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Diffraction losses reduction in multiapertured non-Hermitian laser resonators

Marc Brunel, Guy Ropars, Albert Le Floch, and Fabien Bretenaker
Laboratorie d’Electronique Quantique–Physique des Lasers, Unite´ Associe´e au Centre National de la Recherche Scientifique 1202

Universitéde Rennes I, Campus de Beaulieu, F-35042 Rennes Cedex, France
~Received 29 July 1996!

The behavior of diffraction losses in multiapertured laser resonators is theoretically and experimentally
investigated. In the case of geometrically unstable resonators, it is shown that the combination of several
apertures whose diameters have been independently optimized to reduce the laser diffraction losses leads to a
still lower value for these losses. This puzzling fact is verified experimentally for a negative branch unstable
resonator laser containing up to five intracavity apertures. In the case of geometrically stable resonators, it is
shown that the introduction of a first intracavity aperture that selects the fundamental mode leads to modifi-
cations of the fundamental mode shape which, besides being relatively small, are sufficient to make the
diffraction losses oscillate with the diameters of the following extra intracavity apertures. In particular, the
diameters of these apertures can be optimized to reduce the diffraction losses below the value obtained with the
first aperture only. These predictions are experimentally verified in the case of a dynamically stable cavity high
power Nd:YAG ~yttrium aluminum garnet! laser. In all cases, the calculations based on the Huygens-Fresnel
principle exhibit a good agreement with the experimental results.@S1050-2947~97!03301-5#

PACS number~s!: 42.60.Da, 42.60.Jf, 42.25.Fx
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I. INTRODUCTION

Optical cavities are usually classified in two distin
classes, depending on whether they are geometrically st
or unstable@1#. In geometrically stable cavities, the natu
and characteristics of the transverse modes are shown
essentially determined by the characteristics of the opt
elements~mirrors, lenses, free propagation, etc.! present in-
side the cavity. These modes are well approximated
Laguerre-Gaussian or Hermite-Gaussian functions, wh
both provide complete basis sets of orthogonal functions
such stable resonators, discrimination between transv
modes is obtained by introducing a diffracting aperture
side the cavity. The fundamental TEM00 mode can then be
selected by introducing a diffracting aperture that has a
ameter several times larger than the fundamental mode
ameter, introducing then only small disturbances on
Gaussian mode characteristics@1,2#. Besides, in the case o
geometrically stable cavities, the diffraction losses int
duced by the aperture decrease monotonically when the
ameter of the intracavity aperture is increased@1,3–7#. On
the contrary, in the case of a geometrically unstable cav
diffraction effects play a major role in the shape of transve
modes@1#. In particular, their transverse expansion cannot
deduced from purely geometric considerations and more
phisticated computing techniques must be used to predic
shape of these modes@8–14# which, in general, do not pro
vide a complete basis set of orthogonal functions. Moreo
in geometrically unstable cavities, the evolutions of the d
fraction losses of the modes versus diameter of the intra
ity aperture, i.e., versus cavity Fresnel number, exhibit co
plicated oscillating behaviors including mode crossings a
anticrossings@1,15#. Indeed, it is well known that in the cas
of a geometrically unstable cavity containing one apertu
the losses of the fundamental mode oscillate around
value given by a purely geometric picture, with minim
~maxima! corresponding to half-integer~integer! values of
551050-2947/97/55~1!/781~6!/$10.00
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the equivalent Fresnel number of the cavity. Moreover,
cently it was observed experimentally, thanks to a laser,
it is possible to reduce the losses for one round trip throu
an unstable cavity below this minimum value by, surpr
ingly, introducing more than one aperture inside the cav
@16#. This loss reduction in multiapertured cavities had
ready been observed in plane parallel microwave pas
resonators@17#, in connection with the focusing properties o
a sequence of apertures@18#. This effect, which seems to b
typical of non-Hermitian resonators, has, to our best kno
edge, not yet been given a theoretical treatment in term
resonator modes, which could lead to interesting comp
sons with experiments.

Consequently, the first aim of this paper is to provide
theoretical calculation of the fundamental mode of a mu
apertured unstable cavity, in order to isolate the optim
diameters of the apertures that lead to the largest reductio
the losses~Sec. II A!. These results will then be compare
with experiments similar to the one of Ref.@16# ~Sec. II B!.
The second aim of this paper comes from the following o
servation: in a geometrically stable resonator, the introd
tion of the diffracting aperture that selects the fundamen
TEM00 mode slightly modifies the resonator eigenmod
@2,19# and, in particular, makes the Huygens-Fresnel ker
corresponding to one round trip through the cavity no
Hermitian @1#, leading, in general, to nonorthogonal eige
modes. One can then wonder whether such a geometric
stable resonator containing one aperture will not behave
a geometrically unstable resonator. In particular, in Sec.
we attempt theoretically and experimentally to reduce
losses of the cavity by introducing extra apertures inside
cavity and by optimizing the characteristics of these ap
tures.

II. GEOMETRICALLY UNSTABLE CAVITY

A. Theoretical predictions

In order to introduce the basic concepts and notati
used in diffraction loss calculations, we first recall the we
781 © 1997 The American Physical Society
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782 55BRUNEL, ROPARS, Le FLOCH, AND BRETENAKER
known results obtained for a single aperture. The basic g
metrically unstable cavity we consider here is schematize
Fig. 1. It consists in a plane mirrorM1 and a spherical mirror
M2 of radius of curvatureR. This cavity is unstable as soo
as its lengthL is larger thanR. Starting from the spherica
mirror, theABCDmatrix for one round trip inside this cav
ity is then given by

S A B

C DD 5S 124L/R 2L

22/R 1 D . ~1!

Then this negative-branch unstable resonator has a geom
cal magnification given by

M512
2L

R
2F4LR S LR21D G1/2. ~2!

If we now introduce a circular aperture of diameterf1 on
the spherical mirror (z15L) and we assume a cylindrica
symmetry for the resonator, the resonator eigenmode is
solution of the Huygens-Fresnel eigenequation@1# given by

gu1~r !5
2p

Bl
j l11E

0

f1/2

dr8r 8u1~r 8!

3expF2 j
p

Bl
~Ar821Dr 2!GJl S 2p

Bl
rr 8D , ~3!

where the wave front on the aperture isu1(r )exp@ j lf# in the
(r ,f) cylindrical coordinate system,g the associated eigen
value,l is the vacuum wavelength of light,Jl is the Bessel
function of orderl , and l is an integer. In order to comput
the lowest loss mode of the cavity, one can solve Eq.~3!
with l50 iteratively using a quasifast Hankel transform
gorithm @20,21#. In particular, such a Fox-Li–type calcula
tion @3,9# provides the modulusugu of the eigenvalue that is
related to the round trip intensity diffraction lossesG of the
fundamental mode in the following manner:

G512ugu2. ~4!

The result of the calculation ofugu versusf1 for R50.6 m,
L50.66 m, andl53.39 mm, is shown in Fig. 2~a!. This
figure exhibits the well-known evolution of the mode loss
in an unstable cavity@1#. In particular,ugu oscillates around a
constant value and exhibits maxima for half-integer values
Neq and minima for integer values ofNeq, Neq being the
equivalent Fresnel number of the cavity given by

FIG. 1. Geometrically unstable two-mirror cavity of lengthL.
M1, plane mirror;M2, concave mirror~radius of curvatureR). The
apertures of diametersf i are located at distanceszi from the plane
mirror. We allow the rear of output mirrorM2 to have a radius of
curvatureR8.
o-
in
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Neq5
M221

2M

f1
2

4Bl
. ~5!

In particular, the lowest losses are obtained around the v
Neq50.5 @1#, corresponding in the present case to a value
39.3% for the diffraction lossesG per round trip for
f153.67 mm. Obviously, the same computation gives
similar result when the aperture is located at a different pl
inside the cavity. For example, Fig. 2~b! corresponds to the
case where the intracavity aperture is located on the p
mirror (z250). The caseNeq50.5 for which the diffraction
losses are minimized now corresponds to an aperture d
eterf251.16 mm.

The question we wish to answer now is whether the d
fraction losses for one round trip inside the cavity can still
reduced by introducingseveral apertures. We hence now
consider the cavity of Fig. 1 containing both apertures, i
the one with diameterf1 located on the spherical mirro
(z15L) and the one with diameterf2 located on the plane
mirror (z250). Then theABCD matrices corresponding to
propagation from aperture one to aperture two~via mirror
M2), and vice versa, are, respectively, given by

S A12 B12

C12 D12D 5S 122L/R L

22/R 1D , ~6a!

S A21 B21

C21 D21D 5S 1 L

0 1D . ~6b!

Then the fundamental mode of the resonator can be obta
by solving the following system of Huygens-Fresnel equ
tions:

FIG. 2. Computed evolution of the modulus of the eigenvalue
the fundamental mode of the cavity of Fig. 1 versus diameter of
intracavity aperture.l53.39 mm, R50.6 m, andL50.66 m. ~a!
The aperture is located on the spherical mirror:z15L. ~b! The
aperture is located on the plane mirror:z250.Neq is the equivalent
Fresnel number of the resonator.
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55 783DIFFRACTION LOSSES REDUCTION IN . . .
g12u2~r 2!5
2p

B12l
E
0

f1 /2

dr1r 1u1~r 1!

3expF2 j
p

B12l
~A12r 1

21D12r 2
2!G

3J0S 2p

B12l
r 1r 2D , ~7a!

g21u1~r 1!5
2p

B21l
E
0

f2 /2

dr2r 2u2~r 2!

3expF2 j
p

B21l
~A21r 2

21D21r 1
2!G

3J0S 2p

B21l
r 1r 2D , ~7b!

whereu1(r 1) and u2(r 2) are the wave fronts on aperture
one and two, respectively. The fundamental mode eigenv
is then given by

g5g12g21. ~8!

If we apply Eqs.~6!–~8! to the cavity of Fig. 1 containing the
two preceding optimized apertures (f153.67 mm and
f251.16 mm! we obtain g50.798, corresponding to
G536.3%. This shows that the introduction of two op
mized apertures permits us to reduce the resonator losse
below the minima obtained previously with only one ap
ture (G539.3% losses per round trip!. Actually, one can try
to minimize these losses a little bit further by slightly mod
fying the diameters of the two apertures. In the present c
the best computed result is obtained withf153.67 mm and
f251.26 mm, and leads toG535.0%. Anyway, it is striking
to notice that the optimum is simply obtained by combini
the action of the two apertures that have been optimi
independently of one another.

Let us now introduce inside the cavity a third aperture
diameterf3 at positionz350.1 m. If we introduce this ap
erture alone, we can optimize its diameter to minimize
round trip diffraction losses, leading tof351.28 mm,
g50.697, andG551.4%. Now, if we consider this apertur
together with apertures one and two, the optimum is obtai
for f351.38 mm, and corresponds tog50.816, and
G533.4%. To obtain this result, the eigensystem~7! must be
extended to four propagation Huygens-Fresnel integr
Here again, the diameter obtained by optimizing the aper

TABLE I. Locations and diameters of the apertures used in
calculations and the experiments on the cavity of Fig. 1. The di
eters are chosen to minimize the losses of the cavity.

Aperture Position Diameterf i ~mm! Diameterf i ~mm!

number zi ~m! ~Theory! ~Experiment!

1 0.66 3.67 3.7
2 0 1.26 1.2
3 0.1 1.38 1.6
4 0.2 2.40 2.6
5 0.3 3.10 3.1
ue
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when it is alone inside the resonator is very close to
optimum diameter obtained in the presence of the two p
ceding apertures.

This optimization process can be continued. Table I su
marizes the positions and diameters of five successively
timized apertures. The result of the computation of the fu
damental mode diffraction losses is reported in Fig. 3 ver
the number of intracavity apertures, these apertures b
successively introduced inside the cavity according to
numbering of Table I. One can see that we hope to con
erably reduce the diffraction losses of the resonator by in
ducing up to five circular apertures.

B. Experiments

To check the predictions of Sec. II A, we use a He-N
laser oscillating atl53.39 mm. Mirrors M1 ~plane! and
M2 (R50.6 m! have reflection coefficients 99% and 64%

FIG. 3. Full line, calculated diffraction lossesG versus number
of intracavity apertures for the cavity of Fig. 1 withR50.6 m,
L50.66 m, andl53.39 mm. Dotted line, corresponding exper
mental evolution of the laser threshold current. The positions
diameters of the apertures are summarized in Table I.

FIG. 4. Experimental~a!,~c! and theoretical~b!,~d! intensity pro-
files of the beam emerging from mirrorM2 of the geometrically
unstable laser of Fig. 1 withR50.6 m andL50.66 m.~a! and ~b!
are obtained with one aperture of diameterf153.7 mm located on
mirror M2 (z150.66 m! and ~c! and ~d! with a second aperture o
diameterf251.2 mm located on mirrorM1 (z250). The detector
is located 30 cm behind mirrorM2, that has a rear radius of curva
tureR8519.1 cm.~a!,~c! 0.8 mm per division.
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respectively. We chooseL50.66 m, as in the theoretica
computations. The active medium is a 29-cm-long discha
tube filled with a 7:13He-20Ne mixture at a total pressure o
1.1 Torr. We choose a large bore diameter~6.2 mm!, so that
we can neglect diffraction by the tube. A 250-mm-diameter
circular InAs detector is located at the output of mirr
M2. To measure the total laser output power, a lens is in
duced in front of this detector. We then successively int
duce the five circular diffracting apertures at the positio
zi and in the order summarized in Table I. We optimize t
diameters of the apertures in order to obtain the minim
threshold discharge current. The resulting experimentally
timized diameters are indicated in the last column of Tabl
The agreement with the theoretically predicted optimim
diameters is quite good. Then, after introduction of each
erture, we measure the laser threshold current when the
frequency is tuned at line center. The result of these m
surements is reproduced in Fig. 3. One can see that
extra aperture permits us to reduce the laser threshold.

The experiments can also provide another compari
with theoretical computations. We indeed mount the dete
.
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on a motorized translation stage, in order to record the ou
beam spatial profile. The detector~without the lens! is lo-
cated at a distanced530 cm behind the output mirrorM2.
Figure 4 then reproduces the output beam profiles obta
with one@Fig. 4~a!# and two@Fig. 4~c!# optimized apertures
To compare these experimental profiles with theory, we m
propagate the intracavity wave frontu2(r 2) computed thanks
to Eqs. ~7! from the plane of aperture two to the detect
plane. This is performed thanks to the following Huygen
Fresnel integral, which gives the resulting wave fro
uD(r ) in the plane of the detector:

uD~r !5
2p

BDlE0
f2/2

dr2r 2u2~r 2!

3expF2 j
p

BDl
~ADr 2

21DDrD
2 !GJ0S 2p

BDl
r 2r DD ,

~9!

where the ABCD matrix corresponding to the propagat
from the plane of aperture two to the detector is given by
S AD BD

CD DDD 5S 12~n21!S e

nR
1
d

R
2

d

R8D2
~n21!2

n

ed

RR8
,

e

n
1d2

n21

n

de

R8

~n21!S 1R2
1

R8D2
~n21!2

n

e

RR8
12

n21

n

e

R8
D . ~10!
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ity
This matrix takes the thicknesse, refractive indexn, and rear
radius of curvatureR8 of the output mirror into account
With the experimental valuese51 cm, n51.409, and
R8519.1 cm, one obtains the theoretical profiles of Fi
4~b! and 4~d!. These theoretical profiles have been smooth
to take the 250mm diameter of the detector into accoun
The only parameter we slightly adjusted to improve t
agreement between experiments and computations isd that
we took equal to 28 cm in the calculations, rather than
experimental value of 30 cm. We attribute this small discr
ancy to the fact that the apertures cannot be exactly loc
in the reflecting planes of the mirrors.

III. GEOMETRICALLY STABLE CAVITY

As stated in the Introduction, the diffraction losses of t
fundamental mode of a geometrically stable cavity conta
ing oneaperture monotonically decrease when the diam
of this aperture is increased. Nevertheless, once this first
erture has been introduced inside the cavity, the cavity f
damental eigenmode is slightly modified with respect to
TEM00 mode, and the Huygens-Fresnel kernel of this cav
is, in general, no longer Hermitian. Since these characte
tics are identical to the ones of unstable cavities, we won
in this section whether the diffraction losses for this fund
mental mode can be reduced by introducingseveralaper-
tures.
.
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A. Theoretical predictions

In order to illustrate the fact that the reduction of diffra
tion losses in multiapertured lasers can exist in differ
kinds of lasers, we consider in this section the example o
standard high power solid-state Nd:YAG~yttrium aluminum
garnet! laser, whose cavity is schematized in Fig. 5. Th
cavity of lengthL is closed by two convex mirrorsM1 and
M2 of identical radii of curvatureR. The stability of this
cavity is due to the presence of the lenslike effect@22# that
occurs inside the active medium~lengthd, refractive index
n) which is located in the middle of the cavity. We modeliz
this lenslike effect by a thin lens of focal lengthf located in
the middle of the laser rod. Here, again, we allow this cav
to contain different circular apertures of diametersf i , lo-
cated at distanceszi from mirrorM1.

FIG. 5. Solid-state laser geometrically stable two-mirror cav
of length L. M1, M2, convex mirrors~radii of curvatureR). The
laser rod of lengthd creates a lenslike effect of focal lengthf . The
apertures of diametersf i are located at distanceszi from mirror
M1.
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55 785DIFFRACTION LOSSES REDUCTION IN . . .
To compute the fundamental eigenmode of the cavity
Fig. 5, we choose the following values for the different p
rameters:L50.44 m,R521.2 m, f50.55 m,d50.06 m,
n51.8, andl51.064mm. In these conditions, the cavity i
stable with a mode sizew5515 mm on the mirrors. In a
manner similar to what we did in Sec. II for the unstab
cavity, we can compute the modulus of the eigenvalueg
associated with the fundamental eigenmode when an a
ture of diameterf1 is introduced in front of mirrorM1
(z150). The result of such a calculation is reproduced
Fig. 6~a!. One can see that as is usual in the case of st
cavities @1#, the diffraction losses decrease monotonica
whenf1 is increased. Let us now fix the value off1 at 1.4
mm, a value that should permit us to select the fundame
mode. As can be seen from Fig. 6~a!, this leads to
ugu50.961, corresponding toG57.6% diffraction losses pe
round trip. Although this value is relatively low, it is suffi
cient to slightly alter the wave front of the fundamental mo
of the cavity. Let us now introduce a second circular apert
of diameterf2 on mirrorM2 (z25L). Using two Huygens-
Fresnel integrals per round trip, we can compute the ev
tion of ugu versusf2, as can be seen in Fig. 6~b!. Notice that
now the situation looks like what we obtained earlier~see
Fig. 2! in the case of an unstable cavity; the mode los
oscillate when the diameter of the aperture is increased
particular, we predict the existence of an optimum
f251.58 mm, leading tougu'0.964, i.e.,G57.1% diffrac-
tion losses per roundtrip.

Similar to what we did in the case of the unstable cav
we can continue to introduce new apertures inside the ca
The positions and optimum diameters of the four succes
apertures we consider are summarized in Table II. Figur
then reproduces the computed evolution of the diffract
losses versus number of intracavity apertures, which are
cessively introduced inside the cavity following their num

FIG. 6. Computed evolution of the modulus of the eigenvalue
the fundamental mode of the cavity of Fig. 5 versus diameter of
intracavity aperture.R521.2 m,L50.44 m, f50.55 m,d50.06
m, n51.8, andl51.064mm. ~a! The aperture is located on th
mirror M1: z150. ~b! We choosef151.4 mm and introduce a
second aperture of diameterf2 located on mirrorM2: z25L.
f
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bering order~see Table II!. Notice that each aperture is ex
pected to reduce the diffraction losses of the cavity.

B. Experiments

To check the predictions of Sec. III A, we use a comm
cial flashlamp-pumped cw Nd:YAG laser~Quantronix model
114!. Its mirror M1 andM2 have transmission coefficient
equal to 9% and 0.5%, respectively. Its other characteris
are the ones we used in the theoretical calculations. In
ticular, we measured the equivalent focal length of t
flashlamp-induced lenslike effect to bef50.55 m in the
range of discharge currents we use in the present exp
ments (I'20 A!. In these conditions, the introduction of th
first aperture of diameterf151.4 mm in front of mirror
M1 (z150) is sufficient to select the fundamental transve
mode of the cavity. One can then record the evolution of
laser output power versus discharge current (d in Fig. 8!.
We then introduce successively other apertures inside
cavity at the positions indicated in the second column
Table II. At every introduction of a new aperture, we loo
for the aperture diameter that minimizes the laser thresh
The resulting experimentally optimized aperture diamet
f i are indicated in the last column of Table II. The corr
sponding output power versus current characteristics are
produced in Fig. 8. From these characteristics, we can
each case extrapolate the value of the threshold current.
evolution of this threshold current versus number of ap
tures is reproduced in Fig. 7. We can make the two follow
remarks. First, the experimentally optimized aperture dia
eters are in good agreement with the ones expected f
theory ~compare third and fourth columns in Table II!. Sec-

f
e

TABLE II. Locations and diameters of the apertures used in
calculations and the experiments on the cavity of Fig. 5. The dia
eters are chosen to minimize the losses of the cavity.

Aperture Position Diameterf i ~mm! Diameterf i ~mm!

number zi ~m! ~Theory! ~Experiment!

1 0 1.40 1.4
2 0.44 1.58 1.5
3 0.10 1.76 1.7
4 0.34 1.82 1.8

FIG. 7. Full line, calculated diffraction lossesG versus number
of intracavity apertures for the cavity of Fig. 5 withR521.2 m,
L50.44 m,f50.55 m,d50.06 m,n51.8, andl51.064mm. Dot-
ted line, corresponding experimental evolution of the laser thre
old current. The positions and diameters of the apertures are s
marized in Table II.
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786 55BRUNEL, ROPARS, Le FLOCH, AND BRETENAKER
ond, one can see from Figs. 7 and 8 that the introduction
a new aperture always permits us to reduce the laser thr
old and, for a fixed current, to increase its output pow
Notice, by the way, that this output power increase mec
nism is different from the one suggested in Ref.@23# which
is due to an increase of the laser mode volume. Here,
increase is due to a reduction of the laser losses thank
diffraction.

IV. DISCUSSION AND CONCLUSION

In conclusion, we have shown theoretically and expe
mentally that the introduction of several apertures inside
ser cavities can lead to a reduction of diffraction losses
the case of an unstable cavity, we have seen that the co
nation of several apertures that are individually optimized

FIG. 8. Experimental evolution of the output power versus
citation current for the Nd:YAG laser schematized in Fig. 5.d, one
aperture;j, two apertures;l, three apertures; ands, four aper-
tures. The positions and diameters of the apertures are summa
in Table II.
he
of
h-
r.
-

is
to

i-
-
n
bi-
o

minimize diffraction losses leads to an overall reduction
these losses. More precisely, it is particularly convenien
choose aperture diameters which, individually, correspon
the value 0.5 for the equivalent Fresnel number of the cav
In the case of geometrically stable cavities, although the c
ity diffraction losses evolve monotonically with the diamet
of the first aperture, we have seen that the small modifi
tions of the fundamental mode wave front introduced by t
aperture are sufficient to make the following aperture beh
as if the cavity was unstable. In particular, these apertu
have been shown to be able to reduce the diffraction los
of the cavity. In this case, the first aperture plays the role
a ‘‘fundamental mode selector’’ and the following apertur
are used to reduce the diffraction losses. In all cases, a g
agreement has been obtained between experiments an
calculations based on Huygens-Fresnel diffraction integr

Finally, in both cases—stable and unstable cavities—
propagation along one round trip through the cavity cor
sponds, in general, to a non-Hermitian kernel. Consequen
the transverse eigenmodes of the cavity are not orthogon
each other. One can consequently expect interesting
novel features from the excess noise factors@24# in such
cavities, especially multiapertured stable cavities that co
reach excess noise factors as large as the one already
tained in unstable resonators.
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