. .
INTERNATIONAL ATOMIO ENEKERGY AGRENGCY —“H“E
' UNITED NATIONS EDUCATIONAL, SCIENTIFIO AND CULTURAL ORGANIZATION JRLSYE

e —

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

34100 TRIESTE (ITALY) - P.O. B, 686 - MIRAMARFE - STRADA COSTIERA 11 - TELEPHONES: 224781/2/8/4/5:0
CABLF: CENTRATOM - TELEX 480392-1

SMR/100 = 47

WINTER COLLECE ON LASERS, ATOMIC AND MOLECULAR PHYSICS

{24 January — 25 March 1983}

Coherent Transient Phenomena Experiments

H.M. GIBBS

Optical Sciences Center
University of Arizons
Tucscn, Arizena 85721
UOSOA.

These are preliminary lecture notes, intended only for distribution to participants,
Missing or extra copies are available from Room 230,






References for the lectures on "Coherent Transient Phenomena Experiments,”

by Hyatt M. Gibbs scheduled for March 9 and i0.

I, THIN-SAMPLE EXPERIMENTS (effect of atoms on field can be neglected)

A.

B.

C.

D.

E.

B, D:. and E are gummarized in COTI.

Resonance Fluorescence (RF)

1. Observation of narrower than natural linewidth fluorescence
with weak coherent field:
RFl. K. M. Gibbs and T. K. C. Venkatesan, Opt. Commun. 17, 87 A
(1976).
2, Resonance fluorescence triplet with strong coherent field:
RF2, F. Y. Wu, R. E. Grove, and S. Ezekiel, Phys. Rev. Lett. 35
1426 (1975).
RF3. W. Hartig, W. Rasmusgen, R. Schieder, and H. Walther, Z. Phys.
A 278, 205 {1976).
Optical Nutatian (ON) or Rabi Flopping
l. Observation of fluorescence after rotation of the polarization B.
vector by a coherent pulse:
ONl, H. M. Gibbs, Phys. Rev. Lett. 29 459 (1972).
2.

Time domain nutatious following Stark switching:

ON2. R. G. Brewer and R. L. Shoewmaker, Phys. Rev. Lett. 27, 631
(1971).

Adiabatic Rapid Passage (ARP)
Population inversion by optical ARP:

ARP1,

M. M. T. Loy, Phve. Rev. Lett. 32, 814 (1975).

Free Induction Decay (FID)

FIDI.

R. G. Brewer and R. L. Shoemaker, Phys. Rev. & 6, 2001 (1972).

Photon Echoes (PE)

1.

First experiment in ruby:

PEl. N. A. Xurnit, I. D. Abella, and 5. R. Hartmann, Phys. Rev,
Lett. 13, 567 (1964).

2. By Stark switching: see ONZ above.

R. G. Brewer, Phys. Today 30, 50 (1977).*

11, THICK-SAMPLE EXPERIMENTS (theory must include effect of fleld on atoms

and vice-versa).
Self-induced transparency (SIT)
1. Small-area linear propagation--absorption notch:

SITi. J. M. Friedman, H. M. Gibbs, T. N. C. Venkatesan, B. Blger,
D, Polder, and M. F. H. Schuurmans, Opt. Commun. 20, 183 (1977).

2. Clean experiment in Rb showing pulde breakup and peak
amplification:

§IT2. H. M. Gibbs and R. E. Slusher, Phys. Rev. Lett. 24, 638
(1970).%

Superfluorescence {SF)
l. First observation (in HF):

S§F1. N. Skribanowitz, I. P. Herwan, J. C. MacGillivray, and M. S.
Feld, Phys. Rev. Lett. 30, 309 (i973).

2., Single—pulse SF in Cs:

SF2, H. M. Gibbs, Q. H. F. Vrehen, and H. M. J. Hikspoors, Phys.
Rev. Lett. 39, 547 (1977).%

3. Direct measure of initial tipping angle:

SF3. Q. H. F. Vrehen and M. F. H. Schuurmans, Phys. Rev. Lett. 42,
224 (1979},

4. Quantum fluctuations in SF delay times:

SF4. Q. H. F. Vrehen and J. J. der Weduwe, Phys. Rev. A 24, 2857
{1981).

5. Simulation including transverse effects and quantum fluctuations
agrees with Cs data:
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SF5. E. A. Watson, H. M. Gibbs, F. P. Mattar, M. Cormier, Y.
Claude, 5. L. McCall, and M, S. Feld, Phys. Rev. A, to be
published,

Single-mode SF in a cavity:

SF6. J. M. Raimond, P. Goy, M. Gross, C. Fabre, and 5. Haroche,
Phys. Rev. Lett. 49, 1924 (1982),

C. Optical Bistability (0B)

*Attached

i.

2,

3.

4.

5.

Firat cbservation (in Na):

OBl. H. M. Gibbs, S. L. McCall, and T. N. C. Venkatesan, Phys. Rev.
Lett. 36, 1135 (1976).

Review:

0B2. H. M. Gibbs, S. L. MeCall, and . N. C. Venkatesan, Opt. News
5,.6 (1979).*

Room-temperature excitonic OB in a GaAw--AlCads superlattice
etalon:

OB3. H. M. Gibbs, 5. S. Tarng, J. L. Jewell, D. A. Weinberger, K.
Tai, A. C. Gossard, S. L. McCall, A. Passner, and W. Wiegmann, Appl.
Phys., Lett. 41, 221 (1982). *

Optical chaos:

0B4. H. M. Gibba, P. A. Hopf, D. L. Kaplan, and R. L. Shoemaker,
Phys. Rev. Lett. 46, 474 ()981).

0B5., H. M, Gibbs, F. A. Hopf, D. L. Kaplan, M. W. Derstine, and R,
L. Shoenmaker, SPIE 317, 297 (1981).

Optical computing:

0B6. E. Abraham, C. T. Seaton, and S. D. Saith, Sci. Am. 248(2):85
(1983).*
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Coherent optical transients

A new branch of optical spectroscopy that deals with the optical
analogs of spin transients such as NMR is providing unique ways to expiore dynamic
interactions in optically excited atoms, molecules and solids.

The dynamics of nuclear spins in atomic
and molecular environments have been
examined in exquisite detajl over the past
27 years by the methods of pulsed nuclear
magnetic resonance.! The early discov-
ery of the spin echo by Erwin Hahn? and
the transient nutation effect by Henry
Torrey” initiated the field by introducing
coherent transient phenomena to radio-
frequency spectroscopy. An entite class
of coherent spin transients could be ob-
sorved by a sitaple variation of the rf pulse
sequence, and from the decay character-
istics the various spin-dephasing mecha-
nisms could be examined separately. In
short, these methods allowed decompo-
sition of the apin-tramsition linewidth into
its broadening components, and also of-
fered new and versatile ways for per-
forming high-resolution rf spectroscopy.

Optical coherence is also a mature
subject. Well known exampies predating
the laser are Young's two-shit interference
effect, which demonstrates spatial co-
herence; the Michelson interferometer,
which demonstrates tetnporal interfer-
ence, and the Brown-Twiss experiment,
which demonstrates an intensity-corre-
lation effect. With laser light, however,
a new class of optical coherence phe-
norena is now at hand, consisting of ef.
fects that are the optical analogs of spin
trangients. In this article I review this
new branch of aptical spectroscopy, which
is providing unique ways for exploring
dynamic interactions in optically excited
atoms, molscules and solids.

The possibility of bringing the methods
of pulsed NMR to the optical region was
niot immediately obvious. Because co-
herent radiation is required, optical
studies were excluded prior to the laser,
that is, before 1960. Furthermore, it was

Richard G. Brewer is an IEM Fallow at the IBM
Research Laboratory in San Jose, California,

Richard G. Brawer

not clear whether optical electric-dipole
transitions behaved in the same way as
the rf magnetic-dipole transitions of spin
systems. This situation wasa clarified in
a wellknown paper+of Robert Dicke, who
showed that the two are equivalent. In
either case, a collection of two-level
quantum systems can be prepared co-
herently in superposition states, and these
constitute a phased array of dipoles
{electric ot magnetic), which can emit
coherent radiation as prescribed by
Maxwell's equations.

The photo on the cover of this issue of
PHYSICS TODAY shows one example of a
coherent transient in the optical region;
it is observed by a laser frequency-
switching technique described below.

Maxwell-Bloch equations

The equivalence of magnetic- and
electric-dipole transients was further
demonstrated by Richard Feynman,
Frank Vernon and Robert Hellwarth,5
who transformed the Schridinger equa-
tion into the three-dimensional vector
equation

‘;—fwxa ity

This has the form of the classical torque
equation of motion for a spin precessing
in & magnetic field and was used originally
by Felix Bloch® to describe NMR.
Equation 1 is commonly referred to as the
Bloch equation. Tt is a geometrie repre-
sentation of a two-level quantum system
interacting resonantly with a radiation
field, acting either through an electric- or
a magnetic-dipole interaction. The pre-
cessional motion of the Bloch vector 8
about an effective field  (in frequency
units) therefore applies to either situa-
tion, whete we understand that the coar-
dinate system in equation 1 rotates with

the anguiar frequency of the radiation
field about the z axis.

For the spin-% case, the Bloch vector 8
is a magnetic dipole moment with three
projections in real space, and the effective
field w is the vector sum of a static mag-
netic field (along the z axis) and an H
magnetic field (along th# x axis) in the
rotating frame, all multiplied by the
gytomagnetic ratio.

For a two-level quantum system inter-
acting with an optical wave, the Bloch
vector

B=in+jo+ kw 2}

does not lie in physical space, but tather
in a mathematical space with compo-
nents

u = j1g + pzy
v = ilpg) — Pag} (3)
W= pg=pu

where p is the density matrix and the
rapidly oscillating factot is removed with
the substitution pys = 3 exp[E{X — k2)].
This assumes an electric-dipole interac-
tion V = —g-E for an optical field E = £
cos({t — kz), which resonantly excites a
transition 1 — 2 having a dipole matrix
element 41z and a transition frequency
wgy. Here, u and v represent the in-phase
and out-of-phase components of the op-
tically induced dipole

p = Tr{up) 4)

while the population difference of the
transition levels ia given by Nw, N being
the atomic number density.

The effective field now takes the
form

w = —jy + kA (5)

where x is the Rabi Aopping frequency
p12E0/h. For the case of a moving atom
with a velocity component v, along the



laser beam, the resonant tuning parame-
ter, A, equals & + ku; + w2 and the Dop-
pler shift is kv,.

The optically prepared dipoles given by
equation 4 genmerate a coherent si
field i

Eulz,t) = B, (2,0 )0iditmka)
+ complex conjugate  (6)

which obheys Maxwell's wave equation in
the slowly-varying-envelope approxima-
tion
E, . -
= — .
T 2atkN (P} {7
when the sample is optically thin, the di-
pole amplitude being £ = jiy5f12. Because
atsmic and molecular environments are
always inhomogeneous, the dipoles ra-
dinte with a distribution of frequencies
and exhibit temporal interference. Vhe
anpular bracket in equation 7 thereiore
sums over the inhomagencous line
hroadening, which s due w0 Dopnler
hroadening for a zas and *o crystaline
strain broadening for a solid.

Decay phenomena

Wit the inclusion of damping - -ma
due to hermogenenus jine brosien “ha
coupled Maxwell-Biack w0
sufficiently general *o deseribe me.
and sprical coherent tras
enr. Jiecay due to
SpOALANENUS ;

dephese at tbe rate

¥ o= iy v or

Thete alto exist processes that disrupt the
phase of the dipole without depopulating
either level so that equation & becomes

v=lolyr+ 2 + vy (9

where 4 expresses the rate of phase in-
tarruptions.

When the radiative frequency changes
with time because of spectral diffusion
within the inhomogeneous line shape, the
equations of motion must alse be modi-
fied tu: ailow for a decay that is no longer
a simpie exponential {see equation 11,
below). In the language of NMR, the
dipole terms u and v decay at the rate
1/7; and the population term w decays at
the rate {/T.. In the above terms y =

Ty, but T s 3efned only when w is
churncteriza:l ¥y the siogle decay rate

[.Ofeff in refeorcl')

1/T|, for example, when vz = y1 or y1 = 0.
The description in terms of T and Ta
appears to he valid for transitions of mo-
lecular vibraitonal states in the infrared,
as in NMR, but in the visible and ultra-
violet regions the spontaneous ernission
rate can be large so that v; and v are re-
quired,? as well as equations 8 and 9.

Echoes, fres induction decay, nutation

The spin-echo concept, extended to the
optical region in 1964 by Norman Kurnit,
Isaac Abelia and Sven Hartmann, was the
fizst example of this class of optical co-
herence effects.® The group irradiated a
ruby crystal with two short pulses of co-
hersnt light from a ruby laser and ob-
served three equally spaced pulses in
transmission, as shown in figure 1. The
third pulte was a delayed sponianeous

burst of coherent light, which they called
a photon echo by analogy with the spin
echo.

These studies revealed that the electron
spin of the optically excited chromium ion
of ruby dephased due to the presence of
the surrounding aluminum nuclei through
the mutual flipping of the electronic and
nuclear spins. The photon-echo method
has been applied also in other ways and to
other systems, for example, by Hartmann
and co-workers io photon-echo nuclear
double resonance in ruby and most re-
cently to low-temperature organic sol-
ids,1¢

An example of the photon-echo effect
in a molecular gas'! is shown in figure 2.
The photon echa is an interference effect
involving a coherent set of oscillating di-
poles that dephase in the first pulse in-
terval hecause of a spread in their
frequencies {destructive interference) and
rephase in the second pulse interval
(constructive interference). The Bloch
vector model shows this symmetric time
behavior as a sequence of four precessio-
nal motions in figure 2 where the solutions
of equation 1 are obtained by inspec-
tion.

Mutatlon For an initial laser pulse suf-
ficiently long and intense, an atom will be
driven first to the upper state (stimuiated
absorption) and then back to the lower
state {stimulated emission), the cycle re-
peating thereafter until the end of the
pulse. Since the laser beam is alternately
ahsorbed and emitted by the sample, the
intensity of the transmitted beam will
display an oscillation as shown!? in figure
3, This is the aptical analog of the spin—
rutstion transient; it was first seen by G.
B. Hocker and Chung Tang,™? using a
pulsed COy laser, in an infrared transition
of 8Fs.

In terms of equation 1, the Bloch vector

A points in the =z direction for an atom
initially in the lower state. With the ap-
plication of a pulse, 8 precesses about the
effective field w = ~ix + kA, causing the
level-population difference (the projec-
tion of §on the z axis) and the dipole (the
projection of § on the z—y plane} to oscil-
late at w = {x2 + A2)1/2, the precession
frequency. ¥or atoms exactly on reso-
nance {A = {), the precession frequency
is the Rabi frequency x, and the higher
the light intensity the faster the oscilla-
tion.

If the pulse width ¢, ia now reduced so
that the precession angle xt1 equals /2,
the Bloch vector of the resonant group
will be totally in the x—y plane at the end
of the pulse and the induced dipole will be
a maximum, as in part a of figure 2.
From equation 4, the off-diagonal etement
p12 will be & maximum alse, corresponding
to an equal admixture of the upper- and
lower-state wave functions.

Free induction decay Immediately after
the pulse, the dipoles are in phase and,
according to equations 6 and 7, emit an
intense coherent beam of light. This
emission, shown in figute 4, was demon-
strated initially by Richard Shoemaker
and mel3; it is the optical analog of the
free induction decay first seen by Hahn in
NMR. Naotice that because the fields of
the N dipoles add in phase, the emission
intensity will vary as N*? and so will far
exceed spontanecus emission, which
varies as N. Because of momentum (or
k) conservation, coherent emission can
only oceur in the forward direction.

In short, the emission due to free in-
duction decay resembies the iaser light
that produced it, but with one difference:
Because of inhomegeneous line broad-
ening the dipoles radiate with a distribu-
ticn of frequencies and thus interfere as
time evolves, causing the emission to

~ ARSOAPTION

decay. The dephasing behavior of these
frequency “packets” is seen in figure 2h,
which shows the Bloch vecior processing
about w = kA (since x = 0) for different
frequencies A. We will now see that the
echo is a free induction decay that has
rephased.

Photon scho The second laser pulse
tipa the Bloch vector so that the sign of
the dipole phase is reversed. This is
shown in figure 2¢ for the resonance case,
where the pulse duration tq gives a pre-
cession angle xt2 = x. Other tipping an-
gles and A’s give echoes with smaller am-
plitudes. Following the second pulse,
each Bloch vector in figure 2o precesses
about the effective field w = kA in the
same sense as during the first pulse in-
terval, but because the slow packets (la-
belled “s” in the figure) lead the fast ones,
“£" it is clear that all packets will come
into phase precisely at time 27, where » is
the pulse delay time. At this point the
sample has a macroscopic dipole moment
and will emit a burst of coherent light—
the photon echo. By this dephasing-
rephasing mechanism, the echo ampiitude
is unaffected by the large inhomogeneous
linewidth, whereas the irreversible de-
phasing effects of homogeneous broad-
ening remain.

Stark switched molacules

Optical studies have progressed rather
slowly compared to the fieid of spin
transients, because pulsed lasers are more
difficult to control than rf pulse genera-
tors. A aew method for observing co-
herent optical transients, particularly in
the infrared, was intraduced!! by Shoe-
maker and me in 1971, and possesses
several distii. v advantages. In this case,
the excitin laser radiation is cw and the
molecular level splitting i3 pulsed. The
apparatus i3 dingrammed in figure 5.

The underlying idea rests on the fact
that molecules at a pressure of a few mii-
litorr can exhibit exceedingly sharp opti-
cal resonances. Laser light, which is ey-
sentially monochromatie, will be strongly
absorbed only when its irequency closely
matches, to one part in L08-109, the mo-
lecular resonance frequency. If by som:
metkod the molecular transition fra-
Jquency 8 shifted suddenly outside its
atinogeneous linewidih, the absorution
car: be switched on or off nonadizpai-

st
“ Smicron wirared ra-
coie will be rets cpa o throwgpes:
<o artiele. The bear trom a stable cw
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The optical nutation stfect in mathyi fluoride, C"HyF, irradiated by a
carbon-dioxide laser at 9.7 microns, The apparatus for this experiment
as well as that of figura 2 is shown schermattcally in figure 5. The Rabi
oscitlationa appear here bacause the 35-velt/crn Stark pulse (colored
ling} i longer than those in figwe 2. From R, Q. Brewer and R. L.

Shoemaker, raterence 11.

CO; laser passes through the gas sample,
which is contained in a Stark cell, before
striking a photodetector that monitors the
absorption or emission transients.

imagine in figure 6 that, prior to a Stark
puise, a laser with frequency ¢ selects
from a molecule’s Doppler line shape a
particulat velocity group v,, which it co-
berently prepares uncer steady-state
conditions. When a Stark pulse appears,
this group is switched out of resanance
and freely radjates an intense, ceherent
beam of light at frequency £’ in the for-
ward direction—the free- induction-decay
transient. At the same time, a second
velocity group v, will be switched into
resonance and will alternately ahsarb and
emit laser radiation—the nutation effect.
If two Brark pulses are applied, the group
v, emits a third pulse-—the photon
echo.

The important advantages inherent in
the Stark switching technique now be-
come evident:

» The transient observed is the desired
coherent transient itseif, and the diffi-
culty of separating a small transient signal
from a time-coincident laser pulse of large
amplitude is avoided.

» Heterodyne detecting oecurs because
the emussion transient is Jdispiaced in
frequency from the laser Leat by ine
Stark shiit and together with the iaser

Figure 3

beam strikes a phetodetector. This in-
creases the free-induction-decay and echo
signais by about three orders of magni-
tude and facilitates measuring their
decay.

» The entire class of coherent optical
transient effects can he monitored. be-
cause the electronic pulse sequence and
puise shape can be tailored conveniently
to the particular experiment of interest.
Tao date, some ten different coherent op-
tical transient ¢}ects have been observed
in this way.!®

Molecular collfsions

The Stark switching method is well
suited to the stugdy of moelecular collision
phetomena '’  Elastic and inelastic
scattering can he examined easily with
two-pulse echoes and without the com -
plication of Doppler broadening. This
work complements the more elanarate
molecular-beam te:hnigue and con
with traditional steady-state line
measurements, in which the broadeninz
mechanisms are rarely disentangied. The
wo-pulse sequence of figure 2 proviess
twee independent meassrements as the
pulse delay time is advance:d
P The acho amplitide
vodisicns denlaso the

Lo

BERCH

Optical free Inducilon decay in i, vapor produces a heterodyne beat
signal with frequency-shified laser light. The sample is prepared with
5896-A light from & cw dye laser; it radiates coherently when the fre-
quency is abruptly switched 54 MHz by & 10G-voit puise. The siowly
varylng background is a mutatéon signat from a second velocity group.
Figure 9 shows the experimentat arrangament. (Ref. 18).

Figura 4

grows, due to collisions that partially re-
store the equilibrium population from the
imbalance created by the first pulse,

‘The delayed nutation and echo ampli-
tudes for C'*HyF are shown in figure 7 as
a function of pulse delay time. The
nutation signal (upper curve) displays the
decay time (T';} for inelastic collisions, the
cross section being about 500 A2 Elastic
collisions, on the ether hand, aiter the
molecular velocity, causing the echo signal
to deviate from the upper curve. Because
a collision-induced velocity change Av,
translates as a Doppler shift £av, and 2
corresponding phase shift & Av.¢ in time
t, it is clear that even if Av, is small the
dipoles wili eventuaily get out of phase,

Writing the eche electric field in 1a-
tarmng

E = (explikav,t)h

whicre () dencies a ¢
s i s £

isio) average, we
T MOLIGR Arg
time (leper-
Lt Au e
1 velociny per

cw GO, laser

From puise generator

To oscilloscope

Potodetector

S ic of the Stark

probability ia e—T¢, where I is the rate of
elastic collisions, one finds for long
times
E(t = 2r} « exp(-Tt)

when kaur>»1 (10)

If, on the other hand, kAu 7 is much less
than 1, each collision preduces a small
hase change such that £ = 1 -
k(AN 2, where {Ap) =0, With the
collision average {{Av)2) = I't Au?/2, we
get for short times

Eit = 27) « exp[—Tt3(hAu)?/18)
when kaur <l (11}

It agrees essentially with a more rigorous
theory based on the Boitzman transport
aquation.1?

These calculations also agree with the
experiments of flgure 7 and constitute
primary evidence that elastic molecular
collisions involving smali changes in ve-
locity ploy ¢ cructal role in infrared
photon echoes. The cubic decay law
fequation 11) is reminiscent of the de-
phasing that oecurs in spin echoes when
spin diffusion in liquids takes place in a
magnetic-field gradient.* In these optical
ecweriments diffusion aecurs in valociny
spuce due to low-angle elastic scattering,
for which the characteristic velocity jump
per eollision in C1YH3F is only Au = 83
om/aec and the corresponding total croes
section s about 430 A2

Carr-Durcedt scnoas A variation on this
theme is 14 re

Short ennagh, vee

1 Stari pulses, 5 gt

g apparatus thatis usad for observing optical transients such as
those tHlustrated in figures 2 and 3. From refarence 11,

Figure 5

from the coincidence of the Carr—Purcell
and putation-decay cutves, that T, = T,
The r-pulse photon echo is an optical
version of the NMR method of Herman
Carr and Edward Purcell.'s

The basic concept can be explained by
noticing that for an n-pulse echo train
with short pulse intervals r, the amplitude
of the last echo at time ¢ = 2nr i given by
the nth power of the field ¥ in equation
11; that is, [exp{—8Kr)}" = exp(—Ki3/

ABSORPTION —Jme=-

TME
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r?). In comparison to that given by
equation 11 for a two-pulse echo over the
same time interval ¢, it is evident that the
Carr-Purcell decay time is n? times
longer.

Fourler-transform spectroscopy

The method of Fourier transforming
transient phencimena from the time to the
frequency domain has proven to be an
extremely versatile technique in pulsed
nuclear magnetic resonance. With it,
ultrahigh-resclution NMR spectroscopy
can be performed quickly and with high
sensitivity in a set of densely spaced lines.
Furthermore, hecause the NMR aignals
display coherent transient behavior, dy-
namic information about nuclear spin
interactions can be derived in a selective
manner for each transition as well.

An application of this technique in the
optical region!” is shown in figure 8. The
spectrum is obtained from several C13H;F
transitions that produce two-pulse photon
echoes simultaneously. By advancing the
pulse delay time, the echo decay for each
transition can be monitored alsa.” This
yields a three-dimensional diagram of
echo amplitude versus frequency and
elapsed time. Measurements are per-
formed with the Stark switching appara-
tus, which is now interfaced with a com-
puter for rapid Fourier analysis, The
four lines are actually heterodyne beat
signals of the same Stark-split C!3H,F
vibratich—rotation transition. the » mode
(LI M) = (4,3.M) — (5,3,M) mentioned
earlier, each beat frequency being due to
two transitions with M — M and -M —
—M. The lines are 170 kHz wide, are
spaced at 0.83-MHz intervals and clearly
display a Doppler-free behavior, as the
Boppler width is 66 MHz. From echo
and free-induction-decay measurements
of this kind, elastic and inelastic scatter-
ing can be studied independentiy again,
but since the lines are now resolved, the
cross sections can be obtained as a fune-
tion of quantum state and molecular ve-
locity. This degree of flexibility offers
stringent tests of existing scattering
thearies and is being used to study the
force laws that dominate molecular colli-
si0ns.

Laser fraquency switching

Azriel Genack and I recently reported
a general method for observing coherent
transients in the visible—ultraviolet re-
gion!¥ (Search and Discavery, PHYSICS
TODAY, Outober 1978, page 17). The
technique. diagrammed in figure 9, re-
quires switching the laser frequency into
or out of rescnance wil'i the sample; it is
equivalent 1o the St tehing methed.
Howev nen t ce is a stable
- dve lasel,
muora unuversal in its app

! neanse the need for Star i
frequienny
le nd can
g dfl elec-

¢ il merels



tro-optis rntal fammonium dibydregen
phe: i), which is inside uhe dye laser
cavity, with the desired sequence of low-
voltage pulses.

The time-dependent variations in the
refractive index of the eiectro-optic ele-
ment produce corresponding changes in
the optical cavity length, and hence in the
laser frequency. Dynamically the effect
is equivalent to the Doppiler shift the laser
beam would experience on being reflected
by a moving end mirror of the cavity.
The frequency shift therefore oceurs al-
most instantaneously. The switching
time is limited by the transit time of light
through the ADP crystal, about 50 pico-
sec, and not by the rise time of the voltage
pulse or by the laser-cavity ringing time,
about 25 nanosec. In addition, the fre-
quency-shifted light is stored in the op-
tical cavity and amplified in the same way
that the unshifted light was,

Clearly, a resonant sample exposed to
frequency-switched laser iight will expe-
tience coherent transient hehavior. Be-
cause the experiment is contrelled elec-
tronically, all of the advantages inherent
in the Stark switching techmique are
preserved here as well. Moreover, with
the large tuning range of the dye laser,
measurements are equally feasible in
atoms, molecules and solids.

In initial studies in molecular iodine
vapor, effects such as free-induction-
decay {figure 4), nutation and echoes are
easily monitored in the visible. Because
the signal-to-noise ratia is high, about 10°,
it has been possible to test the theory of
these transient phenomena quantitatively
and in complete detail. From two-pulse
nutaticn and echo studies of 1, it is found
that elastic collisions are not of the ve-
locity-changing type, as in the infrared,
but rather are due to collision-induced
frequency shifts. In this case. the echo
decays exponentially with a decay rate
given by equation 9, in contrast to equa-
tion 11. Apparently, excited electronic
states are more sensitive to perturber-
induced frequeticy shifts than vibration-
ally excited states are. This appears to be
the first optical-coherence measuzement
of phase-interrupting colligions.

In a sclid, laser frequency switching has
been used at IBM to measure the de-
phasing time of coherently prepared im-
purity ions of praseodymium in a iow-
temperature LaF, host erystal.'® Free-
induction decay is monitored and pos-
sesses certain advantages over the echo
technique. As can be seen in figure 4, the
entire decay is obtained in a single burst
fallowing a step-function switching pulse.
Because of the sensitivity offered by het-
erodyne detection, weak transitions can
be studied at laser powers as low as 50
microwatts, At laser power levels, where
x2 <« /(T Ty, the free-induction-decay
time is simply %7T; whete the Y% factor
arises because T determines the inhom-
ogeneous bandwidth during steady-state
preparation and adds an additional 1/1,
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Dacay curves for three coherent infrared transisnt effects, observed in C13H,F by Stark switching.

The Carr-Purcell and nutation curves coincide.

décay rate. The rather leng Pr3* de.
phasing time of 0.38 microsec corresponds
to an extremely narrow linewidth of 530
kHz (resolution: 6 X 10) and is unaf-
fected by phonons below 4 K, powsr
broadening, Pr3*.-Pri* interactions or the
large inhomogeneous width of 4 GiHz
arising from erystal strains. On the other
hand, it far exceeds the 640-Hz limit due
to spontaneous radiative decay of the
upper level.

Magnetic hyperfine interaciions con-
stitute a possible dephasing mechanism
currently under study by several groups
including Hartmann (Columbia Univer-
sity}, Lyriden Erickson (NRC, Ottawa)
and Raymond Orbach {UCLA). Thus
these measurements begin te invade a
time scale ranging from microseconds to
milliseconds and will impose sigmilicant
dernands on lascr frequency stability

At the other gxtreme, the fastest de.
phasing time measured by laser frequency
switching is about 8 nanosec, as seen in
the free induction decay of the sodium I
lines. [t will be chailenging o see
whether this method can be extended in
the future to even shorter times, perhaps
to the 50-picosec range.

Plcosecond pulse generation

A related development, intense optical
palses of 30 picosec duration generated by
free induction decay in a high-density gas,
has attracted interest in laser fusion.? In
the proparative step, a CO; laser pulse 200
nanosec long and | MW in power passes
through a pair of lenses hefore resonantly
exciting a €0, gas sample at a pressure of
about 250 Torr. At a certain time duting
the pulse the excitation ends abruptly,
due to dielectric breakdown of the gas in
the focal region between the lenses: at this
poini ftee induction decay cemmences.
Because nearly all of the laser light was

From reference 15. Figure 7

absorbed during preparation, the emis-
sion will be intense initially and thereafter
will decay in the time T9/(ol.) when al. >
I; here o is the absorption coefficient and
L the sample length. Hence, in this
high-density regime, the decay can be
congiderably faster than the dipole-de-
phasing time T';.

Two-photon transients

The one-phaten processes considered
up to this peint are for the most part op-
tical analogs of NMR transient phenom-
ena. Coherent two-photon transients
have been observed in ths uptical region
also and provide additional information
abiut dephasing processes.

Picosecond siudles Foremost among
the two-photon processes ave the Raman
transients, which were exploited in simple
liquids by Wolfgang Kaiser and his co-
workers,”! wha used picosecond laser
pulses, as from a mode-locked necdym-
ium glass laser of wavelength 1.06 mi-
crons. {See also the accompanying article
by Marc Levensor on steady-state aspects
of Raman scattering in this issue of
PHYBICS TODAY.) Vibrational decay
times un a picosecond time scale have
been obtained by first generating a co-
harent vibrational excitation and Stokes
light through the stimulated Raman
process. A weak delayed second pulse
then probes the remaining vibrationat
excitation by generating phase-matched
anti-Stokes radiation. The vibrationai
dephasing time is monitored through the
dependence of the anti-Stokes intensity
on pulse delay time. In liguid carbon
tetrachioride, for example, the totally
symuetric vibrational mode shows a de-
phasing time T of 3.6 picosec.  Moreover,
the decay exhibits heats at a frequency of
about 101! Hz, due to the different isoto-
pic species C13 and C]*7,

A Fourler-transtorm spectrurn of C'*HgF, derived from Stark-switched
two-puise photost echoes, shows beals in this three~dimensional diagram
of echo amplitude as a function of frequency and pulse-delay time. The
vibration—otation ransitions 1-3, 2-2, . . ., exhibit decay with increasing

pulse delay time. From reference 17.

Raman echoes Stimulated spin-flip
Raman scattering has been used to induce
coherent spin states® of beund donors in
n-type CdS at 1.6 K, in the same way that
vibrational modes are prepared coher-
ently in molecular liquids. This is ac-
complished by exciting the sample with a
pulsed dve laser at 4905 A with two modes
having a frequency difference wy, ~ wn =
32 (3Hz, which is just resonant with a pair
of Zeeman-split spin states.  After pulse
prepatation the spins dephase, as in free
induction decay, and if a second optical
pulse is applied the spins will rephase, as
in an echo experiment. The spin de-
phasing-rephasing behavior can be
monitered optically by suitably delaying
a weak probe laser pulse at 4880 A to
produce Stokes scattering. The probe
Raman seattering is enhanced at the time
the spins have rephased and is ~alled the
Raman echo. Echoes of this tvpe, which
were predicted by Hartmann, have baen
observed®? with delay times to 162 nane-
sec indilute samples of CdS (of densiiy 8
1015 omm 3,

Coherent Haman beais A different
manifestation® of a twa-photon transient
can be found in a molecular gas with the
Stark switehing technigue wher three
molecular levels are prepared initially in
superposition by means of continuous
laser radiation. We imagine that two of
the levels (1 and 2) are degenerate and
connect optically with a third (3} during
a resonant steady-stare preparative phase.
With the sudden application of a de Stark
field, the molecular level degeneracy is
broken and the laser heam is no longet in
resonance with the one-photon transi-

Lager

oW dye laser

..,_ Argon-ion
1asar beam

tus for observing coherent optical

Figure 8

tions, 1 ++ 3 and 2 ~~ 3. However, the
laser beam can now scatter off the coher-
ently prepared sample in a two-photon
process 1 = 2; that is, coherent forward
Raman scattering can occur in the pres-
ence of the same laser field during the
nonresonant  conditicn.  The two
beams—the laser beam with frequency 12
and the Raman light with frequency 2 +
wa—strike a photodetector, where they
produce a coherent beat at frequeney ws.
This is just the level splitting between
initial and final states in the two-photon
process.

From energy conservation, we see that
the first-order Doppler shift kv, in the
first half of the two-photon process (1
3) essentially cancels that of the second
half 13 + 2}, making the overall process 1
«= 2 independent of Doppler shift. Asa
result, inhomogeneous dephasing and
elastic collisions that change the molec-
ular velocity do not alter the decay rate of
the Raman beat signal. That the decay
will be determined only by inelastic coi-
lisions, in eontrast to the two-pulse echo
results, i= corroborated by theoretical
arguments and experiments.’%3

Two-photon nutation A two-photon
transient can be induced also by the sud-
den application of two light pulses of
frequency 2 and €, such that the tran-
sition 1 — 2 satisties the resanance con-
dition @ + Q2 = wy. In this case the
energy of the intermediate level 3 lies
roughly half way between | and 2, and the
w0 waves rmust be counterpropagating so
that the Doppler shifts nearly cancel, as
in the Raman beat effect. Exact pulse or
steady-state density-matriz solutions®?

q Y g app
ransients. In the box is a commercial cw dye laser with an eisctro-
optical crystal of ammaaium cihydrogen phosphate.  When the crystat
is driven by tow-veltage de pulses its refractive index changes, abruptly
changing the laser frequency. From reference 18.

Figura 9

for the three-level problem show in fact
that the Raman beat effect with a single
bear and two-photon absorption of op-
positely ditected laser heams are basically
the same phenomenan, the difference
being one of level confizuration.
pulse solutions also reduce in an appro-
priate limit to a simple Bloch vector
model,? resembling equation 1, as 1t in-
volves only the initial and final states in
the overall transition 1 — 2. The inter
mediate level does not enter explicitly
when the pulses are applied slowly {adi-
abatically) with respect to the frequency
olfset of the intermediate level, that is,
when the intermediate transitions are
nonresonant.

Michael Loy® has ohserved an infrared
two-photon vibrational transient of this
type in ammonia, which is induced by twe
counterpropagating COs laser pulses.
The transient oscillates hecause of the
nutation effect, in quantitative agreement
with the two-photon vector model. Itis
interesting that two-quantum transients
in NMR are now also being expiored.

e

Milliseconds to picoseconds

New ways for nbserving a class of ¢o-
herent optical transient phenomena-—
measurements that resembie pulsed
NMR transients—are now possible with
the availability of laser radiation. Cther
novel effects® such as superradiance,
quantum heats, adiabatic rapid passage
and self-induced transparency, which
were not discussed here, could have heen
included as well. Many of these coher-
ence effects are just beginning to he useful
in examining energy transfer and de-

———



Phasing processes in optically excitee
atems, molecules and solids, with time
scales spanning the range from millisec-
onds to picoseconds.

. & o

The auther grotefully acknowirdges the
thaughtful comments and criticisras of A. Z.
Genack and A. S5z6ke. This work :vas sup-
ported in part by the US Gffice of Naval Re-
search.

References

1

2.

o o

-

©

20.

21,

22,

23.

24,

25,

26.

A. Abragam, The Principles of Nuclear
Magnetism, Ozford, London (1961).

E. L. Hahn, Phys. Rev. 80, 580 {1950}
PHYSICS TODAY, Nov. 1953, page 4.

H. C. Torrey, Phys. Rev, 76, 1059 {1949},
B. H. Dicke, Phys. Rev. 93, 99 (1954).

R. P. Feynman, F. L. Vernon, R. W, Hell-
warth, J. Appl, Phys. 28, 49 (1957).

. F. Bloch, Phys, Rev. 70, 460 (1846).
. M. Sargent IiI, M. O, Scully, W. E. Lamb

dr. Laser Physics, Addison-Wesley,
Reading, Mass, {1974), page 84.

A. Schenzle, R. G. Brewer, Phys. Rev, A 14,
1756 (1976},

N. A. Kurnit, I, D, Abells, S, R. Hartmann,
Phys. Rev. Lett. 13, 567 (1964); Phys. Rev.
141, 391 {1966); 5. R. Hartmann, Scientific
American, April 1968, page 32.

. T.J. Aartsma, D. A. Wiersma, Phys. Rev.

Lett. 36, 1360 (1976); A, H. Zewail, T. E.
Orlowski, D. it. Dawson, Chem. Phys. Lett.
44, 379 (1976).

. R.G. Brewer, R. L. Shoemaker, Phys. Rev.

Lett. 27, 631 (1971).

. G. B. Hocker, C, L. Tang, Phys. Rev. Lett,

21, 391 {1968).

. R, G. Brewer, R. L. Shoemaker, Phys. Rev,

A §, 2001 (1972).

R. G, Brewer, in Proceedings of the Les
Houches Summer Schaol Lectures, Vol-
ume I, Applications of Lasers to Atomic
ard Molecular Physics, Les Houches,
France, 1875 (R. Balian, 3, Harnche, 8.
Liberman, eds.), North-Helland (in
press}.

. P. R. Berman, J. M. Levy, R. G. Brewer,

Phys. Rev. A 11, 1668 (1975).

. H. Y. Carr, E. M. Purcell, Phys. Rev. 94,

630 {1954).

. 8. B, Grossman, A, Schenzle, R, G. Brewer,

Phys. Rev. Lets, 38, 275, 1977.

. R. G. Brewer, A. Z. Genack, Phys. Rev.

Lett. 36, 959 (1976).

. A. 7. Genack, R. M. Macfarlare, R. G.

Brewer, Phys. Rev. Lett. 37, 1078 (1976).
E. Yablonoviteh, 4. Goldhar, Appl. Phus.
Lett. 25, 580 (1974); 30, 158 (1977).

A. Laubereau, G. Wochner, W. Kaiser,
Phys. Rev. A 13, 2212 (1976).

P. Hu, 5. Geschwind, T. M. Jedju, Phys.
Rev, Lett. 37, 1357 (1876).

R, L. Shoemaker, R. G. Brewer, Phys. Rev.
Lett. 28, 1430 (1972); R. G, Brewer, E. L.
Hahn, Phys. Rev. A 11, 1641 (1975),

D. Grischkowsky, M. M. T. Loy, P. F. Liao,
Phys. Rev. A 12, 2514 (1575).

M. M. T. Loy, Phys. Rev. Lett. 36, 1454
{1976).

L. Allen, J. H, Eberly, Opticai Resonance
and Two Level Atoms, Wiiley, New York
{1975). =]

OPTICAL

BISTABILITY

INTRODUCTION

Recent transmission of 1.32-um,
S-psec pulses through 1 km of optical
fiber without significant dispersional
distortion’ has clearly demonstrated
the high-bandwidth capability of using
short opticat pulses and optical fibers.
In addition, propagating optical signals
are not easily influenced by exiernal
electromagnetic fields. Both facts
point to optical communication as an
attractive information-transmission
medium for the future. Commercial
optical communication systems op-
erating at 44.7 Mbit/sec now function
quite satisfactorily, and studies of
higher-rate systems are under way.? In
all these systems, only the transmis-
sion is optical: regeneration, modula-
tion, amplification, etc. are all ac-
complished electrically, Even in the
present technolegy of integrated op-
tics, in which light is generated,
manipulated, and detected in thin-film
waveguide structures on the same sub-
strate,® most of the control is accom-
ptished electrically. Other things being
equal, all-optical control would permit
simpler, efficient, and higher-speed
information processing because the
conversion of information from elec-
tricity 1o light and vice versa would be
avoided. Optically bistable devices
exhibit an intensity-dependent optical
transmission and are able to perform
optically controlled memory and

OPTICS NEWS 5 & (1979).

switching operations and hence may
be crucial to the success of all-optical
systems, Discrete devices may be used
singly or in combinations to form
elements such as optically controlled
modulators, oscillators, and logic
gates.

Although the notion of all-optical
communicatien and computation
motivates much of the work, optical
bistability is an interesting physical
phenomenon in its own right. The
search for optical nonlinearities
needed for realizing optical bistability
has led to interesting studies of the
physics of several different nontinear
optical processes; in fact, the first few
atiempts to observe optical bistability
failed because the nonlinear materials
selected had inapprogpriate properties.
An optically bistable system is analo-
gous to a first-order phase transition
uttder conditions far from thermal
equilibrium. Finally, the fluorescence
spectrum of atoms within an optically
bistable cavity exhibits interesting
features far different from those of
isolated atoms.

In this article, optical bistability is
defined and various ¢lassifications ex-
plained, a simple mathernatical model
of intrinsic dispersive bistability is

H, M. Gibbs end 5. L. McCail are with Bell
Laboratories, Murray Hill, New Jersey
07974, T. N, C. Venkaresan ig with Beil
Laboratories, Holmdel, New Jersey 07733.
21979, Optical Society of America

presented, experimental examples of
wireless all optical operations are
given, hybrid devices are described,
and possible future directions are
summarized.

WHAT IS OPTICAL BISTABILITY?

Any optical system that possesses two
different steady-state transmission
states for the same input intensity can
be said to be optically bistable. This
broad definition encompasses every-
thing from busglar alarms to the most
recent all-optical micrometer-sized
GaAs device. However, in this article
optical bistability will be examined
only in transmission devices containing
no inverted medium. In order for
bistability te oceur, the transmission
must somshow depend on the ourper
intensity, i.e., feedback is essential. If
this feedback is purely optical, for
example, if the nonlinear material is
inside a Fabry-Perot cavity, the device
and its bistability are described as in-
trinsic. If an electrical signal from a
detector sensing the output it fed back
to change the transmission, the device
is described as Aybrid. Optically bi-
siable devices are also classified as
absorptive or dispersive, depending
on the nature of the predominant
nonlinearity giving rise 1o the bista-
bility.

All the early theoretical work and
experimental attempts involved in-



4

N lated the first observation of optical
bistability, which began the rapid
expansion of this exciting field.

seen at the highest intensity and only
at particular frequencies where disper-
sive effects vanished. On the other
hand, dispersive bistability was seen
casily. Since all the intringic igtabla
devices reported so far work primarily
dispersively, it is approptiate to pre-
sent the following simple model of
dispersive bistability.

where ¢ is the round-trip phase and
the plate reflectivity isR. = 1 - T,
Assume T to be small compared to
unity. Combining these three equa-
FIRST OBSERVATION tions and expanding in powers of ¢, if
¢* << 12, one has approximately
The first observation of transmission
optical bistability was made in-1974 in
sodium vapor” ; however, the princi-
pal mechanism was dispersive, not
zbsorptive. In purely dispersive hista-

f=+ROUTI, ()

relating the input intensity /r and the

SIMPLE MODEL OF INTRINSIC output intensity I7.!° In general, the

S.L. McCall, and T.N. C. Venkatesan

device resists the tum-off as the input
is reduced (see Fig. 1). Intrinsic ab-
sorptive optical bistabiiity was barely

Ep(L) = VTER!®/?

- VREg{L)etid, (3)

bility, no intracavity absorption is DISPERSIVE OPTICAL BI- phase ¢ is a function of the intracavity
present; the transmission at low inten- STABILITY intensity, which is proportional Lo the
sities is made small by detuning the . transmitted intensity fr. A simplifying
cavity resonance from (he laser fre- From Fig. 2, one can readily verify the assumption is a linear dependence on
quency. The device turns on when the following boundary °°“‘_mi°“sa fora Ir, so that
: intracavity intensity-dependent index lossless Fabry-Perot cavisy:
; of refraction shifts the cavity back to $=Blr - ¢o, &)
. the Iaser frequency. As in absorptive £y = VTER(L), 1y
’ ’ S bistability, a hysteresis results as the _ where 8 is a constant and ¢ is an ex-
H M Gabb intracavity field of the “turned-on™ EpL =~/REp(L), (2} ternally adjustable tuning parameter.
. VL. GIDDS,

This is the case for a nonlinear rafrac-
tive index that arises from an opiical
Kerr effect or for a system that re-

trinsic and absorptive nonlinear media not see bistability.® They proposed sorbing yes; the failure to see bista- : ;i
inside a Fabry-Perot resonator. A sim- several applications and derived vhe bility was attributed to unsaturable _sponds according to l?lo_ch equations
plistic view of intrinsic absorptive bistability condition aL/T > 8, where background absorption, which analysis 2 in the off-resonance limit. if
opticat bistability i8 as follows. At low ol is the low-intensity value of the showed could greatly modify the
input intensity, the intracavity absor- homogeneously broadened saturable conditions for bistability. McCall® do > @ (6}
ber spuils the {2 of the cavity, so the absorption and T is the mirror trans- further analyzed abserptive bistability ; - - VR~
transmissio is low and the light is missior. Austin and DeShazer® and by studying the effects of inhomo- fﬁcio;ﬁzﬁrﬂlﬁﬁiﬁm X iti i i
mostly retlecied by the input mirror, Spiller” studied transmission of non- geneovs breadening, standing waves, pie dispersive model of Eqs. (4) & Sy (;m [ po;:tmz), theF tilfre is a negative
At sufficizntly high input intensity /;, linear Fubry=Perats containing ah- ad tzassverse modes. His work st v (Y £ R =09 (N = 363, The I I ope region, i.e., dfyfdfy< 0, around
the intensity 7Ty reaching the absorber “ulies of B aze 0158, 0.183, - Ged \'. {7=200/38. The steady-state curve /7
becomes large encugh to hegin 1o 4 0.224, and C.736, respectively, @ : T, wersus /- i s.shaped. For some values
bleach it {7 is the transmission of the ye E {rom ief‘ to fipat. The (ff @ Gz ; ] ", Of: I} there are three steady-siate values
mrror coxting). As the shsorber’s }‘, Tuzlfevizéii?;;c {g:;r and 'l ,-/ 0;1!1-_ of tll;ese, on.ly!r;hfe two extr'eme
transrission increases, Light begins to = . GED Tt values can be stable,v e, the system
rsach the outpal mirror snd to reflect g » I forlCial is t_"5t3bl5- The condition (5) may be
back 10 help saturate the absorber. At £ wo o A ¢ ! 2 written as ¢ > v/3n/¥, where ¥ is the
the s3me fime, constructive interfer- o e cavity finesse. e might have guessed
ence (ueuTs, Mcreasing the intensity : Blyidg that ¢, of ahout one instrument
inside the cavity. The absorber is 3 ,"" width, 27/, would be required so
mieached in a runaway manner, Fur- E o Fig. 1. Dispersive PTLE st i that the low-intensity transmission
ther increases in the input are trans- g v J it wa 1ty 10 sodium vaps: (Ko7 2 ‘L CHAR&%LE'EIS Tic would be fow. The minimum intensity-
mutted to the output. The device is x /-" ‘§ N woYE L 7’\\ depende:}t pljmse Sh_ifl is il = 209/3:
now a high-Q cavity with an intense =S ! = | \ the required intensity depends on the
internal field. As the input intensity is g 3 o fi A cavity finesse and the strength of the
weilced, this noacavity tield is able ro o vy == o ; _//# I A \\ npl?llnearity {3y, Smaller values of 6
keep the abso ber bleached down to LT RS mewsem L —d-,—;ﬁ_‘__,__E_ ‘}E" ! yieid fy versus fy curves that exiiibit
lower input intensities thin were re- ‘1N ) i recons of differential gain, where
quired to rurn on the device; a hys- B b ; dfr .
teresis vycle results: o "'-\ i T/ M

Seid sl proposad sirh a device s an . T LN

: i ! besdn i so-

ok omosimilar ef-
rien ? Seake

e opiical




v . Fig. 5 Optical discriminator in room-temperature ruby {Ref. 13).

Fig. 6. Optical bistability and

limiter action in a 2-mm-long

¢talon consisting of a polished

Corning 3-142 filtet with & = -
0.8. In the on state, the output

changes very little for a factor-of-

4 change in the input. Note the

spike in the transmission as the

device turas on and the etalon’s
freq of peak trantmission is
swept through the laser frequency.
Similar results obtained in a 60-
um etalon of Corning 4-74 with
R=0.9 (Ref. 14).
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Fig. 9. Switch-um of GaAs optical bistability by 590-nm, sun-nss.: .
pulse. The expurimantal parameters were adjustec so that switching v ’

1ot aceur an (a) but did in (b). The wwitch-on in 13 is expanded 1 (¢}, :
revealing a t-nsec, detector-limited switch-on time. 7 o spike in 5} and

(b) is absent if the red probe beam is absent {Ref 18

Fig. 7. GaAs=GaAlAs trilaver
sandwich grown hy molecular-
beam epitaxy and used for opti-
cal bistability and aptical
madulation.

Fig. 8. {a) Urical mem-
ofy in Gads. (0) Time display
of bistability in (3); the
switch-on and switch-off
times ars kath about 40 nsec
(Ref. 152,

1)

int detail the transmission of a lossless
Fabry-Perot containing a Kerr-effect
nonlinearity. They predicted multiple-
valued transmission-intensity charac-
teristics and, in spherical-mirror cavi-
ties, reduced powers for bistability
from self-induced waveguiding effects.

EXPERIMENTAL ALL-CPTICAL
OPERATIONS

Intrinsic dispersive devices have been
constructed using a variety of optical
nonlinearities. In addition 1o bistabil-
ity, other effects were observed in
these systems. Differential gain action
using hyperfine optical pumping in
sodium vapor ? in an 11-¢m Fabry-
Perot, thereby amplifying a weak sig-
nal beam, was observed (Fig. 4). Op-
tical discrimination is shown in Fig. §
that uses index changes caused by
far-away brut very strong ultraviolet
bands when the R lines in ruby'? are
excited. By using optical discrimina-
tion, above-threshold signat pulses can
be separated in a quantized way from
below-threshold noise pulses. Optical
limiting (Fig. 6) was demonsteated
that utilizes thermally induced index
changes arising from optical absorp-
tion in coler filters'* polished and
coated to form Fabry-Perot etalons
ranging [rom 2 mm to 60 pm in
length. Thus a noisy input, with an
intensity sbove the turn-on intensity,
is stabilized. Most irmpressive is the
optical memery or optical bistability
observed in a 4.2-um layer of GaAs
(Ref. 15) between 0.2-pan Al 4 44-
Gag s 4 As windows utilizing intensity-
Jependent contributions to the index
of refraction from the free-exciton res-
onance in GaAs (Figs. 7 and 8); infor-
mation can be stored and read aptically,
With 2 holding intensity of one iaW/
wm?, the tiny (= 15-um-diamets r lager-
spot-duamete sy opticol memery elenarny
was switched from tiie off stale to the
on iate in a detecterlimiied time of

! nsec by 2 58% .m0, 200-pses pulse of

03 plfum® (Fie 9% The saturation of

ANECRCITUT L Gornten I des g
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a picosecond by a picosecond pulse
suggests switch-on times approaching a
picosecond.! ¢ Switch-off times of

40 nsec were observed when the input
was slowly decreased. Rapid switch-off
by an optical pulse would be prefer-
able if a mechanism could be found to
permit it. Finally, the same semicon-
ductor heterostructure (Fig. 7) and an
above-bandgap control beam were
used to gate a near-exciton-wave-
length beam ' 7 (Fig. 10).

The GaAs-GaAlAs irilayers (Fig. 7)
were grown by A. Gossard and W.
Wiegmann by molecular-beam epitaxy,
a method of building crystals one layer
of atoms at a time_ The layers are suf-
ficiently parallel to form 15-um-diam-
eter optical cavities of finesse of
about 15 with R = 0.9 coatings. The
trilayers are illuminated perpendicu-
larly, so that more than a thousand
devices might be utilized in a |-mm-
diameter sample area with an appro-
priate heat sink. Interconnections
might be simplified if planar devices
and waveguides® could be constructed.
Already Okuda et al have analyzed
saturable optical resonators with dis-
tributed Bragg reflectors.' ®

FLECTROOPTIC
CRYSTAL

Fig. 11. Smithk-Tumer hybrid
device with additional control
beam (Ref. 21).

A hend

FP PEAK

N

Fig. 10. Control of a 10-mW cw dye laser beam fy by 2.5-W
514.5-nm 200-psec mode-locked Ar pulses f,. Turn-on of the
signal follows the integrated control pulse that sweeps the
Fabry=Perot peak onto the signal wavelength (A = 821.3 nm).
The 2-nsec recovery time is related to the carrier kifetime.

(10 K; Aexciton = 818 nm) {Ref. 17).

HYBRID BISTABLE DEVICES

Kastal'skii! * is apparently the first to
propose the construction of an opti-
cally bistable device in which an intra-
cavity electro-optic ctystal introduces
intracavity index changes proportional
to the gutput intensity. Clearty a
phase shift satisfying Eq. (5) results, 50
our simple model is applicable and all
the operations previously discussed are
possible. Smith and Turner*® demeon-
strated dispersive hybrid optical bi-
stability and differential gain, using
feedback to an eiectro-optic crystal
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(sea Figs. 11 and 12)}. Hybrid devices
have been used to observe!-*% the
multiple-valued transmission predicted
by Felber and Marburger. Garmire et
al.®® emphasize that optical feedback
is unnecessary in a hybrid device since
any optical element with a nonlinear
transmission as a function of applied
voltage can be made bistable if it is
driven by a signal proportional to the
output intensity. Mirrorless bistability
has been demonstrated, using various
electro-optic devices between two
polarizers**?* and using a waveguide-
directional coupier switch.?* Integra-
ted hybrid devices® *"?” have been
constructed, but generally they are
many millime. ¢ in length and involve
external power supplies, amplifiers,
lenses, or diode arrays and hence are
not yet truly integrated.

COMPARISON QF INTRINSIC AND
HYBRID DEVICES

Hybrid devices may find specific appli-
cations when ali-optical operation is
not necessary. Since the feedback can
be made strong by electrical amplifi-
cation, the optical sensitivity of the
device is limited by the statistics of the
detector and the feedback loop. A self-
~untained hybrid device, i.e., one
requiring no external power source,
hus been Lonstructed, using an electro-
aptic waveguide structure with end
mirrors to form a cavity with a finesse
of 4. in the bistasie 1zode of opera-
tion, oorudned by an cilctrical feed-
hack Feom a 21-elem- t photovoltuic

i v sampling part of the trans-

ahit, the switching time and
b

cowere domsec and i e of



an avalanche detector and external
power supply permitted 50-nsec
switching with 0.5 pI.*® Mirrorless,
hybrid optical bistable devices have
Aso been reported,? 24 simplifying
integration and broadening the wave-
length range. Since the hybrid devices
do pot utilize any material resonance,
room-temperature operation is pos-
sible, and the wavelength of the
incoming light need only be within the
response curve of the photodetector
used in the feedback loop. Whereas the
mirroriess devices could use multi-
mode or even incoherent light, the
mirroted, hybrid devices are predomi-
nantly single mode because of the
waveguide structure. Unfortunately,
these hybrid devices are usually about
a centimeter long in order to permit
the required phase shifts to be ob-
tained with reasonable voltages. This
length imposes fundamental limita-
tions on the speeds of these devices,
which are further limited by the elec-
tronic feedback loops. Whereas the
increased length requires fractions.of-
ar-angstrom input-waveiength stabilivy
for cavity-type devices, the mirrorless
devices are not sensitive to small wave-
length changes. But. because of the
absence of the enkancung effects of a
cavity, the mirroriess devices would be
very inefficient in terms of switching
energy.

Intiinsic devices are all-optical,
requiring no wires or electrodes for
electrical ferdback. The essential feed-
hack is obtained by using an optical
cavity. usually a Fahry«Perot etalon,
.nd the intensity dependence of the
~ifrucavity absorption or refractive
index. Qfien a nonlinearity asscciated
vith a resonance is utilized 1o reduce
“he required optical intensiry; this may
prevent room-temperature operation
in somte cases. The GaAs-GaAlAs
device ias not been operated above
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120 K yet_ but in other respects it has
greater potential in terms of speed and
switching energy, [t is much smailer;
onty a 10- to 20-um diameter of the
4.0-um-thick sandwich was used. i is
much faster (the cavity transit times
are of the order of picosecondz) and
requires less switching energy than the
best integrated hybrid device to date;
40-nsec switching times were observed
for a triangular-shaped input {~ 5 nJ).
The switch-on time was less than

1 nzec for a 0.6-nJ, 200-psec pulse
spread over a diameter five times the
cw beamn diameter; this extrapolates to
25 pf required for the actual active
area. With further miniaturization,
subpicojoule switching energy is antic-
ipated. The small physical lengths of
the cavity would enable tolerable
wavelength stability, higher speeds,
and even multimode operation to be
achieved.

Both types of bistable device will,
no doubt, find specialized applica-
tions. If size and electrical-power usage
are of no concern, but broad-wave-
length operating range is, then hybrid
devices are appropriate. Mitrored,
hybrid devices would require stringent
wavelength stability. High-speed and
high-packing-density operation at a
single wavelength is likely to rely on
intrinsic devices.

DYNAMICS AND SPECTRA QF
BISTABLE SYSTEMS

Bistabic systens are intriguing dy-
namical systems. McCall has predicied
and then observed zegenerative pulsa-
tloRs: a ow input was converted into a
trzin of light puises (see Fig. 13).'!
Regions of positive slope dfridf; > 0
may not always be suible, a5 usually
assumed in a steady-state aualysis, and
the device will then exhibit zither
premature switching or regenerative

t

pulsations. McCall’s hybrid experiment
invelved two different electrical time
constants in the feedback loop. In an
intrinsic system, the two times could
have different physical origins; one
might be electronic and the other
thermal. Bonifacio ¢f al have discov-
ered a different kind of regenerative
pulsation in their bistability equations
for aperation on the upper branch
with inputs just above the switching
intensity.2? Such pulsating devices
constitute all-optical oscillators.

Several papers' ' *3% have been
devoted 10 the transiert response of
bistable optical devices. Bischofberger
and Shen®® have obtained impressive
agreement between numerical simula-
tions and experimental data for a non-
linear Fabry--Perot containing liquid
crystais, CS;, or sitrobenzene, They
have studied the effects of cavity re-
sponse time, medium response time,
and input pulss length. They show
that, even when the response is very
fast, the transmission of a nenlinear
Fabry-Perot stil shows transient char-
acteristics if the ratio of input pulse
width (or characteristic time of input-
intensity variation) to the cavity
round-trip time is not sufficiently large
(=300 for a finesse of 13). This iner-
tial sluggishness is an important con-
sideration for hybrid devices having
relatively long lengths (= 1 cm). But
the above condition corresponds to
30-psec input pulse widths for the
5-um GaAs device; shorter, lower-
finesse devices might respond in times
approaching | psec.

Bonifacio and Lugiato®® predicted
the lengthening of switching time
when the increment to the input in-
tensity is made smaller and smaller,
holding the input intensity just below
the switch-on value. This effect, re-
ferred 1o as critieal slewing down, has
been observed ! but 1t does not pros
clude rapid switching tor a swilching
puise of iensity suificiently greater
tha the holdi cnsity ir 6

wWiten
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liferime of the phatur
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has been devoted to the photen statis-
tics and spectrum of the fluorescent
and transmitted light in optical bista-
bility of a Fabry-Perot or ring cavity
containing two-level atoms.?® The
linewidth of the transmitted tight
becomes narrow as the field ap-
proaches the switch-on intensity from
below, As the bistable device switches
on, the spectrum splits discontinu-
ously into a tripiet (dynamical Stark
shift). Such bisiable systems are now
regarded as ideal systems for studying
first-order phase transitions in a sys-
tem far from thermal equilibrium.

RELATED WORK

The present discussion has emphasized
optical bistability in unexcited sys-
tems. Related effects have been seen®®
much earlier in lasing systems. Re-
cently, Levin and Tang?® observed
optical bistability, multistability, and
differential gain in an electzo-opticaily
tunable cw dye laser. Jain and Prat1®”
have proposed cor -olling a strong
output signal with a weak input signai,
using the strong dependence of sec-
ond-harmonic generation on the phase-
matching condition.

CONCLUSION

The field of optical bistability is just
beginning. Development of tiny
devices to manipulate lightwaves just
as electronic devices manipulate elec-
trons is under way. Although intrnsic
optical devices are inherently more
efficient and faster, hybrid optical
bistable devices may find specific ap-
plications. The nonlinear properties of
new optical materials need to be inves-
tigated to make intrinsic, efficient
optical bistable devices. Optical bista-
bility in truly integrated strucivres
remains to be demonstoated.
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