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Analogy between photorefractive oscillators and class- 4 lasers
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Photorefractive oscillators are shown to have the same transverse properties as class- 4 lasers, in spite
of the different mechanisms of light amplification in both systems and the different microscopic physics.
A laser Ginzburg-Landau equation for the order parameter of photorefractive oscillators (PRO) is de-
rived and correspondences between parameters of PRO’s and class- 4 lasers are given. The close similar-
ity between these two systems is evidenced by numerical calculations. Experimentally, a PRO is found
to emit stationary patterns such as pure mode patterns and vortex lattices, and to display a periodic
motion of vortices, all of which are characteristic of lasers.

PACS number(s): 42.60.Jf, 42.65.—k, 61.72.Lk
I. INTRODUCTION

In this paper we attempt to find a connection between
transverse pattern formation mechanisms in photorefrac-
tive oscillators (PRO’s) and other nonlinear-optical sys-
tems. The analysis in this paper shows that PRO’s corre-
spond most closely to class-A4 lasers. This results from
analytical treatment of the PRO equations and from com-
parison with the laser equations, from numerical analysis,
and from experiments with a Bi,,Si0,, (BSO) oscillator.

We find that there are many similarities between
PRO’s and class- 4 lasers regarding the transverse prop-
erties of the optical fields in spite of different physical
mechanisms of light amplification: the photorefractive
crystal responds to the light intensity via the electro-optic
effect [1,2] while the laser medium interacts with the opti-
cal field. The response time of the laser medium is very
small compared to that of the photorefractive material
(with response time between milliseconds and hours).
Consequently, the spectral-gain linewidth of the pho-
torefractive material is of the order of 1 Hz and is very
small compared to that of the lasers. Furthermore, the
spectral-gain linewidth of PRO’s is very small compared
to the cavity linewidth, which is of the order of
megahertz. As shown in [3,4] this leads to an extreme
frequency pulling. The emission frequency of PRO’s is
always close to the pump frequency (the frequency shift is
of the order of 1 Hz).

Pure “resonator modes” are emitted in PRO’s when
spatially controlled losses (e.g., cavity misalignment,
translation of an aperture off the axis of the cavity) are
used [1,5]. Multimode emission patterns are often non-
stationary, even with apertures restricting the number of
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active modes. The time dependence of the emission is
often attributed to drift of the optical-cavity length
[1,6-9]. These can tune the cavity modes in or out of
resonance with the gain line. Nevertheless, it is possible
to restrict the emission of the PRO to stationary lower-
order transverse modes [5]. It was also demonstrated re-
cently [10] that a photorefractive oscillator can be tuned,
like a laser with a narrow gain line, to individual
transverse-mode families. Interaction of the active modes
can result in stationary patterns or mode competition or
simultaneous mode emission corresponding to dynamics
[10].

Several models have been formulated to describe the
emission of PRO’s [2-4,11,12]. In [I11], e.g., a set of
equations similar to those of a homogeneously broadened
single-mode laser was derived and numerical simulations
showed emission patterns similar to those of lasers [13].
The above models describe diffusion-type photorefractive
media (whose gain is due to diffusion of electrons). In
this paper, in contrast, we consider the drift mode.

In spite of the differences between PRO’s and lasers,
the theoretical results in [11] suggest an analogy between
these two systems. In this paper, these similarities are
substantiated by deriving an amplitude equation for
PRO’s which is isomorphic to that of class- 4 lasers; and
by giving experimental evidence of the PRO’s laserlike
emission. In Sec. III, a laser Ginzburg-Landau equation
(LGLE) is derived for PRO’s and the correspondences
between PRO and laser parameters and variables are
given. The numerical results given in Sec. IV support the
analogy of PRO’s and class- 4 lasers. In Sec. V, experi-
mental observations of the laserlike properties of a BSO
oscillator are reported. In Sec. VI, the compatibility of
the model with the observed behavior of the PRO with
large Fresnel number is discussed.

II. MODEL FOR PHOTOREFRACTIVE OSCILLATORS

In the models for photorefractive oscillators
[2-4,6,11,12], the formation of the refractive-index grat-
ing is assumed (following the initial work [14]) to result
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from the interference of the pump radiation and the radi-
ation of the field oscillating in the resonator. This physi-
cal process [15] is the following. Light ionizes the atoms
and the electrons drift or/and diffuse in the presence of
the interference pattern. The motion of electrons results
in a spatial separation of charges, and consequently in the
modulation of the refractive index of the material by the
linear electro-optic effect. The gain depends on the grat-
ing fringe spacing, the phase shift between the interfer-
ence pattern and the refractive-index graining, and the
amplitude of the refractive-index modulation. Diffusion-
type crystals (e.g., BaTiO;) have large-amplitude index
modulation compared to drift-type crystals (e.g.,
Bi;,8i0,4). In the former type of crystals, the maximum
transfer of energy from the pump beam to the generated
signal occurs when the index grating is shifted A /4 with
respect to the interference pattern (A is the grating
period) [6,16]. This corresponds to a phase shift of
®=1/2. For drift-type crystals, a dc electric field is re-
quired for a higher amplitude of the refractive-index
modulation. However, the phase shift in the drift mode
is small and the grating moves, increasing the phase shift
_corresponding to optimum gain [17-20].

With optical feedback, the pump beam scattered by the
imperfections of the crystal along the optical axis can ini-
tiate the oscillation process. The emission frequency is
pulled by the resonator to realize the optimum combina-
tion of gain and loss.

Our starting point for the description of a PRO is the
expression for the spatial profile of the refractive-index
grating in the stationary case. With the total optical field
and the total index of refraction given by

E(7,t)=E,(¥,t)explik, F—iw,t)
+E,(7,t)explik, F—iw,t)+c.c.

and

——

a(7r,t)=n(7,t)explig-F—iQt)+c.c. ,
respectively, this can be written as [4]
E,(F)E}(7)

n(7¥)=n, I
0

exp(i®) . (1)

Here E,(7) and E,(7) are the envelopes of the pump and
signal field and n(7,¢) is the envelope of the refractive-
index grating. Q=w,—w, and §=k,—k,. 7=(x,y) is
the coordinate in the transverse plane: there is no depen-
dence on the longitudinal coordinate due to the mean-
field approximation. I is the intensity of the total opti-
cal field in the photorefractive material: I()=|Ep(?)l2
+|E,(7)|%. It is assumed that the signal is small com-
pared to the pump, |E, ()| <<|E,(7)|, and the pump is
undepleted. n, is the amplitude of the refractive-index
grating and @ is the phase shift between the refractive-
index grating and the interference pattern. The values 7,
and ® depend among other things on the frequency Q:
the expression for n,and & is [3,4,14,17]

ng

nl(?,ﬂ)exp[ﬂb(?,ﬂ)]:m

exp(id,) . (2)
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Here n, is the saturated value, and ¥ is the decay rate of
the refractive-index grating (y is usually of order of a
magnitude of 1 s™!; n, depends on the dc voltage ap-
plied). @, is related to the local response of the crystal
under illumination [4,17]. For diffusion-type pho-
torefractive material ®,=m/2. Here drift-type material
is considered; thus ®; is small. ®;=0 is therefore as-
sumed.

The equation for the generated optical field is derived
in the paraxial approximation for a resonator with curved
mirrors [3,11,12]. The field is fed by the pump field
which is scattered from the index grating. The equation
for the generated field in the mean-field approximation is

JE,
at

—

=k | —(1+iB)E, +iAo,

Lo

E,+iE,n*

(3)

Here « is the photon decay rate (usually of order of mag-
nitude 10% s™! and thus ¥ <<k). B is the resonator fre-
quency detuning from the gain line center, Aw, is the fre-
quency separation between transverse-mode families of
the empty resonator,

V2=(1/r2)(8*/3¢*)+(1/r)(d/3r )+ 3*/dr?

is the Laplace operator in the plane normal to the optical
axis of the PRO, and (r,¢) are the polar coordinates in
this plane. The spatial coordinates are normalized to the
radius of the fundamental Gaussian (TEM,y;) mode of the
resonator, and the frequencies 3 and Aw, in (3) are nor-
malized to the width of the TEM, mode resonance.

To determine Q and ® a plane-mirror-cavity case is
considered for simplicity. Then Eq. (3) takes the form

r

at

Here d =AL /(4wT) is the diffraction coefficient. The
spatial coordinates are in this case not normalized to the
radius of a beam waist but to the wavelength A of the ra-
diation. L is the round-trip length of the resonator, and
T is the total round-trip loss of the PRO. We search for a
stationary solution of (1), (2), and (4) in the form of a tilt-
ed wave [21] E,(r)=E exp(ik -¥), which leads to

|E,[* _ s .
E, 2 (1—iQ/y)[1—i(B+dk?)]

=k[ —(1+iB)E, +idV’E, +iE,n*] . )

—in

(5)

Since the right-hand side of (5 is real
(B+dk*)Q/y=1. The intensity of the generated field
|E,|? is maximal when Q =7, as seen from (5). This
means that the phase shift ¢ is ®=arctan (Q/y)=7/4
for drift-type photorefractive material (different from
diffusion-type materials). The detuning is 8=1—dk?
and the intensity of the generated field at this optimum
frequency shift is (E,,|*/|E, *=(n,/2—1).

The condition of maximum gain leads to “frequency-
shift” phenomena in drift-type PRO’s. Indeed the zero-
mode |ky|?>=0 is maximally amplified for nonzero detun-
ing B=1. In lasers and diffusion-type PRO’s there is no
such frequency shift, and there the transverse wave num-
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ber of the generated wave is proportional to negative de-
tuning: |k|>=—pB/d.

Due to the slow response of the photorefractive materi-
al, the refractive-index grating builds and decays with a
time delay with respect to the optical interference pat-
tern. The low time variation of the refractive-index
profile has been previously analyzed (2,11,12]. We derive
the time-dependent equation for the refractive-index
profile directly from (1) and (2), which actually are the ex-
pressions for the Fourier components #(Q). Multiplying
both sides of (1) by (1—iQ/y) and using the inverse
Fourier transform to convert to the time domain, one ob-
tains

E,E}
Iy

on __

ot

n—i—n-—ng (6)
Y

[In all equations the particular reference frequency
0,s=C is used. Consequently, (1) and (2) are rewritten
with w =0, then the inverse Fourier transformation is
carried out, and finally w = is again reintroduced to
obtain (6).]

Taking into account that Q/y =tan(®)=1, and nor-
malizing the amplitude of the generated field to the pump
field, E(7,t)=E,(7,t)/E,(7), Eq. (6) transforms to

*

no—2_
f1+|E?

on

EY (7

n—in—

Using the same normalization of the optical field one ob-
tains from (3)

%—f=x —(1+iB)E +ibdw, E+in* @®)

.
A
4

The system of equations (7) and (8) is the basis for the
analysis of the field dynamics of the PRO.

III. ANALOGY WITH CLASS- 4 LASERS

The similarity with class- 4 lasers is shown in the fol-
lowing by adiabatic elimination of the fast-relaxing opti-
cal field from (7) and (8). The envelope of the refractive-
index grating is expressed for this purpose in terms of the
optical field in Eq. (8) (assuming 0E /3t =0):

=

n=i|1—iB+ide, VT—ﬂ E*. ©

Substituting (9) into (7) and letting the differential
operator [1+iB—iAw, (V?/4—r?)]"! act on both sides
of (7) yields

dE ing E
S =—E(1+i)+ .
or 1+iB—iAw,(V?/4—r?) 1+|E|?

(10)

Here 7=ty is a normalized time.

Equation (10) is similar to the class- 4 laser equation in
[21,22]. In the case of a resonator with plane mirrors,
(10) reduces to
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O BG4+ e —E_ ap
or 1+iB—idV* 1+|E|

where d is the diffraction coefficient, as defined in Sec. II.
Equation (11) was derived by adiabatic elimination of
the fast-relaxing variable of the optical field, but it is writ-
ten in terms of this enslaved variable (instead of the re-
fractive index) to show the similarity with the class- A4
laser amplitude equation. This is possible since the
enslaved optical field is an explicit function of refractive
index, and vice versa. .

The stationary solution of _(} 1) is E(¥,t)=Eexplik -F),
where Ey=n,/2—1 and d|k|*=1—pB. This means that
certain spatial modes with spatial wave numbers |k | pro-
portional to the resonator detuning are favored, taking
into account the linear frequency shift. (This is similar to
a laser [21] except for the frequency shift.) In the case of
a resonator with spherical mirrors (10) certain transverse
modes are favored correspondingly. Analysis of (11)
shows an amplification profile of Lorentzian shape in the
optical frequency domain as well as in the spatial wave-
number domain. (As shown in [22,23] the gain profile in
the frequency domain corresponds precisely to that of the
spatial wave numbers for lasers.)

The half-width of the oscillation frequency range of the
PRO calculated from (11) is AB>=n, —2=2|E,|% (ABis
the maximal detuning at which a particular mode is still
above threshold.) The half-width AS of the PRO is equal
to the half-width of the oscillation range of lasers. The
AP of the PRO is determined by the spectral width of the
empty-resonator mode to which all frequencies are nor-
malized (e.g., the TEMy, mode), and by ng, which corre-
sponds to the pump.

Further, the differential operator in (11) is expanded in
a Taylor series:

ing _ ing
1+iB—idV? (1+i)+i(B—dV*—1)

=(1+i)n, /2)[1—(1+i)(B—dV?—1)/2
+i(B—dV2—1)2/4+ --- ] .

(12)

This expansion is well justified if the condition
e=B—dV?—1<<1 is fulfilled. The analysis of (10) and
(11) shows that this is the case for generation near the
threshold, when |E|<<1 (or |E,|<<|E,|). For larger
pump and larger intensities of generated radiation of the
condition of smallness of € holds only approximately (i.e.,
€<1). The Taylor expansion (12) means that the
Lorentzian shape of the gain line is replaced by a para-
bolic one. This leads, in general, to an additional filtering
of the transverse wave numbers far from the gain-line
maximum.

The expansion (12) truncated at the second-order term
and inserted into (11) leads to the following equation:
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n
9E _ 1 ](1+i)E—i—’(ﬁ—d€2—1)E
or 2
nS
+I(i+1)—8—(B—dV72——1)2E-——(1+i)%
g =2 er s ng o2 2
+t—2—(3—dV —1)X—i(i +1)—~8—(B—dV —-1)°% .
(13)
Here X5=E|E|?/(1+]E|?) is small (96 <<E) near the

generation threshold. Retaining in (13) only the terms of

leading order [the term (f—d V2—1)E is of the same or-
der of smallness as 2], Eq. (13) is simplified to

oFE

ar

n ng
—2‘——1 (1+i)E—i7(B—dx72—1)E

——(B—dV*—1)*E—(1+i)E|E|*. (14)

Here the cubic approximation

X=E|E\*/(1+|E|*)=E|E|*2/n
is used to simplify the nonlinear term in (14). In case of
curved mirrors Eq. (14) transforms to
OE _ | s ns V2
=114+ )DE—-i— — X2
ar > (+t)EzZBAcol4 r 1
2
n o2
— |B—Aw, VT—rZ}— E—(1+i)E|E|*.

(15)

Equations (14) and (15) are the same laser Ginzburg-
Landau equation that has been derived for class- 4 lasers
in [21,22]. This indicates that the transverse-field dynam-
ics in PRO’s and class- 4 lasers are similar.

We note that the analogy between PRO’s and class- 4
lasers may be also shown without referring to the LGLE
(15). The transverse-mode expansion of (7) and (8) and
the adiabatic elimination of the fast variable of the opti-
cal field leads to

)
_fL —v | f; 1+&]
or Y
ing
1+ip+io;
27 o E
X d dp AY———— | . (16
fO ¢f0 P p i 1+]E‘2 ( )

Here f;(7) and w; are the amplitudes and eigenfrequen-
cies of the resonator modes A;(7). On the other hand,

the equation for mode amplitudes of a class-A4 laser is
[24]
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9
—f—‘——x fill+i(ow;—0)]
or
_ 2C
1+ilw, —w)k /v,
xf d¢f pdp A —=—| . (17)

1+|E|2

Here o, is the atomic frequency and o is the unknown
laser frequency. The frequencies B, Aw,, ®;, ®,, and @ in
(16) and (17) are scaled with the cavity linewidth «.

Equations (16) and (17) are similar, and in the single-
mode case are identical (except for the frequency shift
and pulling). In the general multimode case a difference
arises, which is due to the additional self-defocusing [the
imaginary part of the nonlinear term in (15)] of PRO’s
absent for class- 4 lasers.

The results of a numerical integration of the full set of
PRO equations (7) and (8) and of the LGLE’s (14) and
(15), as well as of the full Maxwell-Bloch equation system
for Class-A lasers, are given in the next section. The
comparison of numerical results confirms the validity of
the LGLE for PRO’s and the equivalence of PRO’s and
class- 4 lasers.

The following correspondences are found between pa-
rameters for the two systems.

(i) The pump parameter of the lasers D corresponds to
n, /2 of PRO’s. In drift-type PRO’s, the dc field corre-
sponds to the pump in real lasers since ng is directly pro-
portional to the dc field.

(ii) The detuning in lasers corresponds to
B =B—Q/y=B—1 for PRO’s. This means that selec-
tion of transverse-mode families can occur through reso-
nator tuning as in lasers. The difference with the laser is
that a PRO detuning is smaller by AB=1 than for a laser
to excite the same transverse-mode family (the frequency
shift).

(iii) Mode beats are on a very slow time scale. The fre-
quency Ay, =Aw,y /k, since the time in (14) and (15) is
scaled. This was also found in [3,11,12] and interpreted
in terms of frequency pulling.

(iv) There is a transverse-mode selection in PRO’s
analogous to that of lasers. This selection occurs for
lasers when the spectral width of the gain line is narrower
than the free spectral range of the resonator. In the PRO
the selection occurs not by the finite gain linewidth, but
by the finite width of the empty-resonator modes. For
simultaneous oscillation of several transverse modes, it is
necessary (but not sufficient) that the linewidths of the
resonator modes overlap. Mathematically the terms of
fourth-order diffusion in (14) and (15) are responsible for
transverse-mode selection in lasers and PRO’s.

There is one important difference between PRO’s and
class- 4 laser: the imaginary part of the nonlinear term
[e.g., in (14) and (15)] causes self-defocusing. This can
influence the dynamics when at least a few transverse-
mode families are active. Then the self-defocusing could
cause a transfer of energy to the lower-transverse-mode
families. In the case of emission within only one
transverse-mode family, the defocusing plays no role,
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which also follows from comparison of (16) and (17).

It follows the the PRO behaves like a “very slow”
class- A laser and with additional self-defocusing and fre-
quency shift. In the case of only one active transverse-
mode family (the case studied experimentally in this pa-
per) the PRO behaves completely identically to a class- 4
laser.

IV. NUMERICAL COMPARISON
OF PRO’S WITH LASERS

A numerical integration of PRO equations (7) and (8),
of LGLE’s (14) and (15), and of the full set of Maxwell-
Bloch equations for the class-A4 laser case (e.g., in the
form of those in [22,23]) was made, in order to verify the
equivalence of PRO’s and class- A4 lasers. Integration was
done for the case of only one spatial dimension, since it
allows one to compare the result with higher accuracy for
limited computing time. The split-step method has been
used, where the nonlinear terms were calculated in the
space domain, and the Laplace operator in the Fourier
domain.

Tunability. The intensity and the frequency of emitted
radiation of a PRO dependent on detuning are given in
Figs. 1(a) and 1(b) as calculated from (7) and (8). The tu-
nability is evident from the amplitude dependence Fig.
1(a). The emission frequency is equal to the mode fre-
quency when a mode is tuned precisely to the gain line, as
seen from Fig. 1(b). The emission frequency depends
linearly on the detuning near the central frequency of the
mode, in correspondence with (15). For larger detunings
a deviation from the linear dependence is seen: it is relat-
ed to the higher- (second-) order diffraction term omitted
in going from (13) to (14) [the imaginary part of the
second-order diffusion term in (13)].

Coexistence and competition of modes. It is known [25]
that the neighboring transverse modes do not coexist in
class- 4 lasers in the one-dimensional (1D) case (the spa-
tial overlap of intensities of neighboring transverse modes
is larger than the coexistence threshold for class-A4
lasers). This leads to hysteresis in the tuning curve as
shown in Fig. 1(c). The situation is completely different
for class-B lasers where the neighboring modes coexist
simultaneously and beat [Fig. 1(d)]. Our numerical calcu-
lations show that the hysteresis in the tuning curve of
PRO’s [Figs. 1(a) and 1(b)] is very similar to that of
class- 4 lasers. Also, the transition between neighboring
transverse modes has been analyzed numerically for
class- 4 and -B lasers (see Fig. 2), and compared to that of
PRO’s. The transition for PRO’s is the same as for
class- 4 lasers.

The frequency shift. The comparison of Figs. 1(a) and
1(b) with Figs. 1(c) and 1(d) shows that the excitation of a
particular transverse mode occurs for different detunings
for lasers and PRO’s. The difference of detunings is con-
stant: AB=1 for all transverse modes. This illustrates
the frequency-shift phenomenon of drift-type PRO’s.

The phase shift. PRO equations (7) and (8) are invari-
ant with respect to the reference phase shift between the
refractive-index grating and light interference pattern:
the system chooses the “correct” phase shift and correct

1y o X 0%
[ 3
% o
X o x o’)‘( ox
(a) x o X - ° %
1 1 | | 1 1 1
-3 -2

(b)

(c)

(d)

FIG. 1. Tuning curves for PRO’s [(a) and (b)] for class-4
lasers (c), and class-B lasers (d) in the 1D case. The total power
emitted (a) and its frequency (b) depending on the resonator de-
tuning S are calculated by numerical integration of (7) and (8).
The laser frequency dependencies (c) and (d) were calculated by
numerical integration of the full set of Maxwell-Bloch equations
(in a form used in [22,23]). The crosses correspond to the varia-
tion of B towards larger values and the circles towards smaller
values of B. Aw,=1; other parameters: n,=3, ¥ /k=0.01 for
PRO [(a) and (b)], Dy=1.5, y,/k=3.5, y/k=3.5 for class- 4
lasers (c), and Dy=1.5, y,/k=3.5, y/k=0.2 for class-B lasers
(d). Power increases with negative detuning due to the larger
volume of the higher transverse modes.
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frequency independent of this reference phase shift ®. If
a value of @ different from its “correct” value ® =1 /4 is
used in (7) it only changes the frequency of the solution.
Equations (7) and (8) were numerically integrated with
values of @ different from its “correct” value and the ra-
diation frequency at the central frequency of the mode
closest to resonance was calculated. Figure 3 shows the
dependence of the radiation frequency on the value of the
phase ®. It is evident that the optimum value of the
phase is ®=/4 in correspondence with the theoretical
analysis.

Standing-wave (SW) and traveling-wave (TW) patterns.
It is known that a stationary SW pattern is emitted by
class- 4 lasers slightly above threshold [23]. At a particu-
lar value of the pump the symmetric SW pattern is
changed to an asymmetric TW pattern. Figure 4 shows
the transverse distributions of the optical field for

(c)

FIG. 2. Evolution of the emitted 1D pattern as detuning is
varied from B= —10 (top of the figure) to B= —8 (bottom) for
class- A4 (a) and class-B (b) lasers, and for PRO’s (c). The hor-
izontal axis corresponds to the spatial coordinate; time continu-
ously changes along the vertical coordinate over the value
At=25 from top to bottom. Aw,=2; Dy=2 (pump value)
[n;=4 in (c)]; other parameters as in Fig. 1.
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FIG. 3. Frequency of the fifth 1D Hermite mode at the de-
tuning corresponding to the maximum of its intensity, for
different values of phase shift, as given by numerical integration
of (7) and (8). [The linear term n(1—i) has been substituted by
a general one: n[1—itan(®)] in (7).] Other parameters as in
Fig. 2.

different values of the pump: a SW (or Hermite mode)
pattern near the threshold [Fig. 4(a)], the pattern dom-
inated by a TW for large values of the pump [Fig. 4(c)],
and the pattern for intermediate values of the pump [Fig.
4(b)]. The comparison of Fig. 4 with the patterns calcu-
lated for class- A lasers in [23] shows the good correspon-
dence.

Standing-wave—traveling-wave transition. A con-
venient parameter to characterize the spatial pattern of a
laser, and to distinguish between the SW- and TW-
dominated patterns is

[KIE &)k

E=T~ﬁ .
JIEIE (k)|2ak

(18)

E|
(a) 0.5 [\MTM‘\
0
0 X
|E|
i}
(b) 0.5}
0
0 X
E|
1}
(c) 0.5}
0
0 X

FIG. 4. Transition from standing to traveling wave of a PRO
in the 1D case. Stationary transverse patterns for different
values of n;: (a) n,=2.25, (b) n,=2.75, (c) n,=3.25. B=—5.2;
other parameters as in Fig. 1.
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Here the spatial spectrum E (k) is calculated by integra-
tion over the whole laser cross section (here over the
whole 1D space), or over all limited range. K is then the
average tilt of the laser beam with respect to the optical
axis, or of part of the beam, depending on the integration
limits. The numerically calculated dependence of the
time-averaged value of |K| of the PRO on the pump is
shown in Fig. 5, where the transition between SW-
(T ~0) and TW-dominated patterns (7"~ 1) can be seen.
The SW-TW transition is characteristic for class-A4
lasers, as seen from Fig. 5(b) (crosses). For class-B lasers
transverse dynamics sets in before the SW-TW transition
occurs. The error bars in Fig. 5(b) indicate the nonsta-
tionarity of this T parameter for class-B lasers.
Defocusing. A numerical test of self-defocusing in (14)
and (15) was made by calculating the spatial size of an
emitted mode (fifth 1D Hermite mode): The self-
defocusing causes an increase of mode width. (Self-
defocusing also influences the dynamics, but the quantita-
tive characterization of the influence on the dynamics is
complicated.) For the purpose the mode width was cal-
culated for different values of the self-defocusing parame-
ter in (15), by replacing the nonlinear term (1+i)E|E|? in
(15) by a generalized one (1+ic)E|E|*> and varying the
parameter ¢. The results are given in Fig. 6: comparison
with the spatial width of the mode calculated from (7)

(a) 0.5] °

0 deoee® 1 1
1 2 3 4 B_S_
2
T
1+
ue
(b) o5} ﬁﬂ ﬂ
x ﬁﬁﬁ
01 "2 3 4 D,

FIG. 5. Value of asymmetry parameter (tilt 7) for PRO (a),
class- A4 laser [(b), crosses], and class-B laser [(b), circles with er-
ror bars] depending on the control parameters n;, and D,, re-
spectively. Circles indicate the average tilt and error bars the
variance of T. Other parameters as in Fig. 1.
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FIG. 6. Width of the fifth 1D Hermite transverse mode de-
pending on the parameter c of self-focusing as obtained by nu-
merical integration of (15) (circles). The width is normalized to
the mode width in the case of no self-focusing or -defocusing.
The dashed line corresponds to the mode width as calculated by
integrating (7) and (8) (r=1.185). The parameters are Aw, =2,
B=—9,n,=8, and ¥ /k=0.01.

and (8) yields the value of the self-defocusing parameter
C =1.00=£0.05, in good agreement with the analytically
obtained value of ¢ =1.

V. EXPERIMENT

The Bi,,SiO,, oscillator used consists of the active
crystal, two plane mirrors, and two curved mirrors in a
folded-ring resonator configuration as shown in Fig. 7.
The BSO crystal is placed close to one of the curved mir-
rors in an orientation so that the electric field lies in the
(001) crystalographic axis and the pump beam of 514.5
nm wavelength from a single-mode Ar laser propagates in
the {110) direction. The electric field is along the (110)
axis. The gain of the photorefractive medium is unidirec-
tional and thus the generated light propagates with the
pump.

Mirror M, has 15% transmission which allows one to
observe the field generated. Mirror M, is 5% transmit-
ting to allow injection of a reference beam into the reso-
nator in the direction opposite to that of the propagation
of the generated beam. This reference beam is used to
measure the transmission of the resonator at the pump
frequency for the purpose of active stabilization of the
resonator length. Because of the small intensity, perpen-

B M A M
)
My M

Eo: BSO

Ep

FIG. 7. Schematic diagram of the experimental setup. M|,
M, and M are resonator mirrors, A4 the aperture, Eg, E,, and
E, the generated field, pump field, and reference field, respec-
tively.
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dicular polarization, and propagation in the direction op-
posite to that of the pump beam, the reference beam does
not affect the light amplification.

The angle between the pump beam and the oscillator
axis was chosen close to 1° for optimum gain (which was
found from gain measurements with a moving grating as
described in [17-20]). The pump-beam intensity used is
typically 10 mW/cm? The dc field is set to only 8.0
kV/cm so that the gain is low enough to allow the emis-
sion of pure resonator modes when an aperture of
sufficiently small diameter restricts the resonator Fresnel
number.

The generated radiation coupled through mirror M, is
recorded by a charge-coupled device (CCD) camera. To
detect phase singularities or vortices, the radiation beam
can be superposed at a small angle with a uniform (ex-
panded) beam from the pump laser. This produces dislo-
cations in the interference fringe pattern where phase
singularities are located [26,27].

With the ring-resonator length of 2.1 m and 1.5 m radii
of curvature of the curved mirrors, the longitudinal- and
transverse-mode frequency separations are 140 and 57
MHz, respectively. The beam waist of the TEMy, mode
is 108 um. With the crystal loss of @=1.0 cm ™! and in
the absence of a limiting aperture, the resonator
linewidth [full width at half maximum (FWHM)] is ~50
MHz. The number of active modes is controlled by the
aperture inside the resonator. Transverse-mode frequen-
cies within one free spectral range of the empty resonator
are schematically shown in Fig. 8.

For resonator tuning, one of the curved mirrors is
mounted on a piezotranslator. The passive resonator
transmission can be monitored through M, using the
reference beam which is injected into the oscillator
through mirror M,;. Due to the large crystal loss, the
finesse of the empty resonator is only ~1 and thus the
resonances of the longitudinal modes overlap in frequen-
cy space. The transverse modes are consequently not

5n—2 3n-1 ln 61—2 41\-1 2

f (MHz)

| 1 |
o T AT B 1T ¢ T o

FIG. 8. PRO resonator mode spectrum corresponding to Fig.
7. q" signifies transverse-mode order g and longitudinal order n.
The transmission T of the reference beam is also shown. O, 4,
B, and C indicate regions of oscillation of mode families g equal
to 0, 3, 1, and 2, respectively, when the aperture allows oscilla-
tion only up to the ¢ =3 family.
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resolved. The observed change of resonator transmission,
as the cavity length is varied, is only 20% as shown in
Fig. 8. This small variation of transmission is, however,
sufficient to distinguish between different points within a
free spectral range (Fig. 8).

The PRO can be made to emit in one or another
transverse-mode family by changing its resonator length.
In this way sequences of transverse-mode emission can be
explored for different diameters of the internal aperture
when the resonator length is changed.

When the aperture is sufficiently small (diameter d less
than 1 mm), only the fundamental mode TEM,, is active.
The maximum power occurs as expected at a resonator
length where the reference-beam transmission is also
maximal. The scan of the cavity length within one free
spectral range in this case results only in a change of the
intensity of the TEM, mode.

The emission of ¢ =1 modes occurs when the aperture
is increased (d =1 mm). Then the emission in the g =0
mode can change to emission in the ¢ =1 mode family,
while the resonator length is scanned. There is a region
of the resonator length where there is no emission. This
is as in class-A4 lasers where the overlap of resonator-
mode profiles is not sufficient for simultaneous emission
of modes if the pump is not large enough [25,24]. When
the aperture diameter is increased sufficiently to allow
emission up to modes of transverse order g =3, the se-
quence of mode families 0,3,1,2,0 is expected; ¢ =3 be-
longing to the adjacent longitudinal free spectral range.
The observed sequence as shown in Fig. 9 confirms this.
TEMg,-mode emission is observed around the resonator

(a) (b)

(c) (d)

FIG. 9. Sequence of patterns observed when the resonator
length is changed through one free spectral range (mode fami-
lies up to ¢ =3 are allowed to oscillate). Only one representa-
tive pattern for each mode family is shown. (a) ¢ =0, (b) ¢ =3,
(c) g =1, and (d) ¢ =2. The fringes are due to interference with
the pump beam (superimposed to detect vortices).
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length at the maximum transmission of the reference
beam (Point O in Fig. 8). Emissions corresponding to
g =3, 1, and 2 are observed in regions 4, B, and C, re-
spectively. Furthermore, a narrow region with no emis-
sion is observed between B and C. This is due to the rela-
tively large frequency separation between 1” and 2" (see
Fig. 8) compared with that of other pairs of adjacent
modes (for example, between 0" and 3” ! or between 2"
and 0" *!). For larger apertures, other mode families can
be emitted. For d =1.2 mm, modes up to ¢ =4 are ob-
served in the sequence 0,3,1,4,2,0 consistent with Fig. 8.
The expected sequence of modes up to ¢ =5 is also ob-
served. As the aperture is further opened the number of
oscillating-mode families is increased, and the spacing be-
tween mode families becomes small. Mode interaction as
well as resonator-length drifts do not allow us then to
unambiguously observe the sequences of emission of
modes as the resonator length is changed.

It is a common observation that the transverse-
intensity distribution of PRO field changes randomly in
time (e.g., from one mode or combination of modes to
another) even when no intentional change of resonator
length is made [1,5,7-9]. It may be expected that this is
due to mechanical and/or thermal fluctuations of the
resonator length. To distinguish dynamical effects from
such technical ones, an active stabilization which can
lock the resonator length to one corresponding to an ex-
tremum (i.e., minimum or maximum) of the reference
transmission was used. This stabilization scheme has to
handle changes of the PRO resonator length as well as
pump-frequency fluctuations. A length stabilization of
the PRO resonator alone is not sufficient. Since the “gain
line” of the PRO is practically at the pump frequency, a
control of the PRO resonator length with reference to the
pump frequency controls both pump-frequency and PRO
resonator-length fluctuations as required.

When the resonator is frequency stabilized, only modes
which correspond to the stabilized resonator length are
observed. Without stabilization, the oscillator does emit
all modes of the resonator which are not suppressed by
the aperture.

For an aperture diameter of 1 mm, the intensity of the
TEM,, mode is stable when the resonator length is stabi-
lized to the maximum (Fig. 8) of the reference transmis-
sion. Modes of the family ¢ =1 are the only ones emitted
when the resonator is stabilized to the minimum of the
reference transmission. In the latter case the hybrid
TEMg,; “doughnut mode” is emitted. In the presence of
astigmatism of the cavity, the constituent Hermite modes
TEM,, and TEM,, have different emission frequencies
and beating between these modes can occur. This beating
within the ¢ =1 family (“unlocked doughnut”) corre-
sponds to an alternating emission between Hermite
modes of orthogonal orientation and “doughnut” modes
of opposite helicities [28,29]. Because of the very small
polarization decay rate, the oscillating modes are strong-
ly frequency pulled towards the gain line center of the
material. Consequently in the “unlocked doughnut” case
the difference of frequencies of the active constituent
modes is of the order of 1 Hz. Thus alternation between
the four mentioned patterns shown in Fig. 10 occurs with
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(c) (d)

FIG. 10. The “unlocked doughnut.” Output alternates be-
tween (a) Hermite 01 mode, (b) right-hand helical wave, (c) Her-
mite 10 mode, and (d) left-hand helical wave.

~ 1 Hz period.

Alternation between patterns of higher-mode families
(e.g., ¢ =2) is also observed. As [10] suggests, this can
also be used by astigmatism, which lifts the degeneracy
between modes of the same family.

When the frequency separation between adjacent
transverse-mode families is small, simultaneous oscilla-
tion of different mode families can occur. The dynamical
patterns corresponding to the beating of these modes are
then observed.

These simultaneous oscillations can manifest them-
selves in “spinning vortices” (also observed in class- A4
lasers [24]). Several vortices move then on a circle
around the optical axis. These spinning vortices appear
when patterns with multiply charged phase singularities
are simultaneously oscillating with a TEM,,, mode. Spin-
ning vortices were observed here for aperture sizes which
allow the simultaneous emission of the ¢ =2, 3, or 5
mode family and the fundamental mode. Corresponding-
ly, two spinning vortices [Fig. 11(a)] were observed which
correspond to the beating of 2" and 0" *'! modes in Fig. 8.
Similarly, in the region between ¢ =0 and q =3, three
spinning vortices are observed [see Fig. 11(b)]. For a
larger aperture (d =1.5 mm), five spinning vortices [Fig.
11(c)] are observed, corresponding to the simultaneous
oscillation of 0" and 5" ~2 modes. The frequency of rota-
tion of the spinning vortices in all three cases is of the or-
der of 1 Hz. Similarly, and for a slightly larger aperture,
simultaneous oscillation of the doughnut mode and a
mode of family ¢ =6 is observed, corresponding to the
minimum of the reference transmission (Fig. 12).

The motion of vortices on a 1 Hz time scale occurs due
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to the beating between modes which are frequency pulled
proportionally to y /k (as discussed above). Hence such
dynamics, which can only be indirectly measured in
lasers as the speeds are too high for 2D recordings, can

(c)

FIG. 11. Circling about the optical axis of (a) two vortices,
(b) three vortices (indicated by arrows), and (c) five vortices.
For (a) and (b) the emitted field is superimposed on part of the
pump radiation to detect vortices.
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(1)

FIG. 12. Simultaneous emission of a ¢ =1 “doughnut mode
and a pattern of the ¢ =6 mode family.

be observed here visually or recorded by ordinary video
equipment. In view of this slowing of the dynamics and
the equivalence with class- 4 lasers, we might call PRO’s
“slow-motion lasers,” and use them generally as model
systems to explore class- 4 laser physics.

For an even larger aperture (d =2.5 mm), a stationary
“vortex crystal” is observed as shown in Fig. 13. It is
built of positively and negatively charged singularities in
the fashion of a two-dimensional ionic crystal. This latter
phenomenon has been observed in class- 4 lasers [30,31].
Its existence and stability has also been predicted for
large-area class- 4 lasers [23].

Finally, no relaxation oscillations were observed in
PRO’s. This may be considered as experimental evidence
of the equivalence of a PRO with a class- 4 laser rather
than with the class-B laser.

VI. DISCUSSION

The correspondence between the PRO and class- A4
laser has been shown, particularly for cases of only a few

FIG. 13. A “vortex crystal.” The fringes are due to interfer-
ence with part of the pump beam (superposed to detect vor-
tices).
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active transverse-mode families. Like a narrow-gain-line
laser, a PRO can be tuned from one transverse-mode
family to another by changing the resonator length. Pat-
terns such as ‘“‘spinning vortices,” astigmatism-induced
pattern alternation, and ‘“‘vortex crystals” typical for
class- A lasers are observed experimentally on a PRO.

It is interesting to analyze the opposite limit of (14):
the case when many transverse modes are active. This
can be realized in experiments for both lasers and PRO’s
by using a resonator with plane (or almost plane) mirrors
and a wide aperture. The LGLE then transforms to the
complex Ginzburg-Landau equation (CGLE):

oF _

or

nS
=1

> (1+i)E+id'V’E—(1+i)|E*E . (19)

Here d'=dn /2.

The CGLE (19) is completely diffractive (that is, the
coefficient of the Laplace operator is purely imaginary).
This is a consequence of the fact that there is no diffusion
term in the initial equations for the refractive index (7).

The analysis of the CGLE [32,33] allows then the cal-
culation of the radius of the core of the vortices and thus
the characteristic scale of the spatial structure in tur-
bulence, which is x2=d’'/(n,/2—1). Using the
definition of d’ one obtains x3 =AL /T.

This result is qualitatively compatible with the experi-
mental observations in [34] that the spatial scale in the
turbulent regime ceases to depend on the aperture radius
(or Fresnel number) when the latter is larger than a criti-
cal value. This experimental observation was interpreted
in [34] as due to a material property, namely, to diffusion
of charges [adding a real part to the coefficient of the La-
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place operator in (7)]. But the infinite spatial scale can al-
ready be explained (without invoking particular material
properties) in the above sense that the structure results
already from the equations. Of course, whether the “gen-
eric” diffractive or the ‘“nongeneric” material-dependent
scale dominates depends on the actual material used and
on oscillator parameters such as the pump.

Diffusion tends to stabilize solutions, and defect-
mediated turbulence does not occur in a CGLE with pre-
vailing diffusion. The solutions of the CGLE have in this
case been shown to be modulationally stable [32,33]. On
the other hand, for the diffractive CGLE instabilities
occur at a lower pump.

Thus the common observation of turbulence in PRO’s
would seem to indicate that these systems are rather
more diffractive than diffusive and material properties are
not so important. Correspondences with chemical sys-
tems therefore seem not so likely.

In addition, the dynamics of a vortex pair of opposite
charges is different for a diffractive and a diffusive CGLE.
In the diffusive case the vortices move straight towards
one another, and annihilate. In the diffractive case they
move parallel to one another (or around one another)
[35]. Our qualitative experimental observations of the
circling vortices hint at a more diffractive rather than
diffusive dynamics.
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FIG. 10. The *“unlocked doughnut.” Output alternates be-
tween (a) Hermite 01 mode, (b) right-hand helical wave, (c) Her-
mite 10 mode, and (d) left-hand helical wave.



FIG. 11. Circling about the optical axis of (a) two vortices,
(b) three vortices (indicated by arrows), and (c) five vortices.
For (a) and (b) the emitted field is superimposed on part of the
pump radiation to detect vortices.



FIG. 12. Simultaneous emission of a ¢ =1 “doughnut mode”
and a pattern of the ¢ =6 mode family.



FIG. 13. A “vortex crystal.” The fringes are due to interfer-
ence with part of the pump beam (superposed to detect vor-
tices).



(a)

(c) (d)

FIG. 9. Sequence of patterns observed when the resonator
length is changed through one free spectral range (mode fami-
lies up to ¢ =3 are allowed to oscillate). Only one representa-
tive pattern for each mode family is shown. (a) ¢ =0, (b) ¢ =3,
(c) g =1, and (d) g =2. The fringes are due to interference with
the pump beam (superimposed to detect vortices).



