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ABSTRACT

We have studied theoretically and experimentally the dynamic
behavior of a nonlinear Fabry-Perot filled with a Kerr.medium.
The Fabry-Perot responses ranging from extremely transient to
quasi-steady-state in various modes of operation are cénéidered.
The experimental resglts are in excellent agreement with thgory.
If is shown that the quasi-steadf—state bperation requires not
only a medium response time much smaller than the cavity round-
trip time, but also a characteristic time of the inputvintenéity
variation several hundred times larger than the cavity round-trip
- time. Even in the quasi—steady—state limit, optical switching is

often featured by overshoot and ringing after switching. The

switching speed is limited by the cavity buildup time.
' ,
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I. Introduction

Recently, there has been growing interest in the physical understand-

ing and possible applications of nonlinear Fabry-Perot (FP).1 Seidel and

Szoke et al. first proposed-the_use of a nonlinear absorbing FP fdfbopti—
cal limiting, discriminator, and bistable operations.2 Later, McCall and
coworkers successfully demonstrated sgch oﬁerationélwith sodium vapor or
ruby as the nonlinear medium in the FP cavity.3 >They ﬁoticed, however,
that their observations were actually domiqated by the field-induced re-
fractive index rather than the nonlinear absorpfion. Detailed theory of
the steady-state operation of a nonlinear FP filléd with a purely réfrac—
tive medium has already been worked out by Felber énd Marburger.4 More

recently, various research groups have proposed and developed schemes that

could lead to miniature nonlinear FP for applications in integrated opti-

cal circuits.5 Even mirrorless and integrated optical bistable devices:

have been demonstrated.6 Theoretically, optical bistability has been dis-

cussed using anélog to phase transition.7 The quantum.statistital proper-

ties and the spectrum of transmitted lighf of a bistable resonator have
also been'inves;igated.8 |

-While the steady-state operation of a nonlinear FP is now well under-
sfood, little éttention, so far, has Been paid to thé dynamié behavior of
a nonlinear FP. In the practical design of a nonlinéap FP as an optical
device, h;wever, questions reiating to the traﬁsien? characteristics of
the device,.switching speed,.etc. are clearly very importént. We have re-
cently reported the preliminary resultsiof-ouf fheoretic#l and e#berimen—

tal study of the transient behavior of a nonlinear FP'filled with a Kerr

liquid.9 In this paper, we now give a'complete theoretical analysis on
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how the nonlinear FP behaves in its operation from tﬁe extremely transient
case to the quasi-steady-state case as different cha;acteristic parameters
are varied.lo We also show experimentally thét-our'results obtained with
an FP filled withlvaribus Kerr media‘(liquid érystal, nitrobehzené, and
CSZ> are in excellent agreement with the theoretical caiculations;
We‘first review in Sec. II the- theoretical formalism. We then des- -
cribe, in Sec. iII, the .experimental arrangementvand presént,.in Sec. IV,
the expgrimental results in cbmparison with the theoretical calculations.
In Sec. V, we extend the theoretical éalcuiations of the bistable opera-
tion to the case with #n’ideal saw-tooth input bulse in order to discuss
the transient operatioﬁ ché:acteristics of ghe nonlinear FP more fully.
We:conSide;, in particular, the dependence of switching speed and ringing
in the output on thevvarions characteristic‘paraméters. Finally, we dis-,
cus$ qualiﬁatively the effect of transientbfespohse on thé'obéerved beha~
vior qf the nonlinear FP reported by others.
II. Theoretical.Formalism9
We consider an FP cavity filled with a Kerr medium. We aséume that
the field-induced refractive index An in the Kerr medium affects only the
phéSe.but not ;he amplitude of the field inside the cavity# Thén;‘in the
plane wave approximation with an input field Ein(t) = &i(t)exp(—imt), the

’

transmitted output field is

© id(e,t~(mts) t.)
. - - -iwt m ’ R
Eout(t) Te &i(t - (m + ’/g)tR)Rae
m=0
ot 2 & 10(t, t- ()t ) -
= Te iwt E Z AaigR:e R o (1)
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where & (t - (m + %)) = E BB, with A&, =& (t - e+ e -
Fyd 2 i

8i(t - (2 - %)tR), 2 and m are positive integers, tR is the cavity round

trip time, Ra = R e#p(-,ad), o is the attenuation,coefficient in the cav-
ity, d is the caVity length, R and T are the-mirror reflection and trans-
mission. coefficients respectively, and ¢(t, t - (m +:%)tR) is the phase

increment of the field entering the cavity at‘t'— (m + y)t and leaving

the cavity at t “1f the variation of the field is small in tR, then Eq.

(1) can be approximated by

" max i¢(t t- (m+%)t )

B, (8) = Te mtft(dt' & (t' )) Z Rle Raer @

with mm being an integer closest to but smaller than (t - t' )/t
The phase increment ¢ is given by

Q(t t - (m+ Pt ) = }: (w/c){ [ﬂ -+ An(t - (2 + P)t + (c/n )z, z)]dz
: =0 . ' .

o R ‘ .
+ 2: (w/c) [n + An(t - e + (c/n )(d - z), z)]dz} '
2=1" d .

- | | (3)

Assumihg'the variation of An in a round trip time tR is negligible, we

can write

ot, t - (m+3ty) = (m+ 3¢ + % a¢(t) + 35 ag(e - 2e)  (4)

' Cog=1 :
where ¢o = (m/c)ZnOd and A¢(t) = (w/c) § An(t, z)dz. The spatial veria—.
tion of An arises from the interference 6f the'forward and backward pro-

pagating waves in the cavity. It is sinuseidal.ahd_is therefore averaged
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out' in the round-trip integral of A¢. For Kerr liquids, An and hence A¢
obey the Debye relaxation equation, namely, .

8¢ _wd | . |
R (ng + 6np) . e

where TD is the Debye relaxation time, and Gn and GnB are the quasi-steady—

state field—induced refractive indices seen by the forward and backward

propagating waves E and E inside the-cavity respectively.< Since the

F
(3) 2 2
field- induced polarization in the medium is P (n /Zﬂ)n (IE | IEBI )
| - (3) = .2- 2 -
x EF,B’ we have AnF,B (21r/no)BPF’B/E)EF’B »ZnZIEF’BI + nZIEB;Fl Equa
tion (5) then becomes
3wdn SRR
¢ 2 g |2 2,
N X UEpl™ + [BgD = (®
The fields inside the cavity are related to E by IEoutlz-_ n TIE |2
nOTIEBI /R. Equation (6) can be written in_the.integral form as
_ 3wdn2('1.+ R) At ‘ (t -t )/r _ ' '
= . '
A¢(t) o Tt f IE (¢’ )| e ) Dat 7
o D = S .

The coupled set of equations (1), (4), and (7)'now,fu11y describe the
dynamical property of the nonlinear FP. They can be solved numerically on

a computer using iterative, self-consistent loops. A number of examples

" will be shoWn in the following sections. When the characteristic time T

D “and tR, the opera-

tion of the FP should become quasi-steady- state. As expected, Eq. (1)

then reduces to the well-known result
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E e = TEinexp[1(¢o.+ A?)/Z]/Il - Ranp(i§él%'iA§)] | (8)

and Eq. (7) becomes

A¢ = [3uwdn,(1 + g)knécT]|Eout]?.' ©)

In iéter sections, we shall discuss.how>large Tc»should be relative to T

and tR.in ordéf ﬁo assure'thevqﬁasi-steédy;state'bperétion;

111, Exberimental Arraﬁgement

Tﬂere are three important time constaﬁtsvinrthe;prdﬁléﬁ: the charac-
teristic timévof'input intensity vériation Tc;<the mediqﬁ responsé timg
Ty and”thg cavity round-trip time”tRJ(or the céQ;ty bu?ldup-time;rc'dg_
fined as T, = tR/|1 - Ruexp(i¢;)|). in our experiment, the input to Fhe

FP was a laser pulse; so we can use the pulsewidth}&p*as the characteris-

tic time Tc' With the Kerr medium in the FP, 1

ié the Debye relaxation
time. We-wahtea to consider in our expe;imentvcases :Anéing-ftoh TD§>

Tp > te ‘t-o‘ "rp v> T > tk to T, > Tp > tR" covering_( a wide range of the non-
linear FP operation from the extremely tfansient-tO»the quasi—stgady—
'staﬁg.._ln ordef to achieve this, we used three‘differént Kerr media: a.
1iquid crystalline matérial.n—p-mgthoxyﬁéﬂzylideﬁe;p;ﬁutYIQniliné_(MBBA)
in the:isotropic phase;Anitrobenzené, and'CSZ. Beqaﬁsgkqf_its éretransi- : W

" tional behavior, MBBA has a relaxation time 1

D'which can be easily varied

by temperatu:e.ll Corresponding to a tempefatufe variation from 65°C to

45°C, TD.of MBBA varies from 15 to 174 nsec. Then, for nitrobenzene and

CSZ,‘ﬁe have 1_ = 45 psec and 2 psec at 20°C respectively. We also used

D
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twohsingle—mode Q-switched ruby lasers-with different pdlsewidths,rp = 14
nsec and 62 nsec (FWHM) respectively. ,Both»laser'heams:had avGaussian
beam profile with ‘a radius of ~ 0.15 cmﬂat the-entraﬁcetdf the,FP.

Our experimental setup is shown in Fig 1 The FP cavity was formed
by two A/200 plane mirrors w1th R = 0. 98 separated by d 1 cm. It was
filled with one of the Kerr liquids and placed in a thermally controlled
oven. The temperature of the FP could beéstabiliZed-to Vithin-lO —3o °C.

The linear round~trip phase shift ¢o in theq;év;t&~§éé measﬁred by ah He;

Ne laser beam and then modified to its Valde;at the rdbyvlaser frequency'

through calibration.. For coarse adjﬁstmeht.ef.¢o,‘thezF? was mechanically
tuned,.and fot fine adjustment, thermally tuhed.» because of,the small at-
tenuatioh loss due to scattering and'absdrptionlin the‘three Kerr liquids

we used,'the effective mitror’reflectipity at the‘rdhy.laser frequency was
Ra = 0.78. The experimentally‘detetmined finesseydftthe FP.was 13. . Input
and oﬁtput laser pulses at the FP were measured hy'fast,photodiodes and

displayed .on two simultaneously triggered Tektroﬁix 519 oscilloscopes.

The input laser power was always kept:well below the self—focusing thresh-

old in the Kerr medium. Absolute laser intensities Qere obtained by mea-
suring the laser power, the beam cross-section, and the;héam divergence
at the entranée of the FP. The measured'peak laser intensities were ac-

curate to within 15%.

IV. Experiﬁental Results and Comparison to Theory
Our measurements with differeht pulse iﬁtensities were made at FP
phase detunings A¢° =0, - 0.1 ﬂ,'and -0.2n rad-(¢o = A¢0'+ multiple of

2 m). These values of A¢o were chosen such that the steady-state opera-
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.tion of the nonlinear FP are inlthree different distihet ques, e;g., the
power limiter, the differential gain, and«the bistable ﬁOde respectively.
Flgure 2 shows three typlcal examples for- each value of A¢ 'The dots are
obtained from the measured osc1lloscope traces. - The plots on the rlght-A
hand side of the figure give Iout versus Iih with t%me t as the varying
perametef. The solid curves are;the theoreﬁicei CUrvee.” We first fi£ the
measured:Iin(t)‘by a Gaussian pulse;‘ Then, using Eqs. (1), 3), and (7),
we calcuiated:Iout(t) and A¢(t). The self-con31stent calculatlon was car-
ried out with the difference ef A¢o between'two fiﬁal successive iteration
steps less than 1 milliradiaﬁ; One nofmelization constaﬁf'was used to fif
the peak'of Iout(t) in'Fig. Z(a),vand phen,'fhe seme~normalization con-—
staﬁt was used for calculating Iout(t) and A@(t) ip,Figs. 2(b) and.(c).
Furthermote, the calculated Iout(t) also took intevaeeount the response
time of the‘detectbr system.through con§olu;ion with'the detector response
bfunction.” The same proeedure wae taken in_calcglatipg the curves in Figsg
- 3-8. In~a11-cases,VWenfind exeeilenteégreeﬁent'betweeﬁetheory and,experi—
ment. | | | |

Figures 2-8 show progressively how'I ‘ (t), A¢(t), ‘and I , (t) versus

Iin(t) vary when the molecular relaxation t1me'TD decreases from TD‘>>TP >
t, to 1, <€ te €t . VWhen T (Figs.'Z 5), the curves of A¢(t) show

R D P D
clearly the transient response of the medlum to the cav1ty field, but when
< tp (Figs. 6—8), the medium responds to the‘fie1d e1most"instantaneous— A P
,1y, and A¢(t) becomes essen;ielly proporfibﬁai edflégg(t).'ihe variation
from the transient to the quasi—stead?—étafe operation of fhelFP can also
be easily seen in Figs, 2—$.. In tﬁe power limiter-qug-(A¢o,=_0), Iout

vs. Iin-first appears as a loop in the transient case, and gradually
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shrinks to avline as the operationibecomesﬂless and less transient. In
" the differential gain mode (A¢o ='; 0.1 ﬁ>ré§})3*a“simi1éf but mpre easily
visualizedvtranSformation_takes place with Ioht7vs:'IiA‘éQentually showing
the S-typé.chafacteristic curve in_thé quasi—stgad&;stgtg'limit. The bi-
st?blg mode 0£ 9pera§ion (A¢°'= - 0.2 n>rad:):§isﬁlays‘theftranéition from
trénsient to quasi-steady-state most.&faﬁaticélly. In tﬁe transient limit
(Figs..2<c) aﬁd 3(C)); Iout vs. Iin ié'algs-in the'forﬁvof a loop,leven
though the ci;culation around the loop is‘céﬁn;effCIOCkﬁise,f0ppoéi¢e to
that appearingiin the power limiter and‘differeﬁtial ga#ﬁ‘cases.‘ Then, it
begins to appear like a.hysteresis loép in_Fig53 4(c) and 5(c), and final-
‘ ly transforms into such a 100p'towards'thnguaéi—séeadifstafe'limit in
Figs; 6(c)-8(c). . =

We.ﬂotice that even in Figs. 6:ahd 7;.Qithiré/{ﬁ = 310 and 7060 re-
spectively,'the curves exhibit some transiéﬁt_cﬁaractéristics.; This is

because in these two cases even.though the material response can be con-

R
ity fiéld.buildup is still somewhat#trénsient} With a longer input laser

sidered as instanténéqus; Tp/£ = 140 ié nof 1arge enough so that the cav-
pulse in Fig. 8 correqunding to Tp/t#5= 62d,Aﬁhe tfénsiént effect is
clearly.reduced. Even in the quasi;stéady—state, the oﬁtical'gwitching of
the bistaﬁie’operatioh mode occuring in a'timé'c?méafable.té tR would show
some. transient phenoménon in the fqrﬁ of §versho§t énd ringing.9 " In our
experimental observation, however, they are partiéll?wmasked by the slow
respoﬁse.offour deﬁection.system. The overshéotland ringing effects';ouid
be important in the applications of fast optical switching. We shall .

therefbré discuss theoretically these effects as well as thé SWitching

speed in the next section.
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V. Dynamic Behav1or of Optical Bistabillty
In order to exhibit more clearly the tran51ent characterist1cs of the

bistable operation, we also performed theoretical7calculations using. a tri-.
_angular input pulse. ‘The results are-shown‘in’Figs.'9§ll with the detuning
of the FP set at A¢v = - 0.4.w. In Fig}.g Three different ‘values of ™
(250 t. 100 tR, ‘and 50 t ) are used while the other parameters such as the
Debye relaxation time T ( 0.01 t ), the mirror reflect1v1ty R (= 70/),
and the inpdt,peak intensity Iin (normalized to l)_aretkept_constant.
~ Since ve have rp >’tk:> TD; the nediu@.response inlthis case is essentialf

‘ly instantaneoUS. :The transient'effect thereforevarises fron the iinite
-'vtime-required.for the'cavity field;boildupifrAsJshovnhinAFig. 9, the tran-
sient effect in the sense of_slowing-down%of'theTsWitching.speed is quite
'obvious even at 'rp/tR = 100 and”onlv beéoﬁésjﬁegiigiéié when Tt /t 3 250.
Then, the overshoot and ringing after sw1tch1ng are- also more clearly dis- |
.played with longer ringing periods in the more tran51ent cases. Phys1cal-
ly, overshoot and ringing after switching.can be easily-nnderstood As is
well known, field in a’ ‘resonant cavity cannotvmake sudden finite changes;

It has to approach the final value through interference of multiple reflec—
tions.A When the finesse (or the Q factor) of the cav1ty is suff1c1ently
-large we have then the underdamped and ringing situation We also expect

to have more ringing in a cavity with a larger finesse In the quasi-
steady-state‘with Tp >'tR >'TD, the ringing should be over in roughly two v
cavity builduo times (1 ). If we con51der opt1ca1 sw1tch1ng as completed
when the.ringing is over, then the,sw1tching time iS'limited by a few;-rc

even in the quasi-steady-state operation.

In Fig. 10, we show the effect of the finite:mediom'response time on
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the switching behavior. Three exaﬁblesfarevgiveﬁ with TD = 0.01 tR’ 2.5

tes and 25 tr and the other parameters kept tonstant.‘ECIeapiy, even when

TP/TD'= 100, the. transient switching ché;acteris;icgih the form of slow

B switchiﬁg and rihging is still obvioﬁs.vjThis_iS'mainly-becagsg 2 2 te

so that the material response slows down'thejéaivty fie1d:buildup, There-
fore, the quasiféteady+state case i$ expecféd to se; in;on1y when.rb <?£R
and 1 /T_ 2 250.

p D

In the quasi—steadyfstate limit where Tp’>‘tR >’Iﬁ;:the reflectivity

of the FP mirrors will finally set the switchiﬁg:speed_and,éffect over-

- shoot and‘ringing. We show the effect ofjmirroffreflectivity in Fig. 11.

- As seen in the figure, lower mirror reflectivity slows-dowﬁ_theiswitching

speed and dampé out the overshoot and riﬁging; 'Thé;ébparentiy,slower
switchiﬁg is due to the smoother and.broédér'F? t?anémiSsiéh curﬁe at loﬁ—
er R,_while the stronger damﬁing‘on;thg fiﬂgiﬁg ar}sés from.the leér'fi-
nesse'of:the gaVity. . | N | o

From the above results, we can theréfége thElu&é théﬁ in order to
hafe a sharp optical switéhing, wé'nééa é'éayitY'wifﬁ'a'ﬁighér finesse;
but then overshoot aﬁd ringiné afﬁérstitcﬁing-willibefmqré obvious. The

»

switching spéed is fasteétrih the duaé#fsteady—sﬁéfé'limit (Tp'>»tR ?fr
and is limited by the cavity buildup fiﬁe.b‘ > |

The thegretical discussion here‘cap,be quaii;a;ively extended to the
experimental observations repbrtéd by;dtheps,lalthbugh thg.equation govern~
ing the material résponée may be diffé?énp in différénf.cases. For exaﬁple,
Smith et al.5 used a nonlinear FP in which tﬁe noﬁlihéat phése shift was

provided by an electro-optical crystal driven by tﬁe transmitted or reflect-

ed light. In that case, the material response was dominated by the re-
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sponse time T, = 1 nsec ofhthe“electroniC,feedbackhsystem;-i.e., Tp plays

F.
. . = = - / >
the role of TD Using LN TF 1 nsec, tR 1 nsec, Ra 63/, and Tp
tR ~ N in our calculation, we can actually obtain a set of 1 out VErsus

Iin curves for the various modes of operation (corresponding to different
A¢ ) very 51m11ar to what Sm1th et al have observed

Grlschkowskylz_has studied the‘bistablevmode of.operation of a nonli-
near FP filled uith Rb wvapor. The characteristlc parameters in his case °

are tR = 30 .psec_, TD =;200,psec, rp ' 7. nsec; ka 0. 73, and A¢ = - 0.24
rad. Since T >t 'even though r /t 230 >~1, the tran51ent response of
the FP- should be quite obvious. The output should resemble the 1 out curve
in Fig. lO(c). An actual calculatlon-taking into=account ‘the finite re;
sponse t1me (*’1 nsec) of the detection.system‘and the true inout pulse—

shape_can.in>fact”reproduce the observed I ﬁ (t) qu1te well

Overshoot and ringing in optical switchlng of a FP has been men-
: tioned-by Smith.. They can, in fact,.also*be_seenvin_the‘bistable opera-

tion of the mirrorless feedback schenefasrrenorted by,Feldman.6

VI. 'Conciusion

We have presented here the resultsiofiahdetaiied theofetical and ex;
FPerimental studY of the dynamie:behaviorfof-aknoniinear.FPefilled‘with a
Kerr nedium. The three modes of operation‘ namely, power 1imiter, differ-
vential gain, and optical bistability, are- considered The-experimental
yresults coverlng a w1de range from the extremely transient to the qua51—
steady;state case are all in excellent agreement w1th theory. 4We'show ..
that in order to have_qua51-steady—state operatron, the_charaeteristie
time of'the input.intensity variation ﬁust berseveral.hundred,times the

cavity round-trip time which shouid in turnfbeﬁ : larger’than the ma-
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terial resﬁoﬁse‘timé. Even in the7quasi—steady—statev1imif, optical switch-
ing in the bistéble mode of bperation iS'still oftén characterized by over-
shoot and ringing as the cafity.fiel§ m§ke$5un&éfdampeaAadjustment from
its:initial value td the final valué. The‘optical swiﬁéhing speed is

then limited by the cavity buildﬁp timé; Switching isfiés; sharp aﬁd
ringing is more highly damped if'the.FP.caQity has agloger finesse. Al-
though -our theoretical calculation is resffiéted to FPtQith a Kerr médium,
the fesults aré still valid in a qualitative sensq.fopfthe'other‘types‘of

nonlinear Fabry-Perot. -
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Figure Captions
-Fig.' 1 Schematic diagram of the experimehtal setup. P: polarizer; BS:
beamsplittérs; L: 1ense;‘M:‘moﬁab1e miffor; TS:jfelescope; PD:
photodiode; PM: photémultiplier. |
. . _ | - . - ”‘  <. < .
Fig. 2 Iin(t), Iout(t), A¢(t), and Iout_vs Iin for ta rp T with

t. = 0.11 nsec,-*rp = léznsecg”and T = 145 n$ec. The FP cavity-

R D |
is filled with MBBA. The curves are caléula;ed from Egs. (1),
(4), and (7), while the. dots are obtained from'mgasurementsL

Three modes of operation are presented here, (a) power limiter,

(b) differéntial gain, and (c) bistability.

fg. 3 t <t <t wi - 0. = 62 nsec, and T, = .
Fig. 3 tR Tp ST with tR 0.11 nsec, Tp: 6? nsec, and T .145 nsec
Others are the same as Fig. 2.
ig. < ~ Co=. . F .' = ‘ oo 2 = . C .
Fig. 4 _ tR Tp T with tR 0 }l,nsec, Tp} 14_pseé{ and T :,15 nsec
Others are the same as in Fig. 2. : -
Fig. 5 _tR TD Tp with tR 0.11 nsec{ Tp :§2.n$eg, gnd TD 15 nsec
‘Others: are the same as Fig. 2. A
N b < < i = . a . = ) : =- .
Fig. .6 .TD te Tp with ty 0.10 nsec, Tp- lé psec, and LN 45 psec

. The F¥P cavity is filled with nitrobenzene. Others are the same,
" as in Fig. 2.'_

Fig. 7 = 2 psec.

D TR D
The FP cavity is filled with CSZ" Others arefthe same as in Fig.

<ty <t with t, = 0.11,nse¢;'fé = 14 nsec, and 1.

2.

Fig. 8 : TD'<:tR”< Tp with te = 0.11 nsec, 1_ = 62’néec,‘and 1. = 2 psec.

iy D
' The FP cavity is filled with CSé, Others are the same as in Fig.
2.

Fig. 9 Iin(t)’_Iout(F)’ and Iqut'vs‘ Iih.oﬁ the‘PiStable modevof opera-



Fig. 10

Fig., 11

Ap =-0.4 7, 1, =0.01 ¢
- 7o
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tion calculated for three different pulse dura'c'iorlsvrp with A¢ . =

- 0.4 7, 1 = 0.01‘tR, Rd = 70%;'and'the normalized input peak

D
intensity kept constant. Note the different time scales in the
figures on the left.

Iin(t), Iout(t)’ and IOut vs. IinZOf*tﬁe bistdble mode of opera-
tion for three different molegular :e1axa£ion times T, with Ay =

- 0.4 7, Tp'= 250 tR’ Rd = 70%, and the input ‘peak intensity kept

" constant.

Iin(t); Iout(t), and Iut vs.‘Iih_of'the_blstalbe mode of opera-

‘tion for three different effettive‘mifrorifeflectivities Ra_with

D k, tpv= 250 tk,'and'tﬁé input peak inten—

sity'kept constant.
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