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A Theoretical and Experimental Investigation of the
Modes of Optical Resonators with Phase-Conjugate
Mirrors

Abstract-We present an analysis of resonator properties for a cavity
bounded by a phase conjugate mirror, which is generated by a degenerate four-wave nonlinearopticalinteraction.
Using a raymatrix
formalism to describe the conjugate mirror, resonator stability conditions are derived. Longitudinal and transverse mode characteristics are
discussed. Results are compared with an experiment where laser oscillation was observed at 6943 A using carbon disulfide as the nonlinear
interacting medium comprising the phase conjugate mirror.

I. INTRODUCTION
ECENT theoretical and experimental reports deal with
various aspects of optical wave phase conjugation including time-reversal inthe bulk [ 11-[16] and in waveguides
[17] -[21], real-time holography [22] -[28], optical filtering
[29], [30], amplified reflection [8] -[lo], channel dispersion
compensation [31], and photon echoes [32]-[35] . Inthis
paper, we consider the case of laser oscillation in a resonator
in which one of the mirrors is replaced by a phase conjugate
reflector which utilizes four-wave mixing. There are several
characteristics that make this resonator configuration especially
attractive. The well-known “time-reversal” feature of the conjugator serves not only to compensate for various potential in-
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tracavity phase aberrating elements (e.g., gain medium phase
and/or polarization distortion,poorquality
optical components, etc.), but also gives rise to differences in the resonator
stability criterion as compared to conventional Fabry-Perot
laser resonators. Furthermore, the frequency filtering nature
of the conjugator yields a type of “frequency locking” of the
resonator output frequency to the frequency ofthepump
laser (which excited the conjugate mirror). It also renders the
transverse modes present in the resonator to be degenerate in
frequency, thus giving rise to a “transverse mode-locking” condition, whereby the resultant mode volume in the resonator
can “fit” into an aperture (subject to the limitations imposed
on the angular acceptance range of the conjugate mirror). If
the effective aperture within the resonator is chosen to be the
transverse gain profile, for example, then the use of a phase
conjugate mirror can essentially “milk” the gain medium
optimally for its stored energy. Finally, by temporally pumping the conjugate mirror, one can Q-switch this “phase conjugate resonator.” In Section 11, we present an analysis for this
type of resonator which, using a ray matrix formalism and a
Gaussian beam description, considers resonator stability conditions, longitudinal and transverse mode spectra, and the frequency dependence of the phase conjugate mirror. Section I11
deals with an experiment we performed using a ruby laser as
the pump source, and carbon disulfide as the conjugator’s nonlinear medium. Laser oscillation was observed in a resonator
configuration which was unstable in the conventional sense.
Furthermore, we observe a laser output energy that is comparable with that of a similar, conventional Fabry-Perot laser.
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The complex radius of curvature qi is defined as
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The effect of the PCM is to “reflect” such an incident field as
to yield its conjugate replica [ 3 7 ] ,leaving the wavefront and
the spot size unchanged. The reflected field is
t kz
Fig. 1. The phase conjugate resonator (PCR). This general resonator is
formed by surrounding some arbitrary optical components, denoted
by an equivalent A’B’C‘D’ ray matrix, by a ‘‘real” mirror (of radius
R ) on one end, and by a phase conjugate mirror (PCM)on the other
end. For degenerate modes, 6 = 0.

Finally, several additional observed aspects regarding the resonator will be discussed, including frequency locking of the oscillator output tothe pump beams, and Q-switching properties
due to the pulsed nature of the conjugate mirror.

+E
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which can also be expressed as

The reflected field complex radius of curvature subject to ( 3 )
and (4) is given by

An observer traveling withthe

11. THEORY
In this section, we present an analysis leading to resonator
stability criteriaand mode spectra for alaser resonator in which
one of themirrors is replaced bya phase conjugate mirror
“PCM.” The geometry ofthis phase conjugate resonator
“ P C R is shown in Fig. 1 . The PCM is assumed to be formed
via a degenerate four-wave nonlinear optical interaction. The
conjugate wave (of field E [ ) E ,is generated as a result of the
simultaneous incidence oftwocounter-propagating
plane
waves A l and A 2 with Et onto a medium possessing a thirdorder nonlinear optical susceptibility,
all located within
the PCM (as shown in Fig. 1). In the analysis that follows, we
neglect the depletion of the pump waves A l and A? as a result
of the nonlinear interaction. We also neglect diffraction losses
within the PCR; and self-focusing within the PCM. We further
assume that the nonlinear medium is nondispersive, and is also
capable of instantaneous response.

~$1

A. Matrix of the PCM (Degenerate Case)
We first discuss a matrix formalism that describes the operation of the PCM for the case where all the interacting fields are
of the same radian frequency w . The stability criterion is then
derived forboth
one and
two
roundtrip
self-consistent
situations.
Consider a Gaussian field Ei propagating along the z-axis, to
be incident upon the PCM. We thus have [36]

reflected beam will find the
spot size unchanged, but having an opposite sign for the curvature of thewavefront.
Ifwe introduce the ray matrix formalism [ 3 6 ] , [ 3 8 ] the
,
effect of the PCM can thus be represented by the matrix

with the output and input q-parameters related by

Aqf t B
4, =

CqftD

Note the conjugation operationupon qi, as opposed to the
conventional formalism [36] where the input field is not conjugated. We note that this matrix also describes the reflection
of rays from the conjugate mirror. That this matrix (7) and
thecondition given by (8) satisfy theconstraint (6) can be
easily verified by substitution.
It follows directly that the ordinary ABCD formalism for
treating the propagation of Gaussian beams through a sequence
of lens-like media [38] can be applied also in the case when
one of the elements is a PCM. The matrix representing the
PCM is given by (7). The “q” parameter at any plane followhg
the PCM is related to the input “q” by

qout =

where &(?) is the complex amplitude of Ej, and p and w are
the radius of curvature and the spot size of the incident field,
respectively. This field can also be written as

’

A T q f BT
CTq? + DT

(9)

where the subscript “T” implies that the matrix elements correspond to that of the resultant matrix for the given sequence
of optical elements, including that of the PCM. Since all the
matrices are assumed to be real, the conjugation operation imposed by (9) canbe performed at any plane. We note that
care must be taken when treating propagation through media
described by matrices having complex elements. In this case,

1182

JOURNAL
IEEE

OF QUANTUM ELECTRONICS, VOL. QE-15, NO. 10, OCTOBER 1979

one must first evaluate the complex q-parameter just prior to
the PCM (using the conventional formalism), apply the operations given by (7) and (8) to describe the effect of the PCM,
then finally, evaluate the resultant q-parameter at the desired
plane “after” the PCM.

B. Stability Condition for One Roundtrip.(Degenerate Case)
Consider the situation sketched in Fig. 1. The resonator is
bounded on one end by a mirror having a radius of curvature
R , containingarbitrary intracavity optical componentsdescribed collectively by an A’B’C’D’ matrix M‘ for optical propagation from left to right and again by an A”B”C”D” matrix
M” for propagation from right to left. The resonator is
bounded on the other end by a PCM. In order to investigate
the stability criterion for such a cavity, we apply the standard
self-consistent formalism and thus demand that the complex
radius of curvature ofthe beam reproduce itself after one
roundtrip. Choosing a plane to the immediate right of the real
mirror, we trace a beam that propagates to the right and get,
after one roundtrip, the following matrix product:

where we have used the relation

p=-R
(a)

(b)

Fig. 2. Sketch of a typical allowed PCR Gaussian mode for the degenerate case and demanding self-consistent field solutions for (a) one
roundtrip and (b) two roundtrips.

Upon substitution of the resultant matrix Ml into (12), we
Lzet

p=-R.

(1 3)

Hence, the radius of curvature of the Gaussian beam is equal
to that of the real mirror at the real mirror’s plane. This conclusion is also independent of the sign of the mirror’s curvature. Also, there is no dependence of the stability conditions
upon the cavity length or any other optical componentswithin
the cavity. In addition, there is no constraint on the spot size
( w ) of the resultant mode (subject to the angular acceptance
limitations of the PCM). This freedom of spot size inconjunctionwiththefrequency
degeneracy of the transverse
modes at the pump frequency (to be discussed later), makes
possible the notion of “spatial mode locking” of transverse
modes. In Fig. 2(a), we sketch a typical Gaussian mode that
is self-consistent for the one-roundtrip degenerate frequency
case.

C Stability Condition for Two Roundtrips (Degenerate Case)
In conventional resonators, allallowed eigenmodes are obM”M = M(M’)-’
( 1OC)
tained by demanding a single-round trip self-consistent soluwhich can be shown straightforwardly, using the reciprocity tion. However, for the caseof a PCR, it is possible to have
property of the group of optical elements represented by M‘ allowed modes which will reproduce themselves aftertwo
(or M”),
where M is givenby (7).
round trips. Furthermore, by simple ray tracing, it canbe
The above result [see (lob)] is merely a reaffirmation of shown that, due to the time-reversing nature of the PCM, these
the fact that an arbitrary sequence of passive and lossless opti- rays will reproduce themselves after tworoundtrips.Thus,
cal elements followed by a PCM is equivalent to the PCM alone. for t:,~oroundtrips, we can use the matrix from the preceding
This is due to the time reversal occurring at the PCM and the section, forming the resultant matrix as
reciprocity of the passive components.
M2 = (Ml IZ
Now we impose self-consistency; that is, we demand that the
field be reproduced atthe aforementioned plane afterone
=I
(1 4)
round trip. Using (8), this condition is
where I is the identity matrix. We note that, since for a two
roundtripsituation,
we have encounteredthe PCM twice,
theq-parameters have been conjugated two times and thus
The result of this constraint yields the following two condi- remain unchanged. Hence, in contrast to the single roundtrip
constraints, any complex radius of curvature, (i.e., both p and
tions:
w ) at the initial plane (at the real mirror) will yield a sewA1 t D 1 = O
(12 4 consistent solution. We therefore conclude (aswas the case
fortheone-roundtrip constraint) that the PCRis stable for
and
any real mirror, regardless of its radius of curvature or sign,
and is stable regardless of the cavity length or the intracavity
optical components.
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We thus see that there exists a large range of Gaussian beam sider an incident Gaussian beam of the form
parameters that satisfy the self-consistency criterion for both
the one- and two-roundtrip cases. This multitude of acceptable
solutions follows from the very nature of the PCM. Since we
have specified only one constraint within the resonator (in this
case the radius of curvature of the real mirror), and realizing
that the action of the PCM is to replicate any field incident
upon its surface, there exists no unique set of p and w within where k = wn/c.
The “reflected” field from the PCM (locatedat z = 0) is
the resonator. This is in contrast to conventional resonators,
where, in general, the curvature is specified at two planes in given by
space (which, therefore for stable resonators, establishes the
value of the complex curvature throughout space).
We have not taken into account any additional constraints
within the PCR, which can be due to several sources; one can,
for example, place an aperture within the resonator. In addition, the PCM itself can possess an effective aperture due to,
for example, the spatial extent of the pump beams. Another This can be rewritten as
possibility can be the “effective aperture” introduced by the
E, a 8*(?) exp i
ut t (1 - :)kz
gain medium (i.e., the transverse gain profile). We note that
in this case, the action of the PCM is to form a mode volume
within the resonator that interacts with as much of the gain
medium as possible, while still beingiabove thieshold. Hence,
in this configuration, the PCR cai be capable bf most effiThis reflected field is thus recognized as being a Gaussian
ciently extracting the stored laser energy within a given gain
beam at frequency w[l - (6/0)] and having a complex radius
medium.
of curvature q, which can be related to qi by
In Fig. 2(b), we sketch an allowed Gaussian mode that satisfies the two-roundtrip degenerate frequency case.

{ [(l i)

D. Ray Matrix for thePCM (Nondegenerate Case)
We now treat the self-consistency requirement for one and The “rayyy matrix thatrelates qi to qr which satisfies (1 5)-( 18)
two roundtrips within the PCR for the case of nondegenerate can be represented by
fields. Knowledge of the stability condition for nondegenerate
/l-L
0
fields is relevant to analyzing PCR “modes” that are not at the
pump frequency (to be considered later). We consider the case
where the pump waves exciting the PCM are both at radian frequency 0, while the PCR field incident upon the PCM is at
radian frequency w t 6, where 6 can be greater than or less where the operation given in (8) is to be used. We note that
than 0. Due to the frequency flipping nature [29] of the PCM, as 6 -+ b, (19) reduces to the degenerate-case matrix given by
the conjugate field is at frequency w - 6 . The phase-matching (7). It can be shown that the effect of the PCM is to change
constraint requires that each plane wave component of a given the radius of curvature (at the output boundary of the PCM)
signal field incident upon ,the PCM to give rise to a “conjugate while leaving the spot size unchanged (this follows from the
replica” whose k-vector is antiparallel to that of theinput
frequency-flipping effect of the PCM). As discussed above, we
plane wave component considered. This applies to both the remark that (19) applies to Gaussian beams and not to rays.
degenerate [8] and the nondegenerate [29] cases. Thus,the
ray matrix given by (7) can also be used to describe the effect E. Stability Condition for One Roundtrip (Nondegenerate
of the PCM for each plane wave component (or ray) for the Case)
nondegenerate case. However, for the nondegenerate caseof
Following the discussiongiven for the degenerate case, we
an arbitrary incidentwavefront, the “reflected” field no longer cari now solve for the self-consistericy constraint for the nonexactly retraces the path of the input wave, due to their dif- degenerate situation. Demanding replication after one roundference in frequency.
trip, we now consider an explicit resonator configuration. For
This problem can be treated formally by decomposing the
the ease of calculation, we set the M’ andM“ matrices of Secinput field into its plane wave components, using (7) for the
tion II-B to represent cavity spacing of length 1. That is,
effect of the PCM for each of these components, changing
w t 6 to w - 6 , then finally forming the resultant superposition.
In what follows, we show that for thespecial case of Gaussian
beams, one can form afrequency-dependent ABCD “ray” For this choice of the cavity matrix, the total single roundtrip
matrix that properly describes the effects of the PCM. Con- matrix evaluated at the real mirror plane is given by

\
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Fig. 3. Sketch of a typical allowed PCR Gaussian mode for the nondegenerate case. The solid and dashed lines correspond t o a positive
(6 > 0) and negative (6 < 0) frequencyoffset, respectively. Note
that at the real mirror end, p ( 6 > 0) = p (6 < 0); while at the PCM,
w (6 > 0 ) = w(6 < 0), consistent with a two-roundtrip self-consistent
solution. Recall that for the nondegenerate case, there does not exist
a solution which satisfies the single-roundtrip constraint.

The self-consistency criterion (1 1) yields the same conditions
[see (12a) and (12b)l as for the degenerate case. Using the resultant matrix (2 1) in first condition [see (1 2a)l gives the con- radius of the curvature at each roundtrip, and is independent
straint I = R/2. Substitution of this result into the second of the frequency offset 6 . However, the spot size (at the real
condition [see (12b)l does yield a range of ( p , w) pairs which mirror) does depend on the frequency offset and can be shown
satisfy the equation. However, due to the frequency-flipping to be
nature of the PCM, any ( p , w) pair at frequency w + 6 will not
replicate itself aftera second roundtrip,i.e.,at
frequency
w - 6. That is, there is no common ( p , w) pair that satisfies
the self-consistency requirement for both 26 frequency components.
We thus conclude that no stable mode existsfortheone(24)
round-trip nondegenerate case.
From (24) we get the following condition for stable modes to
F. Stability Condition for Two Roundtrips (Nondegenerate
exist
Gzse)
l > R ; for
R
>O
In considering the nondegenerate two-roundtrip stability
condition, we cannot simply takethe square ofthe single- Ralll;
for
<O.
(2 5)
roundtripmatrix, (21) (aswas done in the degenerate freWe thus conclude that for nondegenerate fields, the PCR is
quency case). This is due to the frequency-flipping nature of
stable
only over limited ranges of cavitylength (for a given posithe PCM. That is, upon each “reflection” off the PCM, the
tive
mirror
radius). Furthermore, the radius of curvature of the
field
changes
frequency. Hence, the
total
two-roundtrip
mode
always
matches that of the real mirror; however, the
matrix, using (20) to describe the intracavity propagation,
spot
size
alternates
between two values for each roundtrip
becomes
[by using +6 in (24)] .
In Fig. 3 we sketch a. typical stable Gaussian mode for the
nondegenerate, two-roundtrip self-consistent condition.
We note that when 6 = 0, (24) is no longer valid since the
matrix element B2 = 0 [see (23)] . In this limit, the discussion
presented in Section 11-C applies.

where the second matrix has 6 + - 6 , consistent with the above
remark.
We note that since we have encountered the PCM twice, the
conjugation operation is effectively cancelled. Thus, the applicable self-consistency criterion corresponds to that of conventional resonators [38], and is given by

G. Longitudinal and Transverse PCRMode Spectra
In this section, we derive the PCR longitudinal and transverse mode spectra for Gaussian beams. Due to the frequencyflipping nature of the PCM, a given frequency component (eg.,
at w + 6 ) requires two roundtrips to return to its initial frequency. Alternatively, if we assume two fields to coexist (i.e.,
at w f 6 ) we can then superpose these fields and thus require
that this superposition repeat only after one roundtrip. Referring to Fig. 1, we assume that the PCR is of length and linear
index, E and n,, respectively; the PCM is of length and linear
index, L and n, respectively, We represent the total field at
the real mirror as
i0+

Substitutingtheresultantmatrix
[see (22)] into the selfconsistency condition (23) yields p = -R; i.e., the Gaussian
beam curvature at the mirror is equal that of the real mirror

E, =A+e

exp

i ( w + 6) t

exp + A-e

i0-

i ( w - 6) t

(26)

where A+ and e+ correspond to the magnitude (of the amplitude) and phase of the +6 component of the field, respectively.
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We note that A and 8 contain the transverse mode order ( p , 4 )
of the Gaussian field [36], [38].
This total Gaussian field is now propagated to the right by a
distance 1 and is incident upon the PCM.
The effect of the PCM (
inaddition to the previously mentioned properties) is to multiplythe
field by a complex
frequency-dependent reflectivity [29], R+ei’+
given by

A v (MHz)

and

where

Fig. 4. PCR axial modestructure,indicatedbyarrows,and
phaselr,I2 (after [29])
conjugating mirror (PCM) power
reflectivity
versus Au, for a value of I K IL = n/4. Au = 0 corresponds to the
pumpfrequency of the PCM. Values in parentheses indicatethe
frequency offset relative to the pump frequency (in MHz) of several
PCR modes [roots of (28)l. The transverse modespectra (which
is degenerate for rn = 0 and nondegenerate for rn # 0) is unresolvable,
and hence is not shown.

distributions which will optimally milk a given gain medium or
avoid an obstruction, even under dynamic conditions.
Another property resulting from (28) is that the transverse
and 77 is the phase of x&A1A2 tan (PI,). In (27) the (f) subscript implies that the field incident upon the PCM is of radian modes ( p , 4 pairs) belonging to higher order PCR longitudinal
frequency w f 6 , while the “reflected” field is of radian fre- modes (Le., m # 0) are no longer degenerate in frequency.
Thus, the “mode-locking’’ propertyofthe PCR holds only
quency w T 6, where w is the pumpfrequency (of fields A 1, z).
The self-consistency requirement yields the following condi- for m = 0. This follows from the nonvanishing phases that
tion on the mode spectra
are accumulated as a result of the frequency shift property of
the PCM for different p and 4 (except, of course, for the “acci4nn, 1 Av,
dental degeneracy” of p , q pairs where p t 4 = constant).
+(p+qtl)tan-l
We further note that due to the filter character of the PCM
(i.e., the phase-matching requirement), higher order longitudinal modes will experience a smaller nonlinear reflection coefficient, thus decreasing the cavity Q for these nondegenerate
modes. Thus, even if 1 > R , which would allow higher order
modes to exist [see (25)], the filter character will discriminate
against its presence. The result is that these higher order modes
where Av, = 6/2n and ( p , 4 ) corresponds to the transverse- (rnf 0) are less likely to oscillate. Hence, one expects essenmode indexes of the Gaussian beam [36] , [38], and m is an tially single-frequency operation of the PCR (i.e., m = 0) given
monochromatic pump waves. In Fig. 4, we plot the allowed
integer.
The resultant set of PCR modes [corresponding to a mode longitudinal modes [i.e., the roots of (28)] , along with the
set ( m , p , q)] of frequency w/2n t A V , , ~ ,is~thus given by nonlinear reflection coefficient of the PCM for typical PCR
conditions (IKI n/4L, L = 40 cm, 1 = 25 cm, n, = 1.O, and
the solutions to (28). We first see that for m = 0 (i.e., Av,
n
= 1.62). These quantities, which correspond t o our mea= 0) all the transverse modes ( p , 4 ) are at the same frequency
sured
experimental parameters (to be discussed below), yield
(i.e., equal to the pump frequency a). Thus, in contrast to
a
(degenerate
frequency) nonlinear reflection coefficient of
conventional resonators, where for a given longitudinal mode
each transverse mode has adifferentfrequency,the
PCR -100 percent. There exist two longitudinal modes that satisfy
transverse modes (for m = 0) are degenerate in frequency. (28) for each nonzero value of m . We also note that the modes
This gives rise to the possibility of a spatial transverse mode are not uniformly spaced, and that the higher order longitudilocking condition. If a number of transverse modes (Le., nal modes have reflectivities down by almost two orders of
modes withdifferent values of p , 4) exist all with m = 0, magnitude relative to that of the m = 0 mode. Finally, we
then the resulting spatial field distribution due to the super- note that the higher order transverse modes (i.e., p , 4 pairs
position of these modes will be stationary. This possibility of for m # 0), which are not degenerate in frequency, cannot
an oscillation field made up of a superposition of degenerate be resolved in the figure due to their close spacing (of order
transverse modes with arbitrary waists and waist locations afunits), while the higher order transverse modes ( p , 4
fords a great deal of flexibility for the mode to assume spatial pairs) corresponding to m = 0 are aZZ degenerate.

-
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blocked (or misaligned); or 2) the rear mirror MR was blocked
(or misaligned). The latter test ruled out spurious effects such
as self-oscillation within the PCM and regenerative amplification
of depolarized or fluorescent fields; the former test ruled out
ellipse rotation effects, and residual birefringence of both the
optics and the CS, cell windows.

PCR
OUTPUT +

lVPCM
PI

,=-

1

It11 /
p2

t A‘Y’ lPu_MP)
[Ell]

Fig. 5. Schematic diagram of the experimental PCR setup. The counterpropagating pump beams A 1 and A can in principle be along any
arbitrary direction relative to the PCR optic axis; in the experiment,
a collinear geometry was chosen to maximize the interaction length.

111. EXPERIMENT

A. Description
A sketch of the experiment designed to check some of the
theoretical results is shown in Fig. 5. It consists of a “resonator” (of length 2 = 25 cm) containing a ruby gain medium (of
length 1’ = 5.08 cm), bounded on one end by a “real” mirror
MR and on the other end by a “phase conjugate mirror” PCM,
(of length L = 40 cm) employing CS, as the nonlinear medium.
Three different real mirror configurations were used in order
to examine various aspects of the PCR, which will be discussed
below. In order to obtain the largest PCM nonlinear reflection
coefficient,the PCM interaction length ( L ) was maximized
using a collinear pump-signal scheme (131 with polarization
discrimination used to separate the PCR fields from the pump
waves. The pump waves ( A l , , in Fig. 5 ) were derived from a
separate, @switched ruby laser (-18 mJ in 15 ns) operating in
both a single transverse (TEMoo) and longitudinal mode. An
optical delay path of -10 m separated the pump laser from
theexperimentalapparatus,thus
avoiding the retroreflected
pump wave ( A , ) from interfering with the pump laser during
theexperimental measurements. The PCM was boundedby
glan laser prisms to confine the PCR fields (s-polarized) within
the CS2, whilepassing thepump waves (n-polarized). The
rear glan prism( P 3 )coupled out s-polarized (PCR) fields which
then passed through the ‘ruby gain medium and reflected off
M R . The ruby gain medium within the PCR was aligned such
that its c-axis was orthogonal to the s-polarized fields (thus
maximizing theruby gain coefficient for this polarization).
The PCR output was monitored either from the PCMvia the
front glan prism (PI) or from a partially transmitting mirror
M R . This output field then passed through a third glan prism,
which was used to eliminate any stray-reflected n-polarized
fields. The total polarization rejection ratio for the PCR output calcite glan laser prisms (which were AR coated and
wedged), P I and P2, was measured to be
, thus ruling
out detection of stray n-polarized fields (i.e., pump waves).
When the flash-lamp pumping the gain medium within the
PCR was properly synchronized with the PCM pump fields, an
intense s-polarized pulse wasdetected. No output was observed
when either 1) thecounterpropagating pump beam, A 2 was

B. Resonator Stability
In the first experiment, the real mirror MR (having a 2 m
radius of curvature and being totally reflecting) was inverted,
thus forming an unstable resonator in the conventional sense.
In this configuration we observed oscillation of the PCR (with
the PCRoutput coupled out from the PCM, as discussed above).
The nonlinear reflection coefficient of the PCM was measured
[ 131 to be 100 percent for this experiment. The PCR output energy was measured to be -0.72 mJ. This value is quite
reasonable, as will be discussed below. This lends’support to
the theoretical result that due to the “time-reversing” nature
of the PCM, the PCR should be stable regardless of the parameters of the real mirror or of the cavity length (at the degenerate frequency).

-

C. PCR Energy Output
In another experiment we compared the PCR output energy
with that of an “equivalent” conventional Fabry-Perot laser.
For this measurement the real mirror of the PCR was oriented
to be concave with respect to the PCR fields, with the PCR
output coupled out from the PCM end of the resonator. The
nonlinear reflectivity of the PCM wasagain measured to be
-100percent.
Under these conditions,the output energy
was measured to be 1.62 mJ. This value correlates well with a
measured value of 2 mJ obtained from the same gain medium
when operated in a conyentional laser resonator configuration,
with the same (2 m radius) real mirror as used above, output
etalon (60 percent reflectivity), 1.O mm intracavity Mendenhall
aperture, and passive @switch (cryptocyanine in methanol).
The effective aperture of the PCR results from the (transverse)
spatial overlap of the (TEMoo) pump beams within the PCM,
which had an intensity spot size measured to be 2.2 mm in
diameter. In fact, when the pump laser oscillated in a higher
order transverse mode, the PCR output was observed to have
a similar transverse character. We finally note that the greater
output of the PCR using a concave, as opposed to a convex
real mirror (i.e., 1.62 mJ versus 0.72 mJ) is attributed to the
fact that the former geometry sampled a greater mode volume
within the ruby gain medium (as a result of the effective aperture of the PCM).
D. PCR Frequency Spectra
We mentioned in SectionI1 that, for 1 < R and R > 0 (which
corresponds to the above experimental parameters) higher order
longitudinal modes do notexist. Hence, the PCR output should
be frequency locked to thepump wave’s frequency. (Recall
that, even if 1 >R , the filter character of the PCM should also
yield this frequency-locking property.) In order to verify this
conjecture, thefrequency spectrum of the PCR output was measured with a Fabry-Perot and compared with the pump-wave
spectrum. Within the resolution of our Fabry-Perot (-150
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IV. CONCLUSION
In conclusion, we have analyzed the stability criterion, longitudinal and transverse mode structure, and have demonstrated
stable laser action in anovel resonator bounded by anonlinear
phase conjugating “reflective” element. The notionoffrequency and spatial mode-locking of the transverse modes was
discussed, which, among other features, should enable one to
fully extract the stored energy within a gain medium or equiv20ns/dtv
alently “fit” a mode volume through an arbitrary intracavity
Fig. 6. Temporal evolutionof the PCR output (right pulse in each trace)
aperture.
Several interesting properties of this device, such as
for a PCM power reflectivity of (a) -25 percent and (b) -100 percent. Note for alargereflectivity (b), the PCR output is on for a the spatial, temporal, and spectral output, were shown to be
longer timeinterval, and also exhibits a relaxation oscillation behavior. consistent with that expected from
such aninteraction. An
The left pulse in each trace is that of the pumplaser output.
unstable resonator configuration in the usual sensewas seen
to exhibit stabilityand a substantial output energy. Also, timedependent saturation effects of the PCM have been observed.
MHz), both signals were degenerate in frequency, thus experiFinally, the PCR output energy was measured and shown to be
mentally confirming the above claim.ThePCR Fabry-Perot
comparable with that of a conventional resonator.
spectrum also yielded no additional spectral structure. ThereThe use of a phase conjugate mirror, in addition to the abovefore, other nonlinear processes, such as stimulated Brillouin or
mentioned aspects, hastheproperty
of correcting for both
Raman scattering were not present.
static and dynamic phase and polarization distortions or aberrations within the resonator. Hence by coupling the PCR outE. PCR Temporal Structure
put from the real mirror end of the cavity, or by using a twoWe now investigate the temporal output of the PCR. Since
PCM resonator, one canthus increase the efficiency ofand
the pump laser is.operated on apulsed basis (Le., @switched), therefore decrease the stringent requirements for the optical
the conjugate mirror is only “on” during the temporal overlap components comprising the cavity.
of thepump waves. Hence, the PCM effectively @switches
the PCR. The temporal output of the PCR is given in Fig.
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