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scillation with Photorefractive Gain
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Abstract-We review theories and experimental demonstrations of
oscillation with photorefractive gain. The unidirectional ring resonator, the linear passive phase conjugate mirror, a phase conjugate resonator (the semilinear passive phase conjugate mirror), and the double
phase conjugate resonator are treated, the applicationsin path-lengthto-frequency converting interferometers and one-way wavefront converters are described.

NE recent development in the field of phase conjugate optics has been the demonstration of oscillation
in photorefractively pumped oscillators and new devices
and phenomena which are related to it. This paper will
review all of these developments, starting with photorefractive gain based on two-beam coupling in Section I.
We then apply the theory to a ring resonator in Section IA . InSectionI-B, the theoreticaltreatmentisextended
beyond theplanewavecasetoan
interference pattern
whichproduces a complicatedhologram,rather
than a
simple grating. InSection 11, we shall discuss photorefractive pumped oscillation based on four-wave mixing,
and some specific examples will be discussed: a) linear
resonator (with two conventional mirrors); b) phase conjugate resonator (with one conventional resonator and one
phase conjugate mirror); and
c) double phase conjugate
resonator.InSection
111, weshalldiscusstwoapplications of the above anaysis a) optical-path-length-to-frequencyconversioninterferometerand
b) one-way realtime wavefront converters.
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Fig. 1. A schematic diagram of two-beam coupling.

diation 131, [4]. This asymmetry is available because we
are using the linear electrooptic effect, which is not invariant under space inversion and can only arise in noncentrosymmetric media. In addition, the phase delays after
passing through the interaction region for each beam may
be affected by the nonlinear interaction [5], [6]. Both the
energy coupling and the phase delay are important in analyzing the oscillation condition of a resonator.
Referring to the configuration shown in Fig. 1, we assume that both beam 1 and beam 2 are plane waves and
can be written as

Ej = Aj(r) exp [i(kj *

Y - wjt)]

+ C.C.

j = 1, 2.

(1)

Using the scalar wave equation and the standard slowly
varying field approximation, we can obtain the following
coupled wave equations [ 7 ] :

I. TWO-BEAM
COUPLING
THEORY
I,I2
= -r - - a ~ ,
We start by reviewing the interaction between two cods
10
herent beams interfering inside
a photorefractive crystal
(Fig. 1) [l], [2]. The intensity variation of the interferdI2
I112
= r- a ~ 2
ence pattern causes the charge carriers inside the crystal
ds
IO
to redistribute themselves by drift and diffusion. Then the
electric field associatedwith the space charge operates
through the electrooptic effect to produce a refractive index grating. In general, there is a spatial phase shift between the light interference pattern and the index grating.
This phase shift introduces an asymmetry that allows one
beam to be amplified by constructive interference with ra- where
diation scattered by the grating, while the other beam is
s = dcos e
attenuated by destructive interference with diffracted rarJ = (AjI2 and Aj = lAjl exp [i$j]
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j = 1, 2
(3)

I,

+ I2

=

I,

=

2 Re

[TI,

r'

and from standard photorefractive
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theory, the (complex)
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coupling constant y is given by [SI, [9]

(5)
where 8 is the angle between the beams and the z-axis, CY
imperfections in the crystal and random thermal excitais the intensity absorption coefficient,
reffis the relevant
electrooptic coefficient, n, is the ordinary refractive index tion of carriers into the conduction band (as opposed to
of the crystal, to = NA/aNZo is the characteristic time, NA deliberate photoexcitation).
is the concentration of trapping centers, Eo is the externally applied dc electric field, E,, ED, and Eq are internal A. Ring Resonator
The simplest oscillator utilizing photorefractive gain is
electric fields characteristic of drift, diffusion, and maximum space charge, respectively. The parameters re,, to, the ring oscillator, which is shown in Fig. 2. The pumping beam Zl provides photorefractive gain for the oscillaE,, ED, and Eq can be calculated from crystal properties
tion beam Z2 going in one direction; therefore, this is a
and crystal orientation with respect to the various inter[lo]-[131. Since
“unidirectional” ring oscillator [4], [5],
acting beams. Since, as
we will show in what follows,
(w2 - wl)/wl <
w1 and w2 can
be
accurately
re- onlytwo-beamcouplingisinvolved,wecanapplythe
placed by w2 = w1 except in ( 5 ) so that the magnitudes of theory developed in the above section.
We apply boundary conditions appropriate to a ring oscoupling strengths I’ and r’ are the same for E , and E2.
cillator,
This approximation will be justified later.
When there is no applied electric field, Eo = 0,
12(0) = RZ2(k
(10)
Yo
R is the combined
(6) where I is the interaction length and
= 1
i ( W 2 - w1)7
( l o ) , we can
reflectivity for one roundtrip. From (9) and
Z2(0)
and
[lL2(l)
lL2(O)]:
solve
for
where

+

ureffd

Yo

= -

4c

E~ED

(7)

+ ED)

(Eq

7+b2(Z) - 7+b2(0)=

and

rr
r

--

(al - In R).

(12)

Equation ( 1 1) gives the intensity of oscillation and (12)
gives the phase shift of A2 due to the nonlinear interaction. The oscillation conditions are that the roundtrip beam
From ( 2 ) we note that the intensity coupling is due to
the real part of the coupling constant y and the phase de- amplitude returns to its original value andthe round phase
lay is due to the imaginary part of y. Equation ( 2 ) can be delay is some multiple of 27r. From ( 1 l ) , the roundtrip
solved with the boundary conditions IAi(0)(exp
[ilLj(0)], amplitude condition is
j = 1, 2,
I’Z > (rl), = CYZ - In R.
(13)
Il(4

=

126)

=

Zo(0) e-Ors
1

&(O)

$l(s)

1

From ( 4 ) and ( 6 ) , we rewrite (12) as

+ (z~(o)/z~(o))ers
e-OrS

+ (zl(o)/z,(o))

= $1(0)-

r’s + r’
r In
-

[
1

The roundtrip phase condition for mode a is

1 + z1(0)/z2(0)
+ (z~(o)/z~(o))ers

1
(94

Equations (9a) and (9b) describe coherent optical gain for
beam 2 and loss for beam 1, and (9c) and (9d) describe
the phase transfer between beam 1 and beam 2.
Unlikegainfrompopulationinversion,spontaneous
emission is not an important source of noise in photorefractive gain. However, noise does arise from scattering

where o,is the ath mode frequency of the resonator with
no photorefractive interaction and L is the length of the
resonator. We substitute (14) into (15) and we get
(02

-

Wl)

=

2L
c(aI - In R)T (0, -

W2)

where ta is the decay time constant of the photon density
in the ath mode. In the limit tu <<< r , we can approxi-
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DISPLACEMENT OF MIRROR M I ( X )

Fig. 2 . A schematic diagram of photorefractively pumped unidirectional
ring osciilator.

ea)

mate (16) by
(w:! - a:)=

2r,
--

(wu -

W!).

( 3 '7)

.%

Since for most photorefractive c q s t a k , T i s on the order
of 1 s at the intensities commonly used and b,(w, - u l )is
roughly eqyak to one, w2 - a bis on the order of a few
hertz.Therefore,theapproximation
in (2.?? w; = wl, is
wePi justified.Equation (17) determinestheoscillation
frequency. Hf we choose the zero detueing o, -- w i = 0
as the origin, we can rewrite the frequency detuning 6 =
(w2 - cq) in (17) as

.-,
Fig. 3 . Theoretical p;ots. (a) Frequency detuning. (b) Oscillation intensity
versus mirror displacement in a ring resonator. yoE = - 1 . 5 , R = 0.9
and 4 ~ 1 , c l L .= E5(--),
2 5 ( . . - ) ?and X - - - ) .

from the front surface of the crystal was combined with
the pumping laser beam to form interference fringes. Detector DI monitored the speed of moving fringes, from
which the frequency offset 6 was inferred.
where AL is the change in cavity length from the origin.
Fig. 5 shows the experimental result of freq,uency deWe recall that a , from (81, is inversejy proportional to the
sum of the pumping and oscillationbeam intensities. From tuning 6 againstthedisplacement of mirror M I , which
(81, (11): and (171,

Combining (18) and (19), we can obtain a relationship
between the frequency detuning6 and the mirror displacement AL. Assuming no absorption,theoretical plots of
frequencydetuningand
the oscillationintensityversus
mirror displacement are shown in Pig. =(a) and (b), respectively.
The theory presented above has been t.ested experimentaly 141, 1121 using the apparatus shown in
Fig. 4. 'The
output from a single-longitudinal-mode argon ion laser (x
= 514.5 nm, B = 0.2 W, beam diameter = 2 mm) was
directed to a go"led BaTi03 cystai. The crystal c-axis was
in the plane of the ring oscillator to make use of the large
electrooptic coefficient rd2.Mirrors M i , M 2 , and M, were
aligned to form a ring resonator {I, = 35 cm). ,Mirror M I
was set on a piezoelectric mount. A 0.6 rnm diameter pinhole was inserted inside the osciilating cavity in order to
force a stable sin~:ie-transverse-rodeoscillation (without
thepinhole,theoscillationpatternvarieaerratically
in
rime) [Id]. A fraction of the oscillating beam reflected

agreesqualitativelywith Fig. 3. The gainIinewidth i s ,
according to (61, 7 - ' Hz, which in B a T Q is a few hertz,
so that the maximum detuning 6 observed is a few hertz.
We notice that the oscillator can support $WQ transverse
modes, TlEMoo and TEMol. From Fig 5(a), the slopes of
frequency defuning versus the mirror displacement curves
give, according to( 1X>, an estimate of the ratio l a t T which
IS 1.89 X IO-' and 0.88 X
forthe TEMoo and she
TEMo, modes, respectively. This ratio :,JT is larger for
the TEM, mode than the TEMo, mode since the latter,
sufFering higherdiffractionlosses,
has a smaller tu. At
each region of discontinuity in 6, for example at 0.188x,
0.6X, I . IX, and 1.fish, the oscillation was unstable, and
TEM[oo and 'TEM,,
rapid modehoppingbetweenthe
modes was observed- At other points, transitions between
TEMUoand TEM,, could be induced by disturbing the
system, for exampie, by vibrating one of the ring cavity
minors. The -iongitu$inal mode spacing was 7.9 X 1 u"
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Fig. 4. Experimentalconfigurationformeasuringfrequencydetuning
6
versus displacement of mirror M!.Using a Cartesian coordinate system
with the laser beam traveling along the abscissa and the coordinate
in
inches, the elements are the Ar laser (0, 0); beam splitters BS, (1, O),
BS2 (1, -3.5); mirrors M I (9,I ) , M 2 (7, -3), and M 3 (3, -1); crystal
C ( 6 , 0); 0.6 mm diameter pinhole PH (7.5, 0.5); and detector D , (1,
-4.5).
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Fig. 5. (a) Experimental data of frequency detuning S versus displacement
of mirror M , , TEM, mode (*I, TEM,, mode (A). (b) The oscillating
beam power of TEM, mode versus displacement of mirror M , .

Hz, and the transverse mode spacing betweenTEMoo and B. General Oscillator Theory
TEMoI modes was 2.13 X 1 O8 Hz. 'The power Qf the 8sHere we develop a theory for oscillation in an optical
d a t i n g beam for the TEMoo mode was also plotted in resonator with photorefractive gain. FVe use an approach
Fig. 5(b>. The oscillation power was near maximum at
similar to Lamb's self-consistent analysis of an inhomozero frequency detnning, 6 = 0 , which is due to the fact geneous laser 1161, [W]. Referring to Fig. 2, we take the
that at this point the coupling constant y as given by (6) known input (pump) beam as
i s maximum.
By using an additional pumping beam to pump the osEl(r, 1) = ~ l o ( reiott
) + C.C.
(20)
cillation inthe opposite direction, bidirectional oscillation
well as
In a ring resonator was experimentally observedby White where El0(r)contains the propagation factor as
et ak. [lo] and Rajbenbach et d . 1131. A theoretical anal- describing theeffect of distortion and of information (spatial) modulation of the beam. The oscillation beam which
ysis ofphotorefractive coupling ofcounterpropagating
traveling waves in ring resonators has been reported by establishes itself in the sing oscillator is taken as E2(r3f ) ,
Ye& 1151. Theinequalityintransrnittivitiesand
phase and our immediate task is to solve for the oscillation cons f this beam. The sesshifts leads to a splittingIn both oscillation frequency and dition and the oscillation frequency
onator field can be expanded in the (complete) set of resintensity.

4
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onator modes E,@) [ 181:

Substituting (21a) (24b)
into
using
and
(21b),
obtain
we

so that (26) becomes (without loss of generality, we use
subscript a to represent the oscillatingmode)
where
V x E , = k,H,

V x Ha = k,E,

(28)

(22b)

where Q, = W,E/O is the quality factor of the resonator
for mode a and PNL(r,t ) is the polarization in the photoE,(r) and H,(r) satisfy the resonator boundary conditions refractive crystal due to the nonlinear interaction between
~ ( rand
) p thepump (input) beam E l @ , t ) andtheoscillator field
for electric and magnetic fields, respectively.
E&, t ) . From (26) we identify w, as the resonance freare electric and magnetic permittivities, respectively.
w,
and k, are the radian oscillation frequency and wavenum- quency of mode a in the no loss (Q,-+ 03)limit. The
p,(t) and distributed nonlinear polarization term PNL(r,t ) driving
ber of the ath mode, respectively. The quantities
qa(t) contain the temporal information of mode a , includ- the oscillation of the resonator field is that produced by
ing that of the frequency. In addition, the modal functionsthe incidence of the input field E l ( r , t )on the index grating created photorefractivelyby the interaction of the
field
E, and Ha are orthonormal according to
E l ( r , t )and the ring oscillator field E 2 ( r , t )If
. we assume
n
that one mode only,say a , oscillates, then wemay replace
E(r, t ) by the ath summand in (21) and write
= ka(pE)-'j2.

w,

(224

and

P N L ( ~ ,t>

Ha

'

Hb dl/

hub.

(23)

Theresonatorcontainsadistributedpolarization
field
t ) due to the nonlinear interaction,
so that Maxwell's equations can be written as

PNL(r,

=

V

X

o(r)E

E = -p-

aE
a PNL
+ e(r) +at
at

aH
at

1

C - waqak,E, =

(29)

2ciy p a o ( t ) [ E ~* oE,] e-i(w2-w')r
An(r, t ) = 7
C.C.

+

andthen

(24b)

PN&,

t)

=

2eOc

--

w&
,

- (T

41

where An, the
index
grating
formed
by the
interference
of
the input beam E l o ( r ) eiwItand the oscillation field
Pa(t)Ea(r) is given by [I91

(24a)

where a(r) is the effective conductivity that is introduced
to account for the losses. Using (21), (22), and (24), the
resonator field will satisfy the equation

= Re [ ~ o A n ( rt ,E
) dr,

iy

p a o ( t ) [ E ~ oE,] E l o eiWzt
I E ~ O I ~+

1

+ C.C.

IPaEa12
(31)

where we take p,(t) as the product of a slowly varying
amplitude pa0(t)and an optical oscillation term exp (iwt)

1

C -p,Ea
a &

?

Pa(t> = ~ a o ( teiwZt
)

a
paEa

at pNL(r' t,

where y is given in (5). We note that the sole time dependence ofP N L ( r , t ) is that of mode a , i.e., of the termpa(t).
Dot multiplying (25) by E b , integrating Over the resonator The tirne dependence of the input mode E l ( r , t )has disand using the orthonormality condition (22) appeared since E , appears in (31) multiplied by its cornleads to
plex conjugate. Another, equivalent way
to explain this
(T
l a
fact is that the index grating produced by the interference
wiqb + P b + p b - - PNL* Eb dv
0
&at
v
of E , and E, (the cavity field) is moving
since
w2 # w l ,
and this velocity is just the right one to Doppler shift the
w;qb + ff pb + pb - 1 a2 pNL. Eb du = 0. (26) incident frequency w1 to w2.
&at
v
becomes
(28)
equation
oscillator
The
-

_.

S
S

+

(25)

(32)
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(33)

As steady state p,,
pu0(m) =oscillation
constant.
The
andcomes
2

(w, - w;)

pa

iw2, and pUo(t)=
condition (33) be-

vanish,
dldt

&

-

YO

1

+ i(w2 - w1)7

5

IElo(r)I2

+

*

;IPuo(=J)

crystal vol-

(42)

(POSCl2)

(IE,ol2)

where

fo =

j

IEYo(r)

*

Eu(r)12dv

(43 1

lEd2

E,(r)12

1

+

(34)

where in the second equality we used the zero external
field (EO= 0) form of K as given by (6), and f is given by
lEYo(r)

E,(r)

fo

f =

. 2E002C
E

Vcryitai

= - -P,O(W)

the( averaging
over
) to
spatial
denote
ume. We can now rewrite f as

Q,

=1-

f =

1

&sc(r)

+

2€0W2C
+ i -- iYf
E
w,02

where we used (21a) to write the oscillating electric field
of the ath mode as

(35)
E,(r)I2

and (37) becomes

so that it is dimensionless
and
real.
_1 -2toCYofo
1
tu
€[I 4(Wl - U,)2t2]
The left-hand side of (34) is a complex number which
depends
only
passive
on resonator
parameters
and
the
(yet
+ (
(IE1012)-!
IEosc12)
unknown) oscillation frequency wl. According to (31), the
phase of the right-hand side of (31) depends on ( ~ 2- a,). The start oscillation condition is
The frequency wlwill thus adjust itself relative to w2 so
as to satisfy (34); using ( 3 1) and
separating
the
real‘ and
n2[1 + 4(Wl - WU)’t2]
imaginary parts of (34) leads to
Yo 2
2C€Ofota

+

2

0,

2

- w2 =

2c%fYoU2(w2 - 0
E[1
(w2 - w1)272]

+

(36)

and
wuw2
- -

Q,

2CEofYow2
41

+

( ~ 2

2 2

471

(37)

and since w1 = w,, (36) and (37) can be accurately approximated by

In the limit tu <<< r where tu = Q,/w, is the decay time
constant of the photon density in the ath mode (with no
photorefractive interaction) we can solve (38) for w and,
using (37), obtain
(w2 -

4

=2

t,
;
(w,

-

4 ,

(39)

which agrees exactly with the two-beam coupling theory
analysis (17).
Let us return next to the threshold condition (37). The
parameter f is given by (35) and can be written as

[’

’

(44)

(45)

and does not depend on the pumping intensity 1 EiOl2.This
is a consequence of the index variation being driven
by
intensity moderation, not absolute intensity.
Equation (44) can be solved for the oscillating field intensity inside
resonator
the
( 1 ~ o s c 1 2 )= ( I E i o / 2 )

/I

2cYofotun-2
+

4(w1 -

2 2

- 11,

(46)

which is reminiscent of the expression for the power output of homogeneously broadened lasers [20].
We have neglected in our analysis the change in intensity of both the pump and resonator beams in the crystal
due to the mutual power exchange. This
neglect is well
justified near threshold, and even a 20-30 percent power
exchange per pass will not invalidate the basic conclusions of the above analysis. Another important issue is the
relationship of distortion (or intentional spatial modulation) of the pumping beam EiOon the oscillation. It follows from (43) that the main effect is to reduce the “projection” of EiOon E,, leading to a smaller fo and thus,
according to ( 4 9 , to a higher threshold. The shape E,(r)
of the oscillating field is not affected.
This formalism can be generalized
to include higher-
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order modes of oscillation [21] and can be used to describe resonators with four-wave mixing gain (next secPNL
tion). In the latter case, the nonlinear polarization
must include all the grating terms involved
in the interaction.
MIXING
11. FOUR-WAVE
The theory of four-wavemixing in photorefractive
crystals has beendeveloped recently [19]. The coupled
wave equations describing the nonlinear system have been
solved in the depleted pumps and single-grating approximations [22]-[24]. The theory was then used to describe
novelself-pumpedphaseconjugatemirrors(PPCM’s)
[25]-[27]. In the following, we extend the theory to nondegenerate
four-wave
mixing,
and
we consider
the
PPCM’s as photorefractively pumpedoscillators:
the
phase conjugate pairof input/output beams pumps theoscillation between the crystal and some auxiliary mirrors
(or the crystal itself). In particular, we shall discuss the
oscillation conditions for the linear PPCM28 and the cat- Fig. 6 .
PPCM27 in Section II-A,thesemilinearPPCM
1251 in
Section II-B.

Schematic diagrams. (a) Linear PPCM. (b) Semilinear PPCM. ( c )
cat-PPCM.

A. Linear Resonator
A linear resonator with photorefractive gain is shown
in Fig. 6(a). A typical example
of such an oscillatoris the
linearPPCM.Thecoupled
waveequationsdescribing
photorefractive four-wave mixing in the slowly varying
field approximation for the transmission grating without
linear absorption are
g
l

ds

dA
ds

--

=

-

Z,(Z)

=

~

l + A
2

where

-%A4

%AT

(474

Q

=

[A2

+ (A +

/
1)2/M2]1’2

(57)

and the intensity flux A = Z2(1) - 11(0) - Z4(0) is found
from the solutions of the equation
(48)

T(0) + Q

1

2

and A; is the amplitudeof beamj normalized by the square
(58)
AT(0) Q + (1 + A) T(0)/M2
root of the conserved total average intensity Io = Zl(s)
12(s) + 13(s) + J4(s>.
where M I and M2 are theintensity reflectivities of the cavUsing the boundary conditions
ity mirrors.
To examine the phases more effectively, we separate
I,(O) = M112(0)
(49)
the amplitudes into magnitude and phase: A; = I:‘* exp
and
(i$;). We write the roundtrip phase sum rule for the M , M 2 cavity as
1 2 ( 0 = M211(0
(50)
p(Z) - p(0)
2kL = 2nm
(59)
we can obtain the intensity of oscillations, Z,(O) and Z2(Z),
and the phase conjugate
reflectivity R = Z3(0)/Z4(0)[7], where m is an integer, L is the cavity length, and q ( s ) =
$l(s) - 4b2(s). Since the observed frequency shift in pho[281>

+

+

+
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torefractive processes is very small, we haveneglected
the frequency dependence of the wavenumber k .
To find the relationship between the detuning
6 and cavity length L as given in (59), we rewrite (47a) and (47b)
as
d In A I
= -yZ4(l
f)
ds

+

and
d
In A:,
-ds

-

-yZ3(1

+ l/f)

where

Taking the imaginary part of (60), we find

and

so that
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Therefore, not much cavity length detuning is allowed.
As MI decreases, the oscillation beam becomes more dependent on continual replacement by the input beam. The
phase of the oscillation beams depends more on the phase
of the input beam and less on the phase of the oscillation
beamreturningtothecrystalfrom
M1. Thus,alarger
range of cavity length detunings is possible with smaller
frequency detuning. Also, the oscillation condition begins
to not allow the coupling constant to be complex. Eventually, when M1 = 0, we reach the case of the semilinear
PPCM, whose solution requires

T(0) + Q = 0 ,
which can only be satisfied if T(0) is real, which implies
y is real, which in the absence of a uniform dc field E,,
implies 6 = 0 [see (5)]. M,' is no longer present, and the
roundtrip phase sum rule no longer needs to be satisfied.
Thecat-PPCM may actually containalinearPPCM
[12].Aclose-uppictureofanoperatingcat-PPCM
is
shown in Fig. 8. Oscillation is observed between the lower
left- and right-hand corners, connected by a total internal
reflection at the upper surface.By applying black paint on
the lower right-hand corner of the crystal the phase conjugate reflectivity is reduced by a factor of 100. This indicates that the oscillation between the lower left- and
right-hand corners is effectively pumping the phase conof the cat-PPCM and its frejugate output. The origin
quency detuning effect [29]-[31] are subjects of current
investigation.

where [28]

B. Phase Conjugate Resonators
A phase conjugate resonator (PCR) is an optical cavity
bounded by a phase conjugate mirror (PCM) and an ordinary mirror. If the PCM exhibits sufficient gain to overand
come the ordinary mirror and diffraction loss, an oscillating mode
can
be
supported.
The
longitudinal
and
transverse modes of this device have been the subject of
theoretical
and
experimental
investigations
Theroundtrip phasecondition (59) can be readily ob- numerous
[32]-[37],
and
several
important
features, such as the extained by numerically integrating (63).
of the
istence
of
half-axial
modes
and
the
degeneracy
Note that if y is real, then f is real, which implies [see
transverse
modes,
distinguish
the
PCR
from
an
ordinary
(63)] that dp/ds = 0. In this case, the phases of the osresonator. Instabilities in the transverse mode of photocillation beams are unaffected by the nonlinear interacrefractive
PCR's have been observed, and the possibility
tion, and n o compensation for cavity length detuning is
that
these
instabilities
represent chaos behavior is being
possible.
[ 141.
currently
investigated
Some typical plots of frequency shift 6 and phase-conHere
we
analyze
a
semilinear
PPCM as an example of
jugate reflectivity R versus cavity optical path length kL
a
PCR
with
four-wave
mixing
gain.
From Section11-A by
are given in Fig. 7. With M2 = 0.98, we have shown what
=
0,
we
have
already
seen that there
putting
the
mirror
MI
happens as MI is reduced towards zero, which is the case
is
no
roundtrip
phase
requirement
for
such
an oscillator.
of the semilinear mirror. WhenMI is unity, then since the
(58), the
From
the
theory
of
the
transmission
grating
threshold coupling strength is very small, large amounts
threshold
may
be
obtained
as
of detuning can be tolerated, and the phase conjugate reflectivity R evenincreaseswhenthe
cavity length is
M442 = exp [(Y + 7")11.
(66)
slightly off resonance. However, only cavity detunings up
to - 0 . 2 2 ~ are possible. Since the
quality factor of the We see that no buildup of operation from zero oscillation
oscillation cavity is quite high, the oscillation beams are
strength is possiblein the absence of mirror M I even when
significantly more intense than the signal beam, which is yZ does have a real part.
However, by providing a seed
thus not very effective at transferring phase to the pumps. beam in the M2 crystal cavity, such as feedback the fan-
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Fig. 7. Phase conjugate reflectivity R (dashes) and oscillation beam frekL modulo 2?r in empty
quency detuning 6 versus optical path length
oscillation cavity. Only the path length range0 to ?r is shown: the results
shownaturalsymmetryabouttheorigin.
In each case, the undetuned
coupling constant ( y f ) , = - 3 and M , = 0.98. The detuning 6 is norMI varies as follows. (a)
malized by the constant quantity Z4(0)/(lc,~).
1.00. (b) 0.125. ( c ) 0.025. (d) 0.01. Note the change of scale in 6 for
(b), (c), and (d)

ning by a curved mirror, it is possible to build up oscillation in the absence of mirror M I .
With MI = 0, (58) implies that

[-

+ (A + 1)'/M2]
= [A2 + (A + 1)2/M2]1'2,

tanh

[A2

so that A may found from the solution
equation
A2

(67)

of the quadratic

+ (A + 1)2= a2
M2

where a is simply related to the coupling constant yl by
(69)
The oscillation intensity is
Fig. 8. Picture of an operating cat-PPCM
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Each of the phase shifts$iis due to two separatephysical effects. The first is a dependence on the combined
of the three
phases of the pumping beams. The amplitudes
input beams are essentially multiplied to give the amplitude of the phase conjugate reflection: hence, the pump
$, and tJ2 are added to the reflected wave. The
phases
so that the device is at threshold with reflectivity R = R,,
second effect.involves the internal physics of the crystal.
M2
R, =
When the probe beam frequency is offset from that of the
(M2 2)2’
pump beams, the refractive index grating responsible for
when a 2 equals a:,
beam coupling moves in space in synchronism with the
light interference pattern. The finite response time of the
1
a; =
(73) medium implies a phase lag 8 between the interference
(1 + M2)‘
pattern and the index grating [40]-[42].
In terms of y this threshold is given by
In the undepleted pumps approximation, the phase shift
$iat mirror i is
The phaseconjugate reflectivity canbewritten,using
( 5 5 ) , in closed form as

+

4i(6> =

It is possible to show that of the two possible values of
the above threshold reflectivity (71) only the one associated with the upper sign is stable.

+ $2 + ei(6)-

(76)
As an example, 8 for a photorefractive phase conjugate
mirror is given by [19]
$li

C. Double Phase Conjugate Resonator
A double phase conjugate resonator[24], [38],
and [39]
exhibits additional complexity as the nonlinear media as
well as the intensities and phases of the pumping beams
may be different in each PCM. This leads to fundamental where r is the ratio of the intensities of the two pumping
differences between the single and double phase conjugate
beams.
resonators. In thefollowing paragraphs we present experToseetheunderlyingphysicsofthedevicemore
imental andtheoretical results concerningthenondeclearly, we assume that both PCM’s are the same except
generateoscillation,whichwehaveobserved
to be for the phases of the pumping beams, so that 8,= e2=
strongly dependent on the phases of the pumping beams. 8. Since in the photorefractive case 8 is an odd function
Consider the propagation of a probe beam traveling
be- of 6, (75) can be rewritten as
tween two PCM’s pumped at different frequencies. Sup-\k - 2 8 ( 6 ) + 26LIc = 2nm
(78)
pose we pump the first PCM (PCMl) at frequency w1 and
the second PCM (PCM2) at w2. Without loss of generality where \k =
+ $21 - $12 - $22. Weseethat, except
weassumetheprobe
to betraveling initially towards for the special case 9 = 0, 6 must be nonzero. It also
PCM, and to have frequency w . Using the frequency-flip- follows from (78) that the 6 is periodic in \E and L.
(apump 6 --t wpump - 6) we
pingcharacterofPCM’s
In our experiment, the response time
of the photorefind that after one roundtrip, the probe frequency has be- fractive medium was much greater than thecavity round2(wl - w2). After sufficient roundtrips,the
come w
trip time, so that the term 26Llc in (78) is negligible. Fig.
frequency of the probe would walk off the gain spectrum 9 shows the theoretically predicted frequencyoffset 6 and
of both PCM’s. In practice, this means that oscillation
the associated phase conjugate reflectivity as a function
between two PCM’s is not possible unless the mirrors are of \k with yol = - 3 . We note that, while it is the oscilpumped by lasers whose frequency spectra overlap appre- lation intensity and not the undepleted phase conjugate
ciably. If at least one of the PCM’s is self-pumped [39], reflectivity that is measured in the experiment, these two
this condition will be satisfied automatically.
quantities.should be at least qualitatively similar.
With this in mind, we analyzeoscillation between a pair
Fig. 10 is aschematicofourexperimentalarrangeof PCM’s pumped at the same frequency w . Allowing for ment. The output of an argon ion laser running in single
possible nondegenerate oscillation we write the frequencylongitudinal mode at 514.5 nm was divided at beamsplitof the field propagating from PCMl to PCM2 as w - 6, ter BS into two beams of equal intensity which pumped
with w + 6 being the frequency of the field traveling in two crystals of BaTi03 as PCM’s. The second setof two
the oppositedirection.The
net accumulated roundtrip pumping beams,oneforeachPCM,wasprovided
by
phase change is 42(-6) - +,(a) + 26LIc where &(6) is retroreflecting mirrors M 1 and M2. Mirror M , was on a
the phase change upon reflection from PCMi and L is the piezomount so that the combined pumping beam phase\k
cavity length. A self-consistent oscillation must satisfy
could be controlled by its position. The crystal orientations
were chosen so that the reflectivity of each PCM to
42(-6) - +,(a) + 26LIc = 2mn(75)
a beam arriving from the other was greater than unity.
where m is an integer.
Oscillation beams built up in the double phase conjugate
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Fig. 11. The experimental results showing the dctuning and oscillation intensity as a function of the combined pumping beam phase derived from
the position of piezomirror MI.

the oscillation beams directly against light at the pump
frequency upump
split directly off the laser output. The detunings were equal and opposite in sign, consistent with
the theory.
111. APPLICATIONS
In this section, we discuss two applications of the resonators with photorefractive gain: a) optical-path-lengthb) one-way
to-frequencyconversioninterferometerand
real-time wavefront converters. Other applications, such
as distortion correction in laser cavities [43], laser gyroscopes [15], [44], bistability [45], [46], associative memories [47]-[49], and self-scanning of a CW dye laser1291,
[30], [50],have been reported separately.
Fig. 10. The experimental arrangement used to demonstrate oscillation detuning in the double phase conjugate resonator. An argon ion laser was
used at 514.5 nm in single longitudinal and TEMuu modes. The power
output was 100 mW. Using a Cartesian coordinate system with the abscissa coincident with the beam leaving, the laser locations
of the elements in centimeters wcre: beam splitter BS, (0, 0 ) . BaTiO, crystal C ,
of PCM, (-8.9, 0), BaTiO, crystal C2 of PCM, (8.9, 7.6), piezomirror
M , (-19, 0), mirror M z (17.8, 15.3). The c-axis of C , pointed in the
direction of the vector (0.95, -0.30). the c-axis of C, in the direction
(0.91, -0.42). The c-axis is defined here as pointing towards the surface
which had been connected to the negative electrode at poling. A 100 pm
pinhole PH was inserted in the resonator to stabilize the oscillation. Detector D l was placed behind apertureA at the outputof the interferometer
to measure the detuning. Detector D 2monitored the oscillation intensity
using a Fresnel reflection from the surface of crystal C , .

resonator,andthe
parts of thesebeams
transmitted
throughthecrystals,weremade
to interferewitheach
other. Detector Dl was used to measure the fringe speed
from which the detuning 6 was inferred. DetectorD2 gave
to
the oscillation intensity. A 100 pm pinhole was used
stabilize oscillation in the resonator [ 141. The frequency
detuning and oscillation intensity showed periodicity in \E
with period 27r (or equivalently in L with period Xi2). Fig.
11 shows one period of detuning 6 and the oscillation intensity as a function of the combined pumping phase \E.
We have also performed experiments in which we beat

A . Optical-Path-Length-to-Frequency Conversion

Interferometers
In traditional interferometry,changes in optical path
length cause changes in fringe position at the output of an
interferometer. This change in fringe position is inferred
by intensity-measuring detectors. The precision of these
devices might thus be limited by the precision with which
intensity measurements can be made.
Frequencycan often bemeasuredwithmuchhigher
precision thanintensity.Therefore,aninterferometer
whose output can be measuredby a frequency counterwill
benefit from this improved precision. Many types of photorefractiveoscillator,includingthe
ring resonator,the
double phase conjugate resonator, and the linear PPCM,
can be used in this manner [5].
B. One- Way Real-Time Wavefront Converters
Many laser systems give rise to highly distorted laser
beams. The distortion is due mostly to optical "imperfections" and aberrations in the laser
resonator (including
those ofthepumpedgainmedium)or
in transmission
through a distorting medium. The question arises as to the
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M
possibility of beam“cleanup,”i.e.,
of improving the
spatial properties of the beam, in real time.
A number of schemes were describedrecently in which
stimulated Raman scattering (SRS) was used to amplify a
INPUT
“clean” Stokes seedbeambyahighlydistortedpump
CRYSTAL
beam [51]. The basic physical idea is that power can be
transferred continuously from thedistorted pump beam to
the Stokes beam without transferring the phase, i.e., distortion of the former. The distortion phase increment is
transferred instead to the locally excited molecular vibraOUTPUT
tion.
Fig. 12. Schematic diagram of a wavefront converter.
The mathematical nature of the Raman (or Brillouin)
nonlinearity is similar to that of the photorefractive
effect.
where Ou and Oi refer to the beam spreading angle at the
In each of these, the presence of two beams
Ao,i and Pu,i are the
output and input, respectively, and
i ( w ~t kl . r)
C.C.
(79a)
E&-, 0 = E,o(d e
respective beam diameters and powers. We note that
in
passive optical systems, G < 1.
and
In theexperiment,aTEMoomodeargonlaserbeam
i(w2t - kz . r)
c. c.
(79b) (514.5 nm, 50 mW, beam diameter 1.5 mm, and beam
E2(r, 0 = Ezo(r) e
divergence 0.5 mrad) passed through adistorting medium’
gives rise to a nonlinear polarization (31)
50
which caused the beam divergence to increase to about
mrad. A ring resonator ( L = 40 cm) was placed about 5
cm behind thedistortion medium. The ring resonator consists of two 99 percent reflecting mirrors, a variable beam
(80) splitter (VBS) serving as the output coupler, and a poled
where w’ is some characteristic frequencyof the medium, BaTi03crystal. By introducinganintracavityaperture
with a diameter <0.4 mm, the high-order modes of the
T is a damping time, and y’represents the strength of the
ring
resonator were suppressed and oscillation in asteady
couplingbetween Elo and E20, which is related tothe
of distorting
TEMoo-like
moderesulted.Severaltypes
physical mechanism of the nonlinear interaction and where
media
(both
thin
and
thick)
have
been
used.
for the sakeof simplicity we adopted scalar notation. The
The very considerable improvement in the spatial charimaginary part of PNL, in quadrature with E20, gives rise
acteristics
of the mode is evident in a comparison between
to an amplification of E,, (the Stokes beam) by E l o . This
Fig.
13(g)
and
(h). The output (oscillating beam) beam
polarization then radiates, thus causing transfer of power
has
beam
waist
and divergence equal to 0.4 mm and 1.15
from w1 to w2.
mrad,
respectively.
The maximum power conversion efThis formal similarity between SRS and photorefractive
7
= Pulpi measured was 15 percent, which corficiency
two-beam coupling suggests that one can achieve beam
responds to a wavefront conversion figure of merit G =
cleanupusingphotorefractivenonlinearopticaltech4000.
This is to be compared to the results using spatial
niques. An advantage of using a photorefractive medium
filtering
techniques, which yield 7 < 0.1 percent and G
is that it can be operated at low power, milliwatts, while
<
1.
SRS requires high beam power to reach the threshold.
Thepowerconversion
efficiency 7 ofthewavefront
In our experiment the cleaned up beam does not result
converter
can
be
calculated
from a recent theory for phofrom injecting and amplifying a seed input,
but is selftorefractively
pumped
oscillators
[4], [ 111, Such a theory
generatedbyamode
of anoptical resonator which is
leads
to
a
result2
pumped by the distorted beam. The experimental setup is
similar to that in Fig. 12. The distorted pump beam Elo
is incident on a poled BaTi03 crystalplaced inside a ring
oscillator.Thephotorefractivetwo-beamcouplingdescribed in Section I provides gain, which enables a mode
E,, of the ring resonator to oscillate. The spatial characteristics of the mode E20are determined by the resonator,
of the
and ideally not the pump beam,thusleading to beam where w1 and w 2 , we recall, are the frequencies
ta
is
the
phopump
and
the
oscillation
beam,
respectively,
cleanup.
f
o
is
the
ton
lifetime
of
the
passive
ring
resonator,
and
A fundamental figure of merit for the wavefront conoverlap
integral
given
by
(43).
We
note
that
the
effect
of
verter is the ratio G of the photometric brightness (W/m2Sr) of the output beam to that of the input. This ratio is
‘The distortion media used in these experiments were prepared
by etch-

%<

//

4

+

4

+

ing pieces of glass (1 mm thickness) in 48 percent HF acid for 1 min.
’Equation (82) reduces to (46) in the undepleted pump approximation
and reduces to (1 1) in plane wave approximation.

Fig. 13. (a) Undistorted laser beam. (b) Laser beam after passing through
a distortion medium without correction. (c) The corresponding corrected
output beam. (d) Laser beam after passing through a distortion medium
formed by two pieces of etched glass stacked together. (e) The corresponding corrected output beam. (f) Laser beam after passing through a
thick distortion formed by three pairs of ctched glass, each of thcm separated by 1 in. (g) The corrcsponding corrcctcd output beam.
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Fig. 14. Conversion efficiency 7 versus transmittance T = 1 - R of the
output coupler (VBS). (+ j and ( 0 ) are experimental points using ring
oscillator (Fig. 12) and ring PPCM [Fig. 17(d)]. The continuous lines
are theoretical plots based on (82) for 0 1 = 1.11, and rl = 3.3, 3.6,
and 3.9

distortion of the pump beam E I ois to reduce the “projection” of E I oon E20, leading to a smallerfo and thus to a
smaller conversion efficiency.
Fig. 14 shows a plot of the measured power conversion
efficiency of our device as well as the theoretical values
from (82). We defined the modified coupling constant 1
as

The theoretical curves agree quite well with experimental
data when a 1 = 1.11 and I? E = 3.6. From independent
experiments, we also measured (IIE = 1.11 and r 1 = 3.4.
From (82), the maximum conversion efficiency ymaxis
derived for given 0 r E and I? 1
Vmax

-

(e-al

+ e-rl)

+

41 - e a l

dl
-

e w + r o1 - 2
e(al+rl) - 1
- erl +

+

(84)
at the transmittivity of the output coupler, R,,,,

Fig. 17. Wavefront converters using other oscillation configurations.
(a)
Linear PPCM with output taken from the self-induced pumping beam.
(b) Linear PPCM with a self-induced oscillation. (c) Semilinear PPCM
with a self-induced oscillation. (dj Ring PPCM with a self-induced oscillation. (e) Two-interaction-region PPCM with a self-induced oscillation.

e-K’[l

T,,,

= 1 -

-

,/I
e-al

-

+

e-K’ -

+

,(a/+K’)

1

1

(85)
Theoretical plots of ymaxand T,,, as a function of I? E for
various a1 are shown in Figs. 15 and 16, respectively.
We note that qmaxis saturated for given aE. On the other
hand, however, the 0 r Z should not be too small because it
is required for the photorefractive effect.
We have also employed other resonator configurations
instead of a ring oscillator (Fig. 17). These included the
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linear, the semilinear, the ring cavity, and the two-interaction-region self-pumped phase conjugate mirrors. They
allledtoimpressivespatialmodecleanup,butwith
smaller power conversion( = 6 percent). This may be due
to the fact that in these cases a good deal of ispower
phase
conjugated back to the pump. One advantage of the devices in Fig. 15(c)and (d) is that they can be pumped with
light sources of short coherent length or even with modelocked laser light [ 5 3 ] . This is because of the semilinear
and the ring PPCM used in dynamic transmission holograms, which are insensitive to vibration.
The small frequency shift (Section I) between the pump
and the oscillating beam which exists in these oscillators
(a few hertz) is probably of little consequence in most
practical situations, but should be noted.
CONCLUSION
In summary, we have used two different points of view
to develop theoretical models of oscillators with photorefractive gain. The first is a plane-wave analysis which
retains the nonlinearities in the coupled wave equations
governingtransferofpowerfrompump
to oscillation
beams.Thesecond
is agenerallasertreatmentwhich
linearizes the equations but retains the effects of transverse variation in the amplitudes of the pump and the oscillation modes. Thisyields threshold conditions based on
the amount of spatial overlap between these beams. Both
theories describethefrequencydetuning
effects which
have been the subject of much current research in photorefractive devices. We have applied thesetheories to several photorefractiveoscillators:the
unidirectional ring
resonator,thelinearpassivephaseconjugatemirror,a
phase conjugate resonator, and a double phase conjugate
resonator. Finally, an understanding of these processes
has led to several applications, two of which we have described here:anoptical-path-length-to-frequencyconverting interferometer and one-way real-time wavefront
converters.
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