions exist.

However, as we can notice, when the distance between end mirror and the
waveguide is equal to the dual case II position (see Fig. 5) better conditions for
laser operations (i.e., smaller value of the small signal gain required to obtain given .
level of the output power) are obtained, when the Gaussian mirror is set close to
the waveguide. But when the distance between the mirror and the waveguide is
greater than dual case II position, smaller values of go are obtained when the
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Fig. 5. Small signal gain go as a function of the normalised to the mirror curvature
radius classical mirror position z;/Rc (solid line) and Gaussian mirror position z2/R,
(dashed line) for three values of the Gaussian mirror parameter wg. Classical mirror
reflectivity is equal to pc = 1.0. Gaussian mirror peak reflectivity is equal to po = 0.9.
Both end mirrors curvature radii are equal to Rc = Ry = 200 cm. Waveguide length
is equal to L = 100 cm. Waveguide cross-section is equal to ¢ = 0.18 cm. Normalised
output power is equal to Poyui/Ps = 0.01.

classical mirror is at the waveguide aperture. Thus, we can say when we set an
additional device (for example polarizer, Q-switcher, etc.) between the waveguide

" and the end mirror, and mirror-waveguide distance is smaller or equal to the dual
case II position, we obtain a higher output power level (for given pumping level)
when we put it between the classical mirror and the waveguide. In the other case, -
i.e. when the required distance is greater than dual case II position, the additional
device should be set between GM and the waveguide (i.e. at the other side of the
laser structure).

The situation is changed remarkably, when the profile of the Gaussian mirror
becomes sharper. As we can notice, the small signal gain go increases with the
decrease in wg. This is caused by the fact that 51multaneously the coupling losses
and transmission losses of GM increase (pes decreases, see Fig. 3). In this case, an
optimal position of the GM is only close to the waveguide. Thus the additional
device should be set between classical mirror and the waveguide.

In Fig. 6 the similar characteristics are obtained for greater cross-section of
the waveguide (¢ = 0.3 cm). As we can notice, for the Gaussian mirror having
soft profile of the reflection (i.e., wg = 1 cm), in opposite to the previous case,
there exists only one position of the Gaussian mirror as well as of the classical
mirror, which corresponds to the dual case III. For greater value of wy; Gaussian
mirror should be set at the waveguide aperture and classical mirror should be set
at dual case III position to provide maximal output power level (for given pumping



- Model of Nonlinear Operation of a Waveguide Laser ... 855 .

-
(o}
L
J
]

10 ~*

Dt;TCase [}
P10

L=100cm  Py=09
R,=200cm 2=0.30cm

L=100 cm p=10
4 R=200cm p=08 s
Rg=200em R, /P,=001  A=10§jum R;=200cm a=0.18em  A=106pm

10 " rrrrrrr T T 1 10 ST T T T T T T L o o ™
0.0 0.8 1.0 1.8 0.0 0.6 1.0 1.8
Fig. 6 2R, 2R, Fig. 7 LR, 2R,

Fig. 6. Small signal gain go as a function of the normalised to the mirror curvature
radius classical mirror position z1/R. (solid line) and Gaussian mirror position z2/Rg -
~ (dashed line) for three values of the Gaussian mirror parameter wg. Classical mirror
reflectivity is equal to p. = 1.0. Gaussian mirror peak reflectivity is equal to po = 0.9.
Both end mirrors curvature radii are equal to Rc = Rz = 200 cm. Waveguide length
is equal to L = 100 cm. Waveguide cross-section is equal to a = 0.30 cm. Normalised
output power is equal to Poy/Ps = 0.01.
Fig. 7. Small signal gain go as a function of the normalised to the mirror curvature
radius classical mirror position z1/R. (solid line) and Gaussian mirror position z2/Rg
(dashed line) for three values of the normalised output power Poy:/Ps. Classical mirror
reflectivity is equal to pc = 1.0. Gaussian mirror peak reflectivity is equal to pp = 0.9.
Gaussian mirror parameter is equal to w, = 1.0 cm. Both end mirrors curvature radii
are equal to R. = Rz = 200 cm. Waveguide length is equal to L = 100 cm. Waveguide
cross-section is equal to ¢ = 0.18 cm. '

level). If we compare Figs. 5 and 6 we also notice that the difference between the
characteristics obtained for various positions of the Gaussian and classical mirrors
becomes smaller for the waveguide having greater cross-section.

In Fig. 7 the small signal gain go is plotted as a function of the normalised
(to the curvature mirror radius) end mirror position (solid lines correspond to the
classical mirror and the dashed lines illustrated the effect of Gaussian mirror) for
a normalised output power, as a parameter. The Gaussian mirror parameter is
equal to wg = 1 cm and the height (width) of the waveguide is @ = 0.18 cm. In
general, the laser characteristics show that the optimal position of the end mirrors
corresponds to the dual case I and II configurations (because of the gain saturation
effect it is slightly shifted in comparison with that predicted by linear analysis).

However, when we set an additional device between the waveguide and the
Gaussian or classical mirror, an optimal position of the additional device (i.e., at
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Fig. 8. Small signal gain go as a function of the nofmalised to the mirror curvature
radius classical mirror position z1/R. (solid line) and Gaussian mirror position z2/R,
(dashed line) for three values of the normalised output power Poui/Ps. Classical mirror -
reflectivity is equal to pc = 1.0. Gaussian mirror peak reflectivity is equal to po = 0.9.
Gaussian mirror parameter is equal to wg = 1.0 cm. Both end mirrors curvature radii
are equal to R. = R; = 200 cm. Waveguide length is equal to L = 100 cm. Waveguide
cross-section is equal to a = 0.24 cm.

which end of the waveguide it is set) depends on the output power level. As we can
notice, for the higher output power levels (Poy;/Ps > 0.1) better power efficiency
of the laser system is obtained, when the Gaussian mirror is moved away from
the waveguide and the classical mirror is set at the aperture of the waveguide.
When the waveguide has a greater cross-section, see Fig. 8, the characteristics are
less sensitive to the fact, which mirror changes its position with respect to the
waveguide.

4. Conclusions

In this paper we have presented an approximate analysis of nonlinear oper-
ation of hollow-waveguide lasers having Gaussian mirror. Using energy approach
we have derived an approximate formula that relates the small signal gain in the
active medium to the output power and characteristics parameters of the laser
system. The formula can be applied to study arbitrary laser configuration having
end mirrors with arbitrary radii of curvature as well as Gaussian mirror parameter.
Moreover, when our model is used, it is also possible to investigate the effect of
extradevices introduced into the cavity on power efficiency of laser system.

It was shown that the optimal position of the Gaussian mirror corresponds
to the dual case I, IT and III case only for moderate and big values of the Gaussian
mirror parameter (i.e., when Gaussian mirror has ”soft” profile of the reflectivity
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coeflicient). For sharp profile of reflection the Gaussian mirror should be set at the
aperture of the waveguide but, in general, coupling losses are greater than for the
classical mirror. The obtained laser characteristics showed that with the increase
in Gaussian mirror parameter the higher pumping level is required to maintain
the given output power level. Thus, in general, we should use the Gaussian mirror
with soft profile of the reflection coefficient in order to obtain compromise between
high power efficiency of the laser and high quality of the output beam.

Moreover, it was shown that for the higher output power levels, when an
additional device is set into cavity, better power efficiency of the laser system
is obtained when the Gaussian mirror is moved away of the waveguide. Further-
more, for increasing cross-section of the waveguide the difference between the laser
characteristics obtained for different position of the classical mirror and Gaussian
mirror becomes smaller. ‘

It is also worth noting that our model can be used to study the effect of
non-uniform spatial-gain distribution (depending on pumping conditions) and. its
influence on the optimal laser cavity configuration for maximal power efficiency of
the laser system.
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