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Dptical Bistability (OB) is a very young subject, the
tirst experiment dating to 1974 (1). However it 18 a very
lively subject, spread intp different directions and it ais
very difficult to make a complete overview of the
experimental developments. It should be noticed that the
expaeriments of Optical Pistability have been reviewad in
1982 by Abraham and Smith (2), and in twe Conferences
devoted to this topic (3,4). In these lectures some
experiments will be described to represent the most
important features of this research. (¥ course the choice of
the material here presented 1s very personal and several
important experiments very likely will be not pressnted.

First of all some experimental effort has been devoted
to the investigation of the phenomenon itself. In order to
obtain optical bistability a threshold value for the
coopearative parameter C= obLF/2w should be reached. Here a 1%
the absorption coefficient of the medium urider
investigation, L the length of the absorbing sample and F
the finesse of the cavity contalning the medium under
investigation. The first experiment of 0B (1), as well a
large majority of the following ones, have been per+ormed on
the resonance transitions of sodium that present an extremly
large absorption coefficient. An important problem to be

controlled in the experiments was the comparison with the



theory for the threshold values of the cooperative C number
and of the input power required tpo reach the bistability
region. A careful comparison was performed by Kimble and
coworkars (5) in an experiment involving the absorption oa
a sodium sample composed by five primary beams and two
secondary beama. Through optical pumping of the sodium beams
with circularly polarized light the atoms were prepared in a
single state and a two-level system was investigated. In
this system the difficulties encountered in earlier works
ware to a large extent overcome, and a nearly homogensously
broadened absorber was interacting with the travelling wave
laser beam. The sodium system had a maximum «alL absorption
equal to 1.5, and a finesse F=210 so that the cooperative
parameter reached the value C=40. When a small inhomogenecus
broadening due to the residual Doppler broadening was taken
into the theoretical description, the agreement among the
sxperimental data for the absorptive bistability and the
theoretical predictions resulted very good.

A similar test of the threshold values for the input
power and for the cooperative parameter C was performed in
an absorptive bistability experiment on a microwave absorber
by Bozzini, Maccarrone and Longo /&/. The ammonia inversion
line at 23.9 GHz was employed In the experiment, Owing to
the high finesse of the microwave cavity, the threshold

value for the cooperative number C could be reached sven if
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the absorption of the sample is smaller than in the sodium
experiment discussed above. In the comparison of the
experimantal observations with a theoretical model far the
optical bistability in an homogensous absorber, it turned
out that a good theory-experimant agreement couwld not be
obtained for the input power values of the swith-up and
switch-down operationsg. On the contrary a good agFlIMIAt
could be oabtanined for the ratio of these powers. A
disagreement existed also for the measured minimum value of
the cooperative parameter required to bhave a bistability
diagram.

The microwave observations were determinant in showing
the influence of the radial distribution of the
mlectromagnetic field inside the tavity /7/. Becauss the
maturation level of the absorber varies along the radius of
the vptical cavity, the overall optical bistability
behaviour is modified: the threshold value for the input
power required to reach the bistability region is increased
by two or three times. As a function of the mixed Fresnel
number defined as F=uw. /AL , the bistability region is
greatly reduced at low Fresnsl numbers ’/8/. The
investigations on the sodium atoms /3/ and on the ammonia
microwave tranmition 14-74 presented above for the
investigation of the threshold values, were performed inside

a cavity with a Gaussian distribution of the field. For the



sodium experiment in a ring cavity with a travelling wave
laser the minimum Cwivalue in order to have a bistability
resulted C‘ﬁ =8, in good agreement with the theoretical
predictions. For the experiments in sodium /10/ and in
ammonia /&/ with & standing wave laser the measured qﬁwn-
larger than the value predicted by the theory.

Another fundamental feature of the optical bistability
phenomena is the time required to obtain a switch of the
system +from the lower to upper operation branch of the
bistability diagram, or viceversa. Optical histability is a
phase trangition phenomenon and near the transition points
of the phase diagram a critical slowing down occurs, so
that the response time of the optical system becomes very
long. Ffor instance for the operation of switching on the
input power in a bistable system initially in the no
transmission state, the theoretical analysis of Bonifacio
and Lugiato has shown that a d-lay'n exists between the time
of switching on for the incident field and the time of rise
for the output power. This delay time depends on the value
of the incident powsr F, , or more precisely an the distance

4P= P, ~-R betwmen the incident power 5 and the minimum power F,
regquired to make a transition to the upper branch. For
large values ofdPF the delay time is equal to the transit

time of the electromagnetic fiwld inside the cavity. For

small values of AP the delay time bscomes very large. Buch a
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critical slowing down of the delay time has baen cbhswrved
in several expuriments involving optical bistability in
different systems (11-1%,5). An important result from those
sxperiments is the universality of the critical exponent
relating the delay time to the parameter sxternally switched

in the experiment. The delay time resulted proportional to
- 0.5

am in an experiment where the input power was
0.5
varied /5/, and resulted proportional to | Al). in

experiments where the length of the cavity was modified/13/.
The experiments where the critical slowing down in the
delay time was measured, exhibited strong fluctuations in the
output power of the bistable system. In effect fluctuationws
and instabilities repressnt another important featurs of the
phase transition phenomena, amd large attention is now
devoted to these features also in the bistable devices.
Quantum fluctuations produced by the praessence of the
spontaneous emission are a fundamental limitation in the
operation of bistable systems. However their contributions
may be neglected in most experiments, unless a specific
experimental met—up is devised. On the contrary the tharmal
fluctuations dus to the thermal photons, as well the
amplitude and phase fluctuations of the incident +Field may
play an important role. For instance the effect of amplitude
noise in absorbitive optical bDistablility was dewyribed

theoratically through a Fokker~Planck equation /14/. It



resulted than tha switching delay time undergoes considerable
fluctuations and on the average is shorter than that
predicted in absence of input‘ noise. Furthermore in the
eritical slowing down reagime, the probability distribution
bacosms two-pmaked during the approach to the ane-peaked
steady state distribution in the upper branch of the phawwe
diagram. This overall hehaviour has besen recently cbserved
in saxperiments in sodiums sample /153/.

A type of optical bistability based an self-focusing of
counter-—propagating laser beams has besn alzo demonstratad
/16/. Ewlf-focusing occurs when a light beas having a
nopunifora spatial profile ( such as a Gaussian laser beam)
and sufficient intensity propagates through a nonlinear
andium having an intensity—-dependent index of refraction. In
th? optical bistability experiments laser radiation, tuned
to the high-fmquency side of the resonance transition , was
focused in a sodium cell. A lens imaged the optical field on
the #xit face of the nonlinear sodium absorber onto a
partially transmitting mirror. This mirror was aligned
normal to the laser beam to provide optical feedback, and
the self-focusing was produced by both ths Fforward and
backward optical waves. An aperture in front of the mirror
caused the backward wave to depend on the laser bean spot
size at the enit face of the cell. The power transmitted

through the mirror was monitored. Exparisental curves of
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bistability were obasrved with input powsr in the 100 oW
range; switching times in the 20 psec range ware obtained.
Similar self-focusing sxperiments have been performad also
on solid absorber mamples/17/.

For what concern the optical bistability in ;nlid-, the
first obsarvations of optical bistability in a non-linmsar
Fabry—-Perot interferoneter fashionad from paraillel sided
crystals have been aade on InShb sample /18/ and GaAs filmw
/19/. The required optical feedback is provided very simply
by using the natural reflection of the crystal surface ( for
instance 0.346 for Insb) or by using reflection coatings. The
experiments on InSb were Ffirst at cryogenic temperature,
later at 77 'K, making use of CO laser lines. The nonlinear
sffwcts are due to hand-gap resonant saturation of states
immedi ately above thas energy gap where the carrier
sxcitation is presumsd to be from band-tail absorption
processes. The cw holding powsr in Ingb samples ranges from
10 W/cm' to 300 w/ce' in crystal resonators with few hundred
micrometars thickness. Room temperature InSb bistability bas
besn also obtained making use of two-photon absorption of CDI
lasers. The peak intensity powar reguired in these
axperiments (~ 100kW/ca ) was obtained from a TEA Cﬂzlasnr
s0 that only a transient optical bistability could be
observed. Then the relation between instantanecus incident

and transaitted intensities, showing the hysteresis cycle,



could be reconstructed after the experimental cbservations
wars completed.

in GaAs wtalons the optical bistability was observed in
the 5 to 120 "X temperature range by using 819.9 nm
radiation, 10-23 nm longer than the wavelsngth of the
fres—exciton peak /19/. The required cw holding—on intensity
of order 20 kulc; was obtained by focusing 200 oW inp;t
radiation on a 10 pm diameter spot, The OGaAs device was
turned on or off in a 2 nuec time. The enargy required to
make the tramsition is extimated 4 nJ, the product of 200
mW power and 2 nsec switching time, but only a fraction of
this energy was actually absorbed.

Progress towards practical ali-optical switching and
signal processing devices depends crucially on finding
suitable non-linear materials. Considerable attention is now
ressrved to the so called quantum wells structure whers GafAs
carriers ars confinad in a 100 3 thick region by spacing
with GafAlAs carriers/20/. The binding energy of the exciton
confined in the 100 ; layer is increased and the room
temperature spectrum of these guantum well structures
presents the excitonic peaks. On the contrary in the GafAs
crystals at room tempwrature the excitonic rescnances are
smmared out becauss of the thermal broadening of the
resonances. Another benefit of  the clear sxcitonic resonance

in the multiple guantum well appears in the nonlinear

absorption behaviour: the non-linear absorption starts at
poOwWErS at lmamt ten times lower in the multiple quantum
wells than in the Gafs crystals. Then holding and switching
power are becoming very promising for the applications of
these devices.

Finally, more for the investigation of the phenomenon
itself than for the possible applications, it should be
remembered that optical bistability has been investigated in
great detail both from the thesoretical and esxperimental
points of view, in the laser with intracavity saturable
absorber. Experimentally the phsnomenon is observed very
wasily in infrared CD, laswrs, making use of strong molecular
absorbers /21/. The laser may operate in a cw regime, in a
regime with output periodically modulated in time,and may
pressnt simultanecusly bistability. Theoretically tha laser
with maturable absorber has been often used as a case where
new analytical or numerical solutions of bistability

features have been tested.



Refwrencas

Favi H.M. QGibbw, S.L. Mc Call and T.N.C. Venkatesan,
Fhys. Rev. Letts. 36, 1136 (1976&)

/2/ E.Abraham and S.D. Bmith, Rep. Frogr. Phys. 45, 815
(1982)

/37 "Optical Biltahilkty“, ad.by C.M. Bowden, M. 61ft;n
and H.R.Robl (Plenum Press, New Yoark, 1981)

/4/ "Optical Bistability 11 *“, ed. by C.M.Bowden, H.M.
Bibbs and §.L.McCall (Flenum Fress, Naw York, 1984)

/5/ A.T. Rosenberg, L.A. Orozco and H.J. Kimble, in*
Fluctuations and Sensitivity in Non—-equilibrium Sysyems",
ed. by W. Horsthamke, D. Kondapudi, Lectures Notes in
Physics, (Springer Verlag, Berlin, 1984)

'i-Ti A. BGozzini, F.Maccarrone and I. Longo, Nuovo
Cimento D1, 489 (1982)

17/ E. Arimendo, A. Qozzini, L. Lovitch and E.
FPistelli, in ref. /3/ pag. 151

/8/ J.V. Maloney, M. Sargent III and H.M. Gibbs, Opt.
Commun 44, 2689 (1983)

/9/ R. Bonifacio and L. Lugiato, Gpt. Commun. 19, 172
{(197&)

/10/ D.E. Grant and H.J. Kiable, Opt. Commun. 44, 415
(1983}

/11/ 8. Barbarino, A. Gozzini, F. Maccarrone, I. Longo

10

and R. Stampacchia, Nuovo Cimento B71, 183 (1982)

/12/ F. Mitschke, R. Deserno, J. Mlynek and W Lange,
Opt. Commun. 46, 135 (1983)

/13/ 8. Cribier, E. Oiacobino and G. Grynberg, Opt.
Commun. 47, 470 (1983)

/147 B. DProggi and L.A. Lugiato, Phys. Rev. A29, 2949
(1984)

/13/ W.Lange, private communication {(1984)

/1&6/ J.E. Bjorkholm, P.W. Smith, W.J. Tomlinson and A.E.
Kaplan, Opt. Lett. &, 345 (1981); J.E. Biorkholm, F.W. Smith
‘and W.J. Tomlinson, IEEE J. @Quantum Electron. QE-18, 2014
{1982)

/37/ M. Dagenais and H. Winful, in ref. /4/, pag. 247

/187 D.A.B. Miller, S.D. Swmith an A.Johnston, Appl.
Phys. Lett., 35, &38 (1981);5.D. Bmith and F.A.P. Tooley, in
raf. /4/, pag. 213
‘ /19/ H.M. Gibbs, S.L.McCall, T;N.C. Vankatesan, A.C.
Gossard, A. Passner and W. Wiegman, Appl. Phys. Lett. 35,
451 (1979)3 J.L. Jewsell, S.T. Tarng, H.M. Gibbs, K. Tai, D.
A. Weinberger, &. Ovadia, A.C. Gossard, S.L. McCall and A.
Passnar, it ref./4/, pag. 223

420/ D.A.B. Miller, D.S.Chamla, A.C. Gossard and F.W.
8mith, in ref. /4/ pag. 223

/21/ E. Arimonda, B.M. Dinelli and E. Menchi, in ref.

/4/, pag. 317

1



E‘ Cﬁwb corkx

W

Y, w mediuam wa'

y, HUe soburalle ebrozim b ob7oried poliar v

3 o
wlers
oo Ly
XY * R t T .
tar - ') .Et ‘*(“-H’)* ..f
" nl‘. Ly 8 L
Y
wtl <y Wear v ; Yo '.
LRy . & L
J 8 I‘_ a Pa "
T(lc".’d L.md—'(a‘oq' om c, )f
. C= .d.‘_'.' F> &4 ._’.=._ - J-
iw m T
hft, "c :
trantewinion Fe T
LbAw
>
te v/l —» w

q*‘-'-", :o.dob Q.! Q—-

W

ol ssTemamce Wz w,

I - I T. 6’* b“’m"l‘ﬂ. Mnrl, ‘."q&,
+ 4 (4‘ o <oty A e

To
= I; A
(14 Q.‘.X .‘
ir 1+£l"-‘§£‘.
N ru"l.
-1 Y
- .
Buk II:= £ Ee _
4w

0 E‘\owb'bt uu.pf.., SQL&Q';

2
4
' - d A
= T.I'.__I(‘u_-:.zf_‘“p 1_9.1>
* ¥ A
State . et}u.m[:f.oq- '

\Y= X (1+ . 1+4a><)2

y: LI, x< T
19
- f_____f:__ -~
2('—‘ o"doA a= 3 f* ¢ ntu A
in



N‘. Q.b!otr.'.'n'f; 5;,£-AB:"~1.‘J .

(g'hl-nb* xl‘ﬂ‘t([ ort. Commum, 44 4‘5,!9‘3)

’ a L ¥ T T

Lasgn 'I"'IL “‘--_- ke I \ It
Lp "'."_-- hn b LY
Meodu.lalow \ Debecter
_ terts cat
5.‘5“ Ovetn. '._”;.’
4w He tapeumants "‘."' bebween O amd 15
Fz~ 400 ond € bobween O and f0
L ¢5 com
[ -4 - -
A: §ald rec , 3' : €x 10 e ! . ;5 da70 3¢

‘Ont times ‘&,Iu Hawn r\g‘.‘sbtd

[Cy = 4922

‘-‘1“; “...

'lt\“té!é

R.'., caridy expeument by Kemble oF of. 1900

TRANSMITTED POWER,

sodium atomic beam

N IO

~-R
M2
(a) (5)
- ) ‘r f’
/
/ L/
% AN :-.uif :
; :; ‘.0 f o
/S & -V
o fo
I ;
e s/
/ 'a
i 'l
! E
Ty
- — II:
o) R,“uﬂ‘
INCIDENT POWER. | i %

()



1caled

»

1'.‘[’;'1 nJ rGﬂM

imodem k

M EEETON T B U T

l1'[ll1'l}l'|"alllll

.-
et S ERH N RN BT E R

5

10 15 20 25

eff ectee e
wep wave muarber

Miervoware

“aph:.ac boalab: ?c'l', .

ﬂu’noalo, Suu.‘.-; Piabatl: aad lerbd
Puc. Conf. Optical Sistab:tiby, 1184

—_ :

Kpbon . Fabay- Perob D ebector
__.I——\
' — L* ewm —
Fx4d00
(323, K2 3) imverstom hme of NH, ot 239 GHe
abrovpliom cosfficiemt  * )
Oy £90 " e

NHy presrnne

et -+ ->

1 29% ¢4 5 cn mTowns
bebwacn 0 omd 0.0C
bebweer O emd 40

L



© (3
ﬁé’ot{.(?fe op bree € 61‘7(‘05/3‘g
(féu'm‘ ot ol Nusrs Cimants 19 e

Qbaotrkce EM‘:OBC% DWWz w, I . (Nﬂ//

71,

t &‘v;h‘ p— —
(m W\
-3
(40 T
7
/
1t
]
-5
40 4 : i
) Fig. . = Cyeles ol P, vo. £, obtamed wt dineiont s propaues. The are vwebosod
inko tho cyrles diminishes with sho gun pﬂ.ﬂura. I.-
! ] —
Lz
4
[ 1-6'_‘_ '.-\’ﬁ. 987 presvune
‘30 -
. Twalla ger
0 presrane

Tl\lﬁ'.”. ﬂ'uuv Jn o t'n'..!" poxe I" I‘

Bverdold condibioms; om ¥:=1,
e v 4.5 bimes ‘:’(c\ How !'“‘-"-““f-

zn Wy = 2522

& -
K:.ll[o‘.uc" YuT817 2270 7ec

aé o mTeu pre7rare



. [‘} cod (wé- Kz_)

e

£ coa(utiin)

<———
Pa' "af; €
1

wWidtmarie @

£, corwbeor ke

fr -"0’ (wi- k1)

=/

Wy
. —_—
¢ L —
AJ:—L mode TEN,.'.
P :
R,
)
S
i+(w-ul N
r_l wy
. 5= ¢ Eg
] 2
Tn— 3t r"n.
é
1- & wowag -4
LT x*

N

Dispecsivre biskab ;fe’_"__

Lo Sdeu jtéq.u-erﬂci!
iu.: c.e.-m'.-‘-‘(.f ‘tejomnantt
&

o = wbiocher Tetomamer

o,
o>z ' p 2 E’
A% W) LT Eg
( Y1 3% un
<my=- 4- by A (w-g)_!) o~ tcj;cd‘.‘u. emd ex
4m T
I T ’
I = F}
R R S - N Y
o anw Ly fem>

‘Stﬂ'k e ediu.‘bboo'n

. F] :.
Vex {(hhtﬁ) + (0-2cn ;--4—)}

+ b ax
e: 3_9..9 ('-v-w.) j A: ‘“’“‘_’a
it Kl

Wes wo ‘. w vaded



Pt 1 mTow

Lo’
6
. bL
3 Y: I¢€
- 4 ".‘ sokms ‘
.:: S A
- d)
!} Ys 5.4
LS T—a




"

| Disperre J.‘:t-".g‘:ﬂé‘r

e ‘Y.-'- 3 .¥5 m W

= 4,15“1-“,

/"\_'_

-

r= 4. 4 mTony

- N oW oa

x 3 r:l.sm'ﬁu x6 P 1.4 mTotr

NN AN

v
£
£

4




aﬁ.u-ss.'o-ﬂ dis b bubron 05 the X.'tﬁ:f

]
Bustabifibe abiorolice., d micoomdes Col> 3 g-., Ee av -
4n
T .
dams PC TN
“ J-" / 0.‘\ J-c
w . = 42 GHz ( Secard, L 0le 1984) . —D ] 3 —
7204714 Jae, - ] \ :ﬁ: 4
1 | Tt t’
— '3 ——ly
" L= Yo , _
° ) TE Moo’p mode
' Fed4

<my > - - oo A4 }y(A s)_- z- A a¢ay

L %
~
B
)
"
B
- N
Y
)
4,
N
L
A B
ry \h
5
»

_ Dz W, S = <¢" if_‘_la.l' = a X
P< P < Py Py < Ps



Pz d mTowe
C=25

Cll"l.‘\;," 8

Cu.t va

Curve

) o= Bonifacio
a -—-T-—- .
4+ &8+ S L“S‘“”‘

19 1 $ P

) s 1€ "’;(’*V'*f,m) T (mW)
0 10 20 30 40

o HAMI« B —piq c

¢) <3 = hd
14+ A‘-o- xS
32
O - (w- w,) A. W e
k LY



(30)

T 7 dg_ é'ld.nir(‘l‘oa-
S ta.‘nqma.g/ pour  wng corrte  de  lowte '.nh(‘.'
Keeo 2, 0%
Pamr ler Q,',.....".-nv - 01 i IMoxxell- &locl on n,,ff'ag
' élminatron adasobpn oo o poloviatron o de pepufabiomr :
. F.’z 15 = O :
O Evouve emal g‘qu.k'.- poun [ Y S S P G‘n.amlo
.L.t,-,-.-_ii*_. xe T,
K it 4 +ax
- ) , = I‘: ”
- BV', (»}
Ix
IV,(H
1

|

4

.t !

—t—
]
.

“‘46"‘”“" et CQue;
£

t&mr‘r d’ mducliom <

/ tanrrené
ane cwtrcal sf.y,? Sonm
‘.Jrfl-h‘wn.m»‘" Or QamamPmle

i M eroMary

F¥ig. 9. - Critical slowing-dewn in the wp mmmitien. Upper Same: Py} lower trice:
P, a) time scale: 1U majcm, §) Lime sonlm #0 mejem.

H -
bH — - -
Y
L)

&



Cl.'(.' cal 4 ,'"’7 dowy a &,

Tod um expeiment " Hmble o of.

10 L4 + 1' + } + F TI
!
oY )
! |
f : |
s+ 4
1
l T
[ % 1
Wb---- _._._.-.-'l'ﬂ-‘-_-:e;-!!;&m-.—.rha‘-.-T )
0 } —+ } { +— +
[+] 1.0 20
Switching Incramant Dy
Q -
.'..’.f podsn

IR EA LR LN D]

p g dia bl e da bt 1l

-4 -3 -2 -1 0
Ln ( [PO-le /Pz)

O-‘;éu‘-é.'oq f/ cmduclion limnar

v
0,381 ¢ q:0.4 T .
/ meads
0,244
092+
0 »

i ol r,é-' O é'_.ﬂht

.3u|’;: ana’ l?-’a/o(

Pl

§s. Rurbie? (1724)



Obla Secburner of
0/. breal ﬂf}("."( ﬂ-f, 9""';‘""(

m Tollum cxpcu‘mtmt‘v.

Q 6.‘7&;‘:&5 .4 o’(fcaﬁ pempimg
= fowen Lhvar Lo G PLLLE

” L]
‘) Hrecclr amd uu‘otlu;’ Flovence

é

by Jomele aned coworler Hex 2e¢clamed .
4

C) évrbo ‘-'('é

f’ el omd comerders

&

lam;‘ nnl com-p;,cu, Hammeve

3) P fovaalrom oswbilims

‘) Jamdle and conorherr

(%)

‘-’Ou‘et' Pm[gd .

/oto‘a‘f(ré dn"‘ll‘uéfoﬂ

’ gﬂafr e 3\0’)? ano’ ‘u} rals -f‘(f.a;’

i

P )
(x, )

? O‘ruro‘-‘om ‘-"nc.'r

.utp-t rl\lﬂ - ’ .

L, “w o oLe, -:-u-nu.-un“--u.-.a.-



