RAPID COMMUNICATIONS

PHYSICAL REVIEW A VOLUME 58, NUMBER 2 AUGUST 1998

Excitability in a nonlinear optical cavity
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We establish a nonlinear optical cavity to be excitable. Excitability in this system is shown to originate from
the combined dynamical effects of nonlinear intracavity field saturation and temperature-dependent absorption
in the medium on two different time scales. The model may be experimentally realized using optical bistable
devices with possible useful applicatiofi§1050-294{®8)50508-2

PACS numbdis): 42.65.Pc, 42.50.Fx

Excitability has long been studied as an important class oET: \/TE(L,t) and E(0t)= \/TEI +(1-T)E(L,t—(l
dynamical phenomena in biological and chemical systems..| y/c) HereT is the intensity transmission coefficient of
In local regions, an excitable system exhibits a long EXCUlyoth input and output couplers, ahdand| are the lengths of
sion(puls® in phase space for a superthreshold perturbationye nonjinear medium and the cavity, respectively. Under the

the magnitude and width of such a pulse being independenf, o5 _field approximationyL<1, T<1, and the cooperation
of this perturbation. For spatially extended systems, excit:

i . . : arameterC= «L/2T is finite; the dynamics of the optical
ability underlies wave propagation and formations, such ageld E=E(L,t)=E; /T at the output end is governed by
cardiac muscle and nerve wave fronts and spirals under t A : : L e
FitzHugh-Nagumo model[1,2] and chemical excitation Wﬁe following ordinary differential equatiof6:

waves in the Belousov-Zhabotinsky react[@j. However, it dE 2CE
is only recently that excitable features have been revealed in kit rTe Eq—E- 1TE9E2 2
S

nonlinear systems that have physical mechanisms different
from those of biological and chemical interactions, such as in _ . . . . .
liquid crystals[4] and most recently an injected a4, In whereEy=E, /\T is the normalized incident field amplitude

this Rapid Communication, we establish a nonlinear optica tz=0 andk,=cT/l. Itis well known that Eq(2) under
P ’ P teady-state conditions gives &ishaped bistable relation

cavity t(_) be excitable. We sho_vv that its exmtable_ behav'orbetweenEo and E. We note that, although Eq2) is rigor-
occurs in a small parameter window close to a bistable op-

X . . . . "ously derived in a ring cavity configuration, it is also com-
erating region am_j is attr_|butable. to th.e combined _dynamma%only accepted as being a good approximation for a nonlin-
effects of nonlinear intracavity field saturation and

temperature-dependent field absorption in the medium oS Fabry-Perot cavity where the interference effects of the

two different time scales. We argue that such excﬂabﬂﬁymtracawty counperpropagatmg waves are negligible. .
. . . : ) In an absorptive medium the small signal absorption co-
may be experimentally realized in popular optical bistable ... . . . .
efficient « is in general a function of the medium tempera-

SS;/'SCeedS' Possible applications of optical excitability are dls'ture and radiation frequency. For simplicity, we assume that

. e . . - a linear relation between absorption coefficienand tem-
We consider a unidirectional ring cavity containing a ho-

X A erature chang® is valid for a finite window of temperature
mogeneously broadened two-level nonlinear medium; a clas- , . )
. o L S -~ _‘range at the input optical frequency, that is,
sical model description for earlier investigations of optical

bistability and instabilities in the late 19708]. This system a=ag+a,0(E?), 3)

is described by the Maxwell-Bloch equations, a set of three

coupled complex equations, which can be simplified as avherea is the absorption coefficient at the equilibrium tem-
single real equation under the resonant operation conditioperature®, and ® the temperature change induced by the

and good cavity limitk; <y, , v, intracavity optical field.a, is the absorption coupling coef-
ficient, which can be either positive or negative, depending
E_m JE_~ caE (1)  On the types of materials used and the frequency of the input
at dz 1+ E2/E§’ optical field. We restrict ourselves to the condition ok
= lel® = ag.
where k, is the cavity linewidth, andy, and y, are the The temperature change in the nonlinear medium is de-

transverse and parallel relaxation rates of the medins.  scribed by the heat flow equation
the intracavity slowly varying amplitudd, the time, z the

coordinate in the wave propagating direction, anthe ve- 90
locity of light. Es=% 'y, v/ is the saturation field ampli- Cop at
tude andae=guN/2Acy, is the unsaturated absorption co-

efficient, where g is the field-polarization coupling wherec, is the specific heat at constant volume, arahda
coefficient, u the modulus of the dipole moment, the the equilibrium density and thermal conductivity of the me-
Planck constant, anil is the number of atoms. The cavity dium, respectively. V2=V2+4%/9z> is the three-
imposes two boundary conditions on the input and outputlimensional (3D) Laplacian. Q=3ae,cnE? is the heat
signals,E, and E;, respectively, both of which are real; source arising from the absorbed optical intensity in the cav-

=aVv?0+Q, 4
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10 (e) FIG. 2. (a) Steady-state relation of the inpHf to the outpute
0O 2 4 6 8 10 for Co=9 and »=0.06. The solid and dotted lines correspond to
Output Amplitide E stable and unstable steady-state solutions, which are separated by a

) ) Hopf bifurcation (marked by a solid squareat (Eg,E)
FIG. 1. Equationg6) have three types of solutions, correspond- —(10.80,1.13) fore=0.001.(b) Phase-space illustration of excit-

ing to (_a) an excitablt_e systempb) a system yndergoing a Hopf ability for E,=10, C,=9, and »=0.06. (¢) and (d) Time se-
bifurcation, and(c) a bistable system, respectively. quences of the fast and slow variablEsand C, after excitation.

ity, where g, is the vacuum permittivity and is the linear . . .
y €0 P y tersection points of the two nullclinegE,=E+2CE/(1

refractive index. Under the mean-field approximation, the =, _ 2 . i
optical field E is zindependent and so is the temperature.jLE ) andCo=C(1~7E"). Three basic cases, correspond

change® induced by the absorption through E@). When ing to three types of solutions, can be distinguished as illus-

the boundary effect on the temperature variations in the Ion'Erat(Ed in Fig. 1. The nullclines intersect @ a single point

gitudinal direction is negligible, typically in a bulk medium, lying on low or high branches of the bistable curvb) a

its temperature change can be considered to be uniform i%mgle point lying on the midde branch, atd three points,

this direction. The transverse diffusion, on the other handeaCh lying on a different branch of the bistable curve. The

can be approximated as a source of heat dissipation when tt%réree cases describe an excitable system, a system undergo-

dynamics of the transverse heat distribution of the system i'd a _Hopf b|furc§tlon, and a b|stabl_e _system, res_pectwely.
. N oo guations(6) are in many respects similar to the FitzHugh-
not taken into account. Equatid#d) is then simplified as . .
Nagumo model, but in our case the relation between the two

90 a variables in the second equatigwith slow time scalg is
Cp =" 0+ 3 eoncaEA(1), (5)  quadratic forp<1. The absorptive bistable model is now a
Ty special case of a constant absorption coefficient,ag.

wherew. is the radius of the inout optical beam spot in the We now focus on the parameter region of excitability for
“p put op P which only a single intersection occurs in the low branch of

medium. . . P X .
. : : . the bistable curve as depicted in Figajl Excitable behavior
Equation(5) describes a dynamical relation of the tem- occurs under the condition of=k,/k,<1, ie., the time

erature change to the intracavity field amplitude. Using the . ! oo
Pelation in Eq.(g3) it can be easilyytransformped into the egvo- Scale of optical field dynamics is much faster than that of the

lution equation fora(E). The optical system comprising temperature change. The system in th?s parameter region
both types of nonlinearit.ies is then described by the follow-glves a unique input-output relation, and 't.s stability depends
ing coupled equations: on the par_ameter@o, 7 as We_II as the ratie. Th«_a steady-
' state solutions, as shown in Figa®, are stable on increasing
L dE 2CE the input field amplitude until a Hopf bifurcation occurs at

ki T —E— W-FEO, Ey=10.80 andE=1.13 forCy=9, »=0.06, ande=0.001,
t (6) above which the output signal shows a periodic motion for a
constant input. Excitable behavior occurs in a small region
;' ——=—C+ynCE2+C,, just below the Hopf bifurcation. The mechanism for such
2 dt g 0 behavior can be best explained in th&,E) phase space of

Fig. 2(b). While the steady stat@ in the (Eqy,E) curve,
whereE andE, have been renormalized K. The constant  which corresponds to the intersecting point in Figh)2is
ko=al(c,pmw)) is the relaxation rate of the absorptive co- linearly stable in the sense thatimmediately relaxes back
efficient andCy= a(L/2T the cooperation coefficient & . to its original state for a small perturbation, it is however
n=eon0alww§E§/(2a) is the field-absorption coupling co- unstable once a larger excitation, referred to as the super-
efficient, which is restricted tgy<1 to satisfyAa<ay. The threshold perturbation, pushes this state to a position across
steady-state solutions of Eq®) are determined by the in- the middle branch of the bistable curve, denote® &s Fig.
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2(b). For the latter case, the system first switches to the high 0.11(a)

branch of the bistable curve, then follows this branch to the o

right, jumps back to the low branch, and eventually relaxes S 0.0 m
back toA, forming a long excursion in the phase space. The

value of the superthreshold perturbation is therefore defined -0.1

to be the distance between the steady sfaiethe low 100 1000 =000 3000
branch and the middle branch points in the vertical direc- 5 (b)

tion. A typical time pulse signal of both the fasE) and 5 5

slow (C) variables under a superthreshold perturbation is 3

shown in Figs. &) and 2d). As a distinct feature of excit- 0 . ‘

ability, such a long excursion in phase space or pulse signal 0 1000 2000 3000
in time is independent of the exact external perturbation once Time

it is a superthreshold perturbation. Notice that, as shown in FIG. 3. Noise-induced coh , G ,
Fig. 2(c), after excitation the system spends a long time . = ° 0|se-|ntuce col ;rte_nce 'nh§y|fté@'r't (?t)) tﬁus'?llt?n
along the low bistable branch, the refractory period, when itVie noiseg, , (90(1)9.(9)) = (_ s), which perturbs the intra-
) . - . - cavity optical fieldE, E—~E+Dg,,; (b) outputE shows coherence
is not susceptible to small perturbation until returning to the . )

L enhancement under the noise perturbation. The parametet,are
steady staté. As a common feature of excitability, the ex-
istence of two different time scales in the system, ie.,

=9, =0.06,E4=10.7,¢=0.01, andD=0.2.
<1, isa priori. When the two time scales are of the same,jia |y investigated recently in the FitzHugh-Nagumo

order of mggnitude, the long excursion phen(_)menon disaqhodel with a noisy driving term to the fast varialjlg]. In
pears and is replaced by a short pulse, the width and amplyiics the excitable device can turn a white-noise-type sig-

tude of which are dependent on the perturbation. nal to a nearly equal-spaced periodic time series, as shown in
While excitability in optics shares many universal fea- Fig. 3.

tures with those in biological and chemical systems, an im- “An eyperimental observation of the excitability may be
portant difference between them lies in the fact that excit

ability in optics is manifested in the field amplitude as anggjties required in Eq(6) can be obtained, or at least ap-
excitable optical field, whereas for the latter it is in the non'proximated by using semiconductor and other absorbing
linear media, referred to as an excitable media. In our SySz atariais. Indeed, the saturation of absorption in certain
‘e”?’ the popylatlon Q|fference apd polarization follow ad.'a'types of semiconductors may be treated as that in a two-level
batically the intracavity optical field under the good cavity gygiem, whereas the thermally induced temperature changes
limit, that is, D=1/(1+E") and P=E/(1+E), respec- iy these materials are quasilinear in a definite temperature
t!vely_. Both_ variables sho_w a dip in time when the optical \\inqow for an optical input of appropriate frequency. Two
field is excited and stay in the upper branch of t®E) gjtferent time scales in a semiconductor cavity are readily

curve. , ! __available. The fast oné 1=1/cT, is the cavity lifetime, on
The superthreshold phenomenon in an excitable opticake order of 107—108 s for a ring cavity length bl m and

system may be utilized for applications. One such example i§ {ansmission coefficient of 90%. The response time of the
a signal profile-reshaping device for a train of pulses that arg,nherature change in semiconductors is dependent on the
distorted, say, through propagation in a nonlinear med'umphysical properties of the materials and the input optical

Us_ing_such a pulse Sequence as perturbations to the intraBéam size. It is generally slow due to thermal conduction in
avity field amplitudeE, the device reshapes the output, PrO-the materials, typically on the order of between 1tand

ducing the same profile pulse train. Since such a device a6 5 For example, in bulk ZnSE8], which has widely
plifies only the signalsuperthresholdand ignores the noise oo™ sed in oétical bistable ' devicesD=alc,p
background(subthresholy it may also be used as a signal —10 4 m?s L, leading tok 2~3x 104 s for an optivcal
selection device. The selection criteria can easily be CONpwam size Oﬁ)’ —30 um. Finally, we note that the excitable
trolled through the adjustment of the superthreshold value b%ehavior in Od’r model i.s prediéted in nonbistable operating

varying the opgratlng co_ndltlon of the system. I:urth(.erm.ore(:onditions and is in a small region close to the Hopf bifur-
the optical excitable device may have potential application ation point

through its capability of generating a coherent resonance out-
put under stochastic noise perturbations. The phenomenon, This work was supported by EPSRO.K.) Grant No.
akin to the well-known stochastic resonance effect, has bee®BR/L95229.

realized in optical bistable devices. The two types of nonlin-
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