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THE THEORY AND EXPERIMENT OF AN OPTICAL 
DEVICE EXHIBITING BISTABILITY AND DIFFERENTIAL GAIN

By
T. N. C. Venkatesan 

ABSTRACT

This thesis reports the theory and experiment of 
an optical element which exhibits bistable transmission, 
differential gain, discriminator, limiter and clipper

r

actions. In all the above modes of operation of this element, 
a weak optical signal into a third port can control the 
output of a stronger optical power into the device.
Hence this device may play as significant a role, in future

t

optical signal processing as the transistor does in 
electrical communication today.

The element utilizes the nonlinear refractive 
index and/or the nonlinear absorption of a medium inside 
a Fabry-Perot interferometer. The idea for the nonlinear 
absorptive device was originally proposed by Seidel, 
rediscovered by Szoke and later by McCall. Several attempts 
were made to observe bistability and in the first successful 
experiment by H. M. Gibbs, S. L. McCall and T. N. C. 
Venkatesan using a sodium vapor filled Fabry-Perot and 
a tunable dye laser source, the dominance of nonlinear 
refractive index over nonlinear absorption was discovered.
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Since then a simple model which explains the important ' 
features of the device has been developed. In pursuit 
of a solid state device, an experiment was performed 
with ruby, using a cw ruby laser source specifically 
for this thesis work. Unanticipated room temperature 
operation of the-device revealed an overlooked contribu­
tion to the nonlinear refractive index.

Excellent agreement between the theory and the 
experiment has been seen. The results of the sodium and r- 
ruby experiments greatly increase the choice of materials 
for making such devices. The device does not need any 
population inversion of the intracavity medium and in 
principle it may be possible to make micron size, nano­
second speed, solid state devices utilizing submicrowatts 
of optical power.
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CHAPTER 1
INTRODUCTION

There has been a rapid growth in the fields of 
optical integrated circuits, optical display and optical 
communication in the past decade. If one pauses to think 
about the advancement of a field like electronics, one 
realizes the vital role played by the trlode and the 
transistor: three port devices with which one is able to 
control a large voltage or current by a weak signal. An 
analogous three port device in the optical regime where 
the transmission of a light beam through the device is con­
trolled by a weaker light beam, should be an important 
asset to optical signal processing. This thesis is about 
such a three-port optical device. Possible noise reduc­
tion in very closely spaced information channels (optical 
fibers) and the possibility of sending different colored, 
noninteracting light beams down the same fiber (equivalent 
to several currents in the same wire) may turn out to have 
significant advantages which favor optical systems in the 
future.

This optical device has several interesting modes 
of operation, obtained by varying some of the parameters 
of the device. In Fig. 1 the different inodes of operation 
are illustrated. The graph of the output light intensity 
versus the input light intensity is called the character­
istic curve of the device, and the curve is qualitatively 
different for the different modes of operation. The first 
mode is the bistable mode; in this curve we see that the
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output has two stable values for the same Input Intensity 

for a certain region of the input. A device operating in 

this mode is an optical logic device where, with a dc light 

intensity between "switcn-on" and "switch-off" points, a 

weak light pulse can switch the device to the 1 or 0 state 

as shown in the figure. A bistable device could also be 

used as a short term memory. However, a constant power 

source is needed for such an application but, operating 

in a large duty cycle, this would not be a great 

drawback.

In the second mode of operation "the discrimi­

nator and pulse amplifier", one sees a potential candidate for 

an element in a repeater station in an optical communica­

tion network using pulse code modulation. In this method 

of communication, the information is coded in the form of 

light pulses and is transmitted in an optical fiber. The 

pulses not only attenuate with distance but also become 

noisy. A discriminating pulse amplifier at a repeater 

station may be used to reject the noise and regenerate the 

optical pulses.

In the third mode of operation "the transistor or 

tne differential or ac gain mode", the curve exhibits a 

region of slope greater than one. A small signal modulating 

a dc level of light is amplified. This mode of operation 

might be useful for analog communication.

The next mode of operation is the clipper. As is 

shown in the figure, this could be used to eliminate noise 

or reshape optical pulses. In laser induced fusion and

- 11 -



in certain coherent optics experiments, pure pulses of 
light without any small pre- or post-pulses are required.
The clipper mode can provide such pulses.

Finally one has the limiter mode of operation, 
in which one sees a region where the output is inde­
pendent of input variations. Such a device may be used to 
stabilize a light source or produce pulses with a smooth 
top as shown. If optical signal processing develops in 
a manner analogous to electrical signal processing, all 
these different modes of the device have potential applica­
tion.

A bistable device utilizing a nonlinear absorber
inside an optical cavity was first proposed by Seidel,^

** 2and later independently by Szoke et al. and then by 
3McCall. Several attempts, to observe bistability, have 

Zjbeen made. In the first successful demonstration of
bistability, Gibbs, McCall and Venkatesan used a sodium
vapor filled Fabry-Perot interferometer (FP). A major outcome
of this experiment was the recognition of the dramatic role
played by nonlinear refractive index,^ which not only
decreased the threshold for bistability but also increased
the frequency range of operation of the device. The importance
of nonlinear refractive index has subsequently been recognized

7by Felber and Marburger. In pursuit of a solid state 
device, similar effects were demonstrated in ruby by

QVenkatesan and McCall. An interesting related work has
abeen done by Smith et al., while other proposals have also 

been made.10,11>12
- 12 -



One can qualitatively picture the action of the 

refractive index device in the following way. Consider an 

empty FP with ten percent transmitting mirrors. When the 

cavity is mistuned with respect to an Incoming light beam 

(the optical path length within the cavity is somewhat 

different from an integral number M of half wavelengths, 

i.e., the round trip phase cp= 2ttM +0 ) the intracavity 

intensity is about ten percent of the input intensity, as 

there is negligible constructive interference between the 

forward and backward waves inside the cavity. But, when 

the cavity is tuned to be on resonance (i.e.qj = 2ttM), 

the intracavity intensity is about ten times the input 

intensity. Tnis large resonant intracavity energy has 

been utilized in many experiments, notably intracavity 

second harmonic generation. This dual value for the intra­

cavity intensity ( depending on whether the cavity is tuned 

on resonance or not with resrect to the light ) is the 
essential property of the FP which is responsible for the 

bistable operation of the device. What happens when a 

medium whose refractive index is dependent on the intra­

cavity light intensity is put into the cavity? Let us 

look at Fig. 2 and try to construct a possible character­

istic curve. Let the cavity be mistuned at low light 

intensity, so that the total round trip phase cp = 2ttM -0 

+cp(Pc ), 0 ^ 0 ,  where <P(F )the intensity dependent phase 

is chosen to be positive. As the input intensity is 

increased, the cavity intensity increases, and hence t

-  13 -



increases such that the round trip Sphase, T , approaches 

tne. resonance value 2 ttM.  At a critical value of the 

input intensity there is a run-away effect, as, the 

increasing V increases Pc (the cavity power) and vice 

versa. The phase, T , then rapidly increases to a value 

slightly larger than 2rrM. As a result the output of the

cavity switches from a low to a high value. Further

increases in the input would give a somewhat uniform 

transmitted output as the fractional transmission of the 

cavity decreases with increasing intensity. However, upon 

decreasing the input intensity, the large intracavity 

intensity maintains the value of ^ close to 2 ttM  and con­

sequently the device turns off at a lower value of the input 

than is required to switch it to the high output state.

This hysteresis is the origin of the bistability.

A similar argument could be used to describe the 

action of a device using only a saturable absorber. The 

Intracavity absorption reduces the Q of a cavity (which is 

tuned to transmit the light, i.e., e = 0), at low intensitie 

At higher intensities the absorption saturates and the 

device switches to a transmitting state. In the absorptive 

case, also, there will be a hysteresis in the characteristic 

curve, as this is an inherent property of a FF.

By varying the initial mistuning of the FP and 

the nonlinear medium inside the cavity, other modes of opera 

tion can be obtained. In the different modes of operation, 

a cw light beam can be controlled by a weak beam (not

-  14 -



.necessarily at the same frequency) from a third port.
In other cases the weak control signal could be non- 
optical.

The following chapters in this thesis, present 
the relevant theory and describe the experimental details 
and results. The second chapter presents a simple 
mathematical model which adequately describes the operation 
of the device. In particular, the model neglects the 
effect of the spatial modulation of the intracavity non-, 
linearity, due to standing waves. The dynamics of the 
system are studied using this model. To understand the 
physics of the nonlinear absorption and refractive index, 
a two level atomic system is considered in the third 
chapter. Further, the problem of a bistable element con­
sisting of a FP containing a homogeneous two level medium, 
is solved, including standing wave effects. The reader may 
skip the third chapter, as it illuminates only some finer 
points. The fourth chapter describes the sodium vapor 
experiment in which the author was a collaborator. Only a 
brief review is presented here. The last chapter, the 
thesis research work of the author, deals with the ruby 
experiment. That chapter describes the initial expectations 
of the author, the actual setting up of the experiment, 
the pleasant surprise that occurred (room-temperature 
operation), the explanation of the final results, and a 
theoretical simulation of the experiment. The thesis ends 
with a conclusion, in which the limits of the device have 
been specified and some forecasts have been made.
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CHAPTER 2

2.1 A SIMPLE MATHEMATICAL MODEL
An exact mathematical description of the device 

is difficult, but most of its qualitative features can be 
understood by use of a very simple mathematical model.
This model clearly shows the role of the detuning parameter, 
the nonlinear refractive index and the mirror reflectivity.

The transmission of a FP is described in 
terms of the input field E^ and transmitted field E^, 
through the standard formula,

-?5 / p  i 55 “ 1Et = T e ^ ^ l - R e ^ )  Ej , 2.1

where 9 is the round trip phase shift, and T and R are the
transmissivity and reflectivity of the FP mirrors, respect-

\

ively. cp = 2irn (2L/a), where L »  \ is the mirror separ- 
ation, n the refractive index, and X the light's 
vacuum wavelength. If ? is a multiple of 2ir, the FP 
transmission is 100$. In the case when the FP has a non­
linear medium between the plates, 9 is a function of the 
fields inside the FP. These fields are directly related 
to E,p, through boundary conditions at the exit mirror, 
and 9 is regarded as a function of E,p.

In the limit of small T, the FP transmission is
insignificant, unless 9 is nearly a multiple of 2ir. Let' 9 
differ from a multiple of 2-rr by A 9(ET), which is small in 
absolute value. Then using Eq. 2.1, approximately with 
R/T »  1 and A 9 small we get

- 18 -



EJ = Et - i(|)A9(ET)ET . 2.2

The intensity dependent nonlinearity is contained inA<P(ET )
pwhich is in general complex. The real partAT = T(Et)

- e » is due to the nonlinear index and the imaginary part 

Acp̂  is due to the absorption. Squaring 2.2, yields (with 

appropriate constants)

Px = PT[ (1+rAcp1 )2 + r2 (cp(FT ) -e )2], 2.3

with r = R/T. As seen in the introduction, a mistuning 9

is needed for the nonlinear index device to work. Since

relevant quantities are the power input and output hence­

forth, we will deal with power rather than intensity. 

Further the phase is now considered a function of P̂ , rather 

than Et>

In Eq. 2.3 the striking feature is that the 

incident power is calculated in terms of the transmitted 

power. This is mathematically easier to deal with since 

Pj is a single valued function of Frr whereas the reverse 

is not necessarily true.

In Fig. 3> Eq. 2.3 is displayed for the case of 

zero absorption, i.e. ( Acp~ = 0). One sees that P^ is

made of two parts, a unit slope line due to P^ and the
2 2rest of the curve due to r (<P-8) P̂ ,. It is easy to see 

that as long as <P(P,p) is not a constant one could always
pconstruct a curve by varying r “ and 0 such that P^ 

becomes a multivalued function of P^. This is true

- 19 -



2because (cp-0 ) has at least two zeros, one at PT = 0 and'
another where cp(Pip) = In between the two values of P̂ ,

2the function is hump shaped. By making r large enough the
characteristic curve could be made to go bistable.

SPiIt can be shown that points where < 0 are

unstable and hence the device would switch up or down where 
Spi is close to zero. In the appendix A this is proved for
^  *  rji r*

a purely absorptive case using a two level Bloch model for 
the nonlinearity.

2.2 DYNAMICS , -
I

How does the output evolve In time when the input 
is changed? How do the rise and fall times of the bistable 
device depend upon the properties of the cavity and the 
intracavity media? This section will try to answer these 
questions. A few approximations will be made to simplify 
the problem. It will be assumed that the device has a medium 
with no absorption but a nonlinear refractive index and that the 
phase shift grows exponentially with time, when the intracavity 
field is changed. Consider the phase shift to be of the 
form

<p(t) =
r t -(t-t')/tf 

e f(pT (t')) dt' , 2.4
% - 00

where f is an unspecified function of the intracavity power and 
is simply related to the transmitted power. We shall neglect

- 20 -



the cavity build up time. This is a good 
approximation for a small practical device.

From Eq. 2.4 we get, with time measured in units 
of tg a characteristic time determined by the medium

<p(t) + <p(t) = f (PT ). 2.5

Since A ^ = 0  in the absence of absorption, Eq. 2.3 can be set
to

PI = PT ^  +r (cp-0) ^' 2*6
PTThen I(PITi) = f (----- ----now expressed as a function of 9 ,

r 1 4r^q>-0)
is symmetrical aboutcp = © (Fig. 4). Define

/ P^t) \
F(t,q>) = f ( — ±= p ) ~ 9 ' 2 *71 +rTcp-0 ''+r ĉp 

so that
9 = F (t, 9 ).

The steady-state value of the phase shift is the solution of 
9 = 0, i.e.,

Pl(t) ,x 1 9 - 0 . 2.8
/ _ P ^ _  x
' 1 + r % - 0 ) 2 '+T (cp-0)

This equation has several solutions, and we can 
study the stability of these solutions for a simple form. 
In Fig. 4 P(Pip) = 9 + cp is plotted as a function of 9 for 
a given P^. The intersections of the 9 = 0 and f (P,p) 
curves give the steady state value of 9. If Pj is such

- 21 -



that there are three different steady state values of cp, 
then PT has more than one value for that P̂ .. Which of 
these are stable values? Let cpQ be a steady state value.
If cp changes from cpQ by a small amount Acp what happens to 
the temporal evolution of Acp? Expanding 9 about cp̂  yield

Acp = F Acp , 2.9

&Fwhere ^

"’O

The solution to this equation assuming

small variation of F^ is,

F t 
cpOAcp(t) = Acp(0)e . 2.10

The solution is unstable for F > 03 but converges for
90

F < 0  (Fig. 4). An approximate solution in the vicinity 
*0

of a steady state value of the phase is,
F tT0<P(t) = T0 + Acp (0) e , 2.11

/

where differentiating Eq. 2.7 one obtains,

P . _ U  , gPi(V 9 )rg f , (  _ h  , ) \  .
*0 ^ [1 -tp̂ cpQ-0)2]2 1 -*r^<P0-°)

2.12

Eq. 2.11 defines a time constant t = - l/F
^0

Clearly for meaningful values of t, F must be less thanT0



zero.
as,

Hence,
cp0 - cp

a = --------2  , 2.14
P T \

f f -------2—  ) - cp
• i +r^9-G )

in units of t^. Since cp increases monotonically with time,
the topology of P^t) versus t is the same as f(Pj/P ) as a
function of cp (i.e., maxima, oscillations, etc.). Using
this fact the output for a square .input has been obtained
in Fig. 5a. The phase cp goes from 9A to a final value

/<pg. If T goes through the value 0 , overshoots occur
when the output intensity switches on or off. The
sharp rise at <PA (Fig. 5a) from curve A to B is
limited by the cavity transit time which is assumed to be
short.

.We can approximately determine the time dependence
of PT by considering two regions: cp > 0 and cp < 0 (Fig. 5b).
For cp < 9 assume a linear increase of cp with time, so that 
f rom Eq. 2.5

T ~ f(PT ) ' 6 1b j cp < e . 2.15
T ~ (f (p! ) - °)t + Ta B

For cp > S assume an exponential evolution of cp with time,

For cases where <pQ ^ 0, we can define a time constant

I = _   2 13t cp - cpQ * ' J

- 23 -



so that

<P ~  7(<Pb -P )e y t ' . fl.qj
i cp > e ; t > ----

+, f (pr )
V 11 ® + (^B-^ ) (P~e_^ ) P

2.16
where

i ■ M
7 ” ~ dcp

and t' = t - -— . 2.17
VpB f(Pl JB

As an example if we choose f(P,p) to be linear in PT, then 
PT= cp + cp. Hence,

PT = <fA + ( (Pz ) - 0)(t+l) - 8 , <p <
B

and
a  0 + (cpB-0 )7e'7t' cp > 0 . 2.18

The overshoot PT (0) - PTB is proportional to

f (pT ) - ----- — — 5 )- 2 -19
h  1 + (<pB-e)

Fig. 5b depicts P(t) versus t under this approximation.'
In the Appendix B, the response of the device to 

a linear increase in the input power has been calculated. 
It is seen that the increase in phase as a function of 
time is related to the time derivative of the logarithm of 
an Airy function.
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2.3 the transfer and gain functions
When using the device in the amplifier mode, it 

would be interesting to study the gain of the device for a 
small ac modulation on a dc light level. We will derive 
general formulae and study the broad implications. In 
Appendix C we will consider the simple case of a two level 
atomic system.

the transfer function 3T(ET,cp, 6 ,r) which connects the input 
and output fields, such that

The function will depend upon the absorptive and refractive 
index properties of the medium. For a given r, 9 and func­
tional form of cp there is a fixed relationship between the 
input and output fields. By proper choice of these para­
meters we could use a particular characteristic curve of 
the device. For a given characteristic curve, it would be 
interesting to study the output modulation for a given 
input modulation on a constant light field F,I0 so that,

The operation of the device may be described by

E x = J(ET ,cp,e,r)ET . 2.20

e = J(et ,<p0, 6 , r)E,
0

2.21

Then

/ffij = (3f(ET , <pn, 0, r) + E rf, J'(ET ^ 0,e,r)}AET ,

2.22
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where the prime denotes differentiations with respect to 
E™ at Em . We could invert the Eq. 2.22 and write it as,i Iq

AEt = Q(ET 2.23

*
where

2.24

C is a complex gain function, whose significance
J

becomes transparent if we define a 2x2 vector 'space in which
, *field modulations are represented by two vectors and the 

gain function C becomes a 2x2 matrix. The upper and lower 
elements of the vector represent the real and imaginary 
amplitudes respectively, and we get

qRR qRI \  / fleKe\

q IR q 1 1 /  V f /

The inner product of the vector with itself gives 
the energy in the modulation (but for a constant factor).
In general the elements of C are nonvanishing, and con­
sequently for a pure amplitude modulated input one could 
have an amplitude as well as frequency modulated output and 
vice versa.
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In Appendix C the elements of the matrix in 
Eo. 2.25 are calculated for a two level Bloch system. In 
the next chapter the details of the nonlinear phase shift, 
its origin, dependence on the strength of the atomic transi­
tion etc. are studied.
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CHAPTER 3

3.1 OPTICAL NONLINEARITIES IN A TWO LEVEL SYSTEM
Having enunciated the basic property of the FP 

interferometer, the next step is to understand the non­
linear medium. The wavelength of the light to be used, 
the response time, the optical power level needed and the 
limitation on the size of the device are to a large extent 
determined by the properties of the intracavity nonlinear 
medium. Hence it is important to study the physics of 
optical nonlinear refractive index and absorption. With 
such a goal in mind, a review of cw light propagation in a 
pure two level system is presented in this section. The 
two level atomic picture is mathematically simple to under­
stand and is very helpful in getting insight into the various 
properties of the optical nonlinearities required for the 
device operation.

In this picture the effect of the light field on 
the atoms is described by Bloch's equations and the 
effect of the atoms on the field by the Maxwell equa­
tions. The two sets of equations are coupled and the solu­
tion for cw light propagation is obtained by solving the 
equations for steady state conditions. The atomic system is 
characterized by the resonance frequency u5q and the Rabi
frequency per unit field k = ^  with p the dipole momentfi
for the transition. Further, there are different relaxation 
times associated with the system. T^ is the decay time of
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the excited state population say, due to physical motion of 
atoms out of the laser beam or due to spontaneous emission.

rT2 is the homogeneous dipole dephasing time such that 
1 1 1  "—r = ~m- + —  , where pertains to any lifetime broadening
t 2 t 2
mechanism which does not significantly alter the population 
distribution between the two levels of the system connected

ftwith the resonance. Instead,T2 accounts for the broadening 
of either or both levels by relaxation processes that do 
not cause transitions between the two levels. Such 
broadening is produced, for example, by electric Stark or 
magnetic Zeeman frequency modulation of the level eigen­
values because of incoherent local field fluctuation, or
phonon interaction. In addition there Is the inhomogeneous dipole

*dephasing time Tg which may be due to a range of Doppler
velocity shifts as in a gas, like, sodium or a statistical
variation in static local cyrstalline-field potentials as
in ruby at 77°K and below. Only the homogeneous line case 

*(T2 = °°) is considered. Interested readers may refer to 
Ref. 3 for details on the effect of inhomogeneous 
broadening.

THE BLOCH EQUATIONS FOR A HOMOGENEOUS SYSTEM
All atoms are considered alike and have the same 

resonant frequency. Neglecting transverse effects the 
electric field is chosen to be a plane wave such that,
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(z,t) = E(z,t)e"i(kz'ajt) + c.c. , 3-1
n  CD

where go is the laser frequency, k = ——  where nQ is a 
background refractive index. The electric field envelope 
e is complex in the case of frequency modulation. The 
complex conjugate term is denoted by c.c.

In t h e  t w o  l e v e l  a p p r o x i m a t i o n ,  t h e  a t o m s  i n t e r ­
a c t  w i t h  t h e  e l e c t r i c  f i e l d  a c c o r d i n g  t o  t h e  H a m i l t o n i a n , ^

M = I Ka>ocz - | 3-2

The ac Stark effect and the influence of other levels are 
neglected. The energy separation of the two levels is fiug
and a , a and o are the usual Pauli spin matrices. The x y z r
real and imaginary parts of the light induced polarization 
of the medium are represented by u and v and their values 
are given by u = Np <c > and v = Np <o > , where N is the

x  y
total number of atoms/cc. The fractional difference of the 
excited and ground state population is represented by w and
= <o > (e.g., if all atoms are in the ground state, then w=-l),z
u and v give rise to a real and imaginary refractive index

a A M B  V •

n = n + in such that, n^ =  and nx = ----- . SinceR I R n0 e 1 n0 e
u and v are nonlinear n is also nonlinear.

In the Heisenberg representation, Eq. 3«2 could
14 ~be simplified to M = - *o • H where a = a u + a v + a w—  —  ~ x  y z

where u, v, w are three mutually orthogonal unit vectors
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with w = uxv. With this form for the Hamiltonian,
n> w _ ̂O kF liH = - —2— + — and the Heisenberg equation for the time 

derivative of _o is

ifia = [a,Kj = ifi£ x H 3.3

Eq. 3»3 yields three coupled equations from which the
time variation of u, v and w could be obtained.

The problem is still not easily resolved. Two 
reasonable approximations are made. Firstly, the optical 
field is assumed to be a slowly varying envelope (SVEA) 
in space and time, i.e.,

1 1 ™  1 «  | —  | «  k ! f !B z

10 %\ «  1 1 «  os I e | . 3 - 4B t  B t

Then the Maxwell equation in one spatial dimension,
2

B^E(z,t^ n0 B^E(z,t) 4tt B^0\'z,t) c
“ 2------- 5   = “5----’ 3 '5Bz c Bt c Bt

reduces to

l i  + ^  l i  =  t 2jm p> 3.6
Bz c Bt n^c

where z,t) = P(z,t)e“i k̂z“wt  ̂ + c.c. and P = u + iv 
is the optically induced total polarization envelope.
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The second approximation involves a transformation 
to a coordinate frame rotating with the angular frequency 00 
so that the electric field appears stationary in that frame: 
i.e., a rotating wave approximation (RWA). This involves 
neglecting terms oscillating with the frequency 2co. This 
approximation involves rejecting a small shift in the 
resonant frequency (Bloch-Siegert shift)1'’ and is a valid 
one for the two level atom. Without going into the details,
one could use the equations from Ref. 3 and write down

/ 16 (with T1# T2 damping constants phenomenologically added ),

Cl = AlL'V + W K £ j  - u/Tg , 3* 7a

v = - Au>u - w k e r  - v/Tg , and 3*7b

Npw = v k e r  -  u k e  -  Np(w+1)/T1 ,  3.7c

where Ao> = - ci'.

3.2 THE STEADY STATE SOLUTIONS

For cw light propagation u = v = w = e = 0 .  From
Eq. 3.6 we get (with n = ),

n0e

d iu>n q q57 (tn e) = . 3-8

Clearly the solution for the field envelope at any coordi­
nate z is

j(oj/c) n(z' )dz 
e ( z ) = e ( 0 )e , 3-9
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w h i c h  c o u l d  be w r i t t e n  at l o w  i n t e n s i t i e s  as

a(Aoo )z , . v - -  +  i cp
e ( z ) = e ( 0 ) e  , 3 . 1 0

2 tunT
w h e r e  a ( A a > ) = — -—  is the a b s o r p t i o n  c o e f f i c i e n t / u n i t  

l e n g t h  at the d e t u n i n g  Ac& a n d  cp = is the p h a s e  s h i f t /

unit length. S i n c e  n R = a n d  n T = w e  can c a l c u l a t ei\ U q S x HqE
t h e i r  s t e a d y  sta t e  v a l u e s  f r o m  Eq. 3 . 7  an d  w e  get

_ , c a ( 0 ) Ynr> - + ~'p~77----- ?— * 3.11a2C5 (i+y +F )

CQL(O) 1 . O T.Vn-p — p p p a n d  3 * H h
1 “  (1+Y +F )

- ( 1+Y2 ) _ __w = — 4 £ 2~ 3-llc(1+Y +F )
2tt ft N k ̂ 05 T g

where Y = AtcT^ , F = k e T]_T2 and a (®) =  n c

At low intensities we get,

?(Y) = a (0) — 1+-*- . 3.12
(1+Y )

Needless to say, the bistable device that we are 
talking about uses these nonlinear indices. Both nR and n^ 
change with intensities and go to zero at large intensities 
(saturation). For the nonlinear refractive device nR must 
change sufficiently to cancel the initial mistuning . But 
for the nonlinear absorptive device, n^ must go to zero. On 
this basis, the refractive index device mitfit have a lower threshold 
of operation. Further, far off resonance nR is proportional
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-1 -2to Y whereas rij is proportional to Y . Hence the refrac­
tive index nonlinearity spans a wider optical frequency range, 
and would enable the device to operate with the optical 
frequency quite a bit off-resonance.

Far off resonance, the nonlinear refractive index
2can be expanded in powers of E and we get

nR = nR + > 3.13a
0 7rhNK2T2

where n~ = + ------------- and
n0c(l+Y2)

'2 4IhrNfiTjTg kh
n? = -    . 3.13b

n0c (1+Y )

Hence we get a second order nonlinear index coefficient,
equivalent to the Kerr constant.

From Eq. 3*11 it is seen that a light beam passing
nR“through the medium is phase shifted by an amount m

per unit length. This phase could also be written using 
Eqs. 3.8c and 3.11 as,

aY ( 1 + Y2 ^ aY „ 0 , ,,
CP =  -75- (  k ---w .  3 * 1 4

1 + Y + F *

If as in Chapter 2,cp is defined to be zero at low light 
intensity, (since this could be assimilated in the initial 
detuning q ), we can define cp as d(I) - cp(0). Then the 
nonlinear phase shift is
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cp = - aY £-̂ ±20 . 3.15

It is clear that £i±w) is the fraction of excited state 
atoms and -aY is the phase shift per excited atom.

3.3 EFFECT OF A NONRESONANT HOMOGENEOUS BAND
A consequence of the ruby experiment (Chapter 5) 

is that one could have nonlinear phase shift contribution 
from nonresonant, but strong homogeneous absorption bands. 
So besides the two sharp levels separated by o>q, let us 
assume a band centered far off at ai0 with a Lorentzian
profile a(oj) of width A v (FWHM). The homogeneous 
dipole dephasing time Tg = 2/ £ v . Associated with this 
absorption would be a refractive index and hence a phase 
profile so that, a light wave at frequency co will be phase 
shifted by cp(co).

To calculate this phase shift, let us divide the 
absorption band into segments of width dv, centered at 
cDq + v where v = 0 corresponds to the band center. Then 
the absorption due to this band at a frequency cd is (could 
be proved by perturbation theory)

__9

Tg a(o>0+v)d v
5 a (a>) = —   -----— -----   1 r,~  , 3*16

(1 +  (cOq+v-cd) Tg }
—  9

T2—  is a normalization factor and the denominator takes 7r
into account the effect of being off-resonant. This will 
contribute a phase
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Hence the total contribution due to the band is
00

cp(oo) =  +
a (o >0+ v )  (cO q+ v—c d)d v

3 . I S
J.oo t1 + (^o+v_c°) T2 ]

If the band is sufficiently far off resonance so
_   - 9that I co-cUq I > Av and (oOg-a^Tg > 1, we could approximate

cp(co) =  + 3.19

An implicit assumption has been that the number of atoms 
excited to these bands is negligible. This phase/unit 
length of the sample could be nonlinear, depending upon the 
number of atoms excited. The phase shift with the atom in 
the ground state is

However the phase shift with an atom in the excited state

where the absorption profile looks different to an excited

,6 3-207T \(o)0-u>)

1r (cOq-UWOq)
3 - 21



state atom and further the laser frequency is upshifted by 
the two level resonant frequency.

Hence the nonresonant contribution to the non­
linear phase shift, adjusted to be zero at low light inten­
sity is,

< P ( I )  =  (<pe -<p«)  i i J j S L  . 3 . 2 2

As will be seen in Chapter 5* in ruby there was a 
significant nonresonant contribution to the nonlinear 
phase shift and this resulted in the room temperature opera­
tion of the device, which was not anticipated. If the band
is not homogeneous then the analysis becomes difficult,
— ' / 2Tg r -£-y- and the inhomogeneous distribution function must 
be included in the integral.

3.4 CAIN OF A SMALL MODULATION
Typically, the device is in operation with a dc 

level of light* and a small modulated (amplitude or frequency) 
optical signal, not necessarily at the same frequency, is 
applied through a third port. To study the effect of this 
signal on the transmitted light, one must understand how the 
intracavity nonlinearity is modulated for a change in the 
cavity field. Let us consider a nonlinear medium described 
by the Eq. 3.7 and try to calculate the incremental 
change in the indices for a small change in the steady 
field Eq. The increase in the field is ht» which is in
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general complex, 1n order to take Into account both amplitude and 
frequency modulation. Linearizing about the steady state 
values, e0, uq, v q and W q we get from 3.7,

A  u = - A  CD A  v  - +  w q k  A  e-j. 3 . 2 3 a
T2

4 -  A v =  A c d A U  - - A W K E _  - W  K E t j  3 .23bat m O o R2

^  A w= ’ Zr~ + Keo Av  + V0K AeR ‘ U0K AEI 3 *23c
1

If we consider a simple, amplitude modulation

A Ep, = Re £ e iv and Aej = 0. 3*24

Then Eqs. 3.23 yield

tAnR = - ReGR (Acd, v ) k T 2 , 3.25

where

Gr ( A co, v)

ixYfF2 + (1+iax)(2+ix))
(1+Y 2+F2)[(1+ ix)2(1+ i ax) + (1+i a x)Y 2+ (1+ ix) F2 3

> >and Y = Tg A cd and x = T2 v.
Similarly,

t ge^vtAn^ = - Re Gj( Aco , v) xTg —  ,

3.26

3.27
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where

G I (  A cd ,  v )

2(l+ix)F2 + ix(l+ix-Y2 )(1+iax)_ _________________  ._„ _________  2 28
(1+Y2+F2)[(l+ix)2 (lhiax)+(1+iax)Y2+(l+ix)F2 ]

If the absorption line is inhomogeneously broadened and des­
cribed by a distribution function g(Aco) then the gain func­
tions in Eqs. 3.26 and 3*28 could be redefined as,

/g (A cd )G(Aco,v)d(AcD )
G(v,F,a,g(AcD ))- ------------------------  3.29

fg(Aco)G(AcD,0)d(AcD) I
■f =o

where, now A cd has been reinterpreted as the frequency 
detuning of a homogeneously broadened isochromat from the 
laser frequency assumed to be a>Q. In Ref. 3 the case of a 
Gaussian distribution function is treated and the gain 
function for the absorption has been calculated. It is seen 
that the gains seem to peak at the Rabi frequency and 
decrease with increase in inhomogeneous broadening.

3.5 THE BISTABLE DEVICE PROBLEM FOR A TWO LEVEL INTRACAVITY 
NONLINEAR SYSTEM

The interferometer consists of two mirrors of 
reflectivity R and transmission T separated by a distance 
L. A homogeneously broadened absorber, comprised of 
stationary atoms, that absorbs light of weak intensity at
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frequency o>q is placed between the plates. Light of 
frequency w is incident from the right. The electric field 
envelopes are Ej, incident from the right; e r, reflected 
to the right; £p , inside the cavity, moving to the left; 
eg, inside the cavity, moving to the right; e^, transmitted 
from the cavity moving to the left. The intracavity field 
may be written as

E(z,t) = £Fe1,,F e-i<“ t+kz) + t c.c.,
3.30

where Ep and Eg are taken to be real and independent of 
time. Using the SVEA in the spatial coordinates in the 
wave equation one gets (Ref. Eq. 3.6).

A  (E e ^ F ) - A  (e eifpB)e2ikz = A l ™  p eikz. 3-31
bz F bz B nQc

The determination of the polarization P requires 
the quantity

2 _ 2 2 -2ikz+iAT 2ikz-iA?
E time F + B + 2eF e B6 + 2eF e Be

3.32
where AT = cpp - cpg.
Because of the formation of standing waves inside the cavity 
there could be a rapid variation of u and v in a light wave­
length, so that SVEA must be used with care. The intra­
cavity polarization P may be written as
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2 ' "^F-ikz ikz/ M k Tp \ (e„e e + eve be1Kz) (Y+i)
P =  ^  J — — 5------ F— 5---5------   » 3.33V 2 ' 1 + Y + T,T0 k1 2  N- time

which may be written as a Fourier sum,

P ,  ( ^ )  (V+1) (Epei(^ - kZ) + E B e 1 ( * B + k 2 ) > ! ° < ° >  +

+ a(2k)e-2ikz+1A® + 0 (-2k)e21kz-1/ip +....)

3.31*
Thus

and

where

c(0) = A-1(l-t2 )"^ 3-35

o(2k) = a(-2k)* = A"1b"1[l - (1-b2 )"*], 3-3^

2 ' 2  2 2,A = 1 + Y + TxT2 k  [ep + eg} and

b = 21^2 k2EfEbA_1.

Substituting 3*52 and 3*34 in the Maxwell 
Eq. 3-31 we get, 

dE
= | o(0) eF + § o(2k) eB (cos A m -Y sin A m ) 3-37a

bz

beB = _ ^ c(0) eB - ^ c( 2k) Eg(cos Ao+Y sin Am )
dz

3.37b
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d A cp 

-dz
Y cos Acp

+ sin Acp

3.37c

These three equations describe the interaction 
of two counter propagating electric fields inside a medium. 
The two fields are coupled by o(2k) which could be called 
the 'standing wave diffraction grating function' and it 
controls the energy exchange between the beams. Contri­
butions from waves varying as e-^ ^  or as e”^^^z are 
neglected and no motion of the absorbing atoms is allowed.

at z = 0 at the left mirror ê, = /T £p and eB = /R Ep. At the 
right mirror, z =  L  and we can write down a unitary trans­
formation

Appendix D and Just the over all scheme will be described 
here. Since the input is a single valued function of the

The mirrors determine the boundary conditions and

which determines the boundary conditions there.
The details of the solution are in
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output it is easier to solve for PT as a function of P,p. 
Fora given the quantities sB and a t  are known through
the boundary conditions at z = 0. Solving Eqs. 3-7.

Ep, Eg and A t at z  = L may be obtained by
iteration. At z = L,

2 2 „ /—^ Heb - 2 ./R e e cos (A T_0)
p  =      . 3 . 3 9

T

Computer plots have been made using the above 
procedure with R, £, Y and a as variable parameters. In 
Fig. o a comparison is made between a calculation using 
the simple model of Chapter 2, and the above model. The 
tractable model of Chapter 2 did not include the spatial 
modulation of the nonlinearity due to the standing waves 
whereas the iterative model does include these effects 
through the c[2k) term. Presumably, due to this,the 
iterative model gives lower thresholds as seen in Fig. c. 

The Qualitative features are the same in both models.



Bloch Model (including standing waves)
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Using Eq.2.3 (no standing waves).
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CHAPTER 4
BISTABILITY AND DIFFERENTIAL GAIN IN A 
SODIUM-FILLED FABRY-PEROT INTERFEROMETER

4.1 INTRODUCTION
In the initial stages of the sodium vapor experi-

5ment we were aware only of the absorptive bistability. The 
Doppler broadening of the sodium lines hence presented a con­
ceptual problem. The saturation mechanism is the optical pump­
ing of the sodium atoms in the F = 1 (or 2) ground state to 
the F = 2 (or 1) ground state (Fig. 7). For most laser 
frequencies, atoms tuned to resonance by the Doppler effect 
saturate at very low power, and recovery (T^ process) 
occurs only after unpumped atoms enter the laser beam 
region. At higher powers, the resultant velocity hole widens 
in proportion to the driving field (power broadening).
Because the absorbed power is consequently approximately 
linear in the driving cavity field, one did not expect the 
device to work. It is only at high powers, where even the 
wings of the Doppler line are partially saturated, that one 
expected the device to work.

To make the absorber homogeneous and also to 
prevent detrimental condensation of the sodium vapor on 
the mirror surfaces argon was to be used as a buffer gas.
As will be discussed later, the results were dramatic 
without argon and in fact deteriorated with the addition of 
buffer gas. With further experimental support it was
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r e a l i z e d  t h a t  the n o n l i n e a r  r e f r a c t i v e  i n d e x  of t h e  D  l i n e  

was m a k i n g  th e  d e v i c e  w o rk. The o r i g i n  of th e  n o n l i n e a r  

r e f r a c t i v e  i n d e x  w a s  the r e s h u f f l i n g  o f  the g r o u n d  s t a t e  

p o p u l a t i o n  b e t w e e n  the h y p e r f i n e  s t a t e s  due to the o p t i c a l  

p u m p i n g .  T h e  p h a s e  s h i f t  i m p o s e d  u p o n  the o p t i c a l  f i e l d  b y  

an a t o m  d e p e n d s  u p o n  w h i c h  g r o u n d  h y p e r f i n e  s t a t e  the a t o m  

is in. S i n c e  the g r o u n d  s t a t e  p o p u l a t i o n  is s e n s i t i v e  to 

the l i g h t  i n t e n s i t y  one o b t a i n s  a n o n l i n e a r  p h a s e  shift.

E x p l i c i t  c a l c u l a t i o n  of the n o n l i n e a r  p h a s e  s h i f t
*1 O I Q

due to the s o d i u m  D £  t r a n s i t i o n  w a s  m a d e .  * ~ Th e  m a x i m u m  

n o n l i n e a r  p h a s e  is the d i f f e r e n c e  in the p h a s e  o b t a i n e d  b y  

a s s u m i n g  the g r o u n d  sta t e  h y p e r f i n e  p o p u l a t i o n s  w i t h  

B o l t z m a n  d i s t r i b u t i o n  to t h a t  o b t a i n e d  b y  a s s u m i n g  the a t o m s  

to b e  o p t i c a l l y  p u m p e d  c o m p l e t e l y  i n t o  one of the g r o u n d  s t a t e  

h y p e r f i n e  l e v els. As a f u n c t i o n  of t h e  l i g h t  f r e q u e n c y  a n d  

i n t e n s i t y  t h e  n o n l i n e a r  p h a s e  v a r i e s  b e t w e e n  z e r o  a n d  the 

m a x i m u m  v a l u e  t h a t  we h a d  c a l c u l a t e d  as s h o w n  in Fig. 8.

There are t h r e e  d i f f e r e n t  f r e q u e n c i e s  f o r  w h i c h  the p h a s e  is 

not i n t e n s i t y  d e p e n d e n t .  A t  the f r e q u e n c y  V ]_ e x a c t l y  h a l f w a y  

b e t w e e n  the two g r o u n d  s t a t e  h y p e r f i n e  levels, the c r o s s  

o v e r  f r e q u e n c y ,  t h e r e  is n o  i n t e n s i t y  d e p e n d e n t  p o p u l a t i o n  

c h ange. A t  the o t h e r  t w o  f r e q u e n c i e s ,  a n d  t h e r e  is 

n o  d i f f e r e n c e  in t h e  p h a s e  due to the tw o  g r o u n d  s t a t e  l e v e l s . 

H e n c e  at t h e s e  f r e q u e n c i e s  w e  do n o t  e x p e c t  a n y  n o n l i n e a r  

p h a s e  shift, an d  t h e  d e v i c e  m u s t  w o r k  p u r e l y  w i t h  n o n l i n e a r  

a b s o r p t i o n .
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4.2 THE SODIUM EXPERIMENT
A tunable jet-stream dye laser (with a folded

21cavity configuration) was used, with an argon laser as 
the pump (Fig. 9)» The 50 mW single mode output was con­
trollable in frequency by 3 etalons inside the laser cavity.

20The dye laser is described elsewhere.
The frequency jitter of the feedback-locked output was 
less than 2 MHz. The dye laser intensity was varied from 
zero to its maximum value by a Zenith (M-4-0R) acousto optic 
modulator (to plot directly the output versus input curve). 
The modulator further changed the frequency of the return 
beam through it by 80 MHz (twice the frequency of the 
diffracting acoustic carrier in the modulator) and thus 
prevented any instabilities from feeding back into the dye 
laser. A servo-system was used with the modulator to cut 
down intensity fluctuations to less than 1 $. The beam had 
a diameter of I.65 mm and a maximum power of 13 mkT before 
the device.

The device consisted of a 11 cm FP interferometer
-4 -R /with Na vapor at 10 to 10 J Torr pressure (LNg trapped

diffusion pump) in the 2.5 cm region midway between the
mirrors. The sodium vapor was contained in a copper cell
with heaters around it. (The sodium density was varied by
changing the servo-controlled cell temperature.) The 90$
reflecting mirrors were at the end of narrow tubes coming
from the cell. The cold narrow tubes reduced detrimental
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condensation of sodium on the mirror surfaces. The optical 
transmission of the properly tuned FP without sodium vapor 
was about 45$ and we attributed the loss to the nonflatness 
of the mirror surfaces and small sodium deposits on the 
mirrors. The transmitted and incident intensities were dis­
played as vertical and horizontal deflections on an oscillo­
scope. The vertical gain of the scope was adjusted so that 
the empty FP input-output relationship was a 45° line.

Absolute frequency calibration of the dye laser 
with respect to the sodium hyperfine lines was very

22 23accurately done with a saturation spectroscopy setup. ’

We had sodium vapor (at about 10"^ Torr) in a pyrex cell. 
Heater tapes were wound around the cell and the absorption 
was thereby varied. The laser beam was split into 2 beams, 
a strong and a weak one (Fig. 10). The strong one was 
aligned to go back on itself after attenuation, providing 
the saturation signal; the weak one served as a reference 
to eliminate noise. The cell was placed in between a pair 
of Helmholtz coils putting out a sinusoidal ±40 Gauss peak 
field, with the axis of the coil along the light beam. A 
circular polarizer with a crossed polarizer was placed in 
front of the cell to prevent feedback to the laser. By 
varying the laser frequency a saturation signal was 
obtained at each of the hyperfine lines and an inverted 
signal at the cross-over points, which occurred exactly in 
between the set of hyperfine states, separated by the ground 
state splitting. Cross-overs also occurred in between the
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excited state separation. These signals served as excellent 
frequency standards and we knew the frequency of the laser 
accurately to within 10 MHz.

The laser was then locked to an evacuated FP con­
taining a set of confocal mirrors of 15 cm radius. The 
evacuated FP feedback provided a fast frequency stability 
of 2 MHz, though it had a drift of 100 MHz/hour.

4.3 RESULTS AND DISCUSSIONS
The presence of nonlinearity and the availability 

of sufficient light intensity to observe the nonlinearity 
were established by looking at the transmission of the 
sodium vapor without the cavity mirrors. In Fig. 11 the 
effect of saturation is seen and the fact that the curve 
does not have a unity slope at higher input intensities is 
due to the Doppler broadening. On putting the mirrors back 
on the FP and peaking up the finesse of the cavity bistable 
curves were seen. Figure 12 is one such bistable curve.
With the FP in the scanning mode the outputs were asymmetric. 
The direction of the asymmetry depended upon the sign of
the nonlinear index,and in Fig. 13 the change in the index
sign is shown for different laser frequencies. There were 
three frequencies where the nonlinear index was zero (i.e., 
the FP outputs were symmetric): about 400 MHz below the
transitions from the ground state F = 2, (vg) at the cross over 
halfway between F = 1 and F = 2 (v^) and about 300 MHz above 
the F = 1 transition (v^). As mentioned earlier, the
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theoretical calculations (Fig. 8 ) do indicate the absence
of nonlinear refractive index at these frequencies. At
400 MHz below the ground state F = 2 transitions, purely

1 2 H 4absorptive bistability ’ * ’ was seen with the highest 
available laser power. On the other hand the nonlinear 
index bistability was quite dramatic at much lower powers.
In Fig. 14 the effect of changing the initial mistuning 
of the FP, (with the mistuning in units of frequency) is 
shown. The surprisingly small frequency shifts of the FP, 
with only a 2 MHz laser stability was possible as these 
data were taken quite rapidly and also the experiment was 
done at times when the ambient room temperature variation 
was at a minimum. (There were typically two such minima./ 
day, one at 6-8 p.m. and the other at 6-8 a.m.). By 
varying the absorption, and the cavity detuning the tran­
sistor or ac gain curve (Fig. 15) and the clipper character­
istic (Fig. 16) were seen. On the ac gain characteristic 
a 500 Hz modulation was amplified by a factor of 5, but 
because of the inherent loss of the cavity the overall 
gain was about 2.5. The reflected output of the clipper 
displayed a limiter characteristic.

Occasionally, multiple states like in Figs. 17 
and 18 were seen. By using an aperture on the output and 
moving it around, it was found that these were transversely 
independent curves. On looking into the cell through a
viewing port one could see filamentation as reported by

19Ashkin and Bjorkholm. It was concluded that these
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transverse filaments acted independently of each other.
This process is very suggestive of a futuristic optical 
device with the several transverse optical beams pro­
ducing multiple device action in a single unit.

Addition of a buffer gas (argon) considerably 
increased the bistability threshold. This is because colli­
sions with argon make the absorption line of sodium more 
homogeneous. Nonlinear index effects were decreased and the 
absorption became harder to saturate. A typical absorptive 
bistability in the presence of the buffer gas is shown in 
Fig. 19.

SWITCHING TIMES:
With the device in the bistable mode, square, 

sinusoidal and triangular optical inputs were used (Fig. 20). 
The observed "turn-on" (transition from weakly to highly 
transmitting operation in the bistable mode) times were 
1-10 usee. These times are approximately the time required 
for the intracavity field to optically pump the sodium 
atoms. The turn on times were shortest when the input was 
abruptly changed to its highest value. Turn off times were 
typically 20 to 50 p.sec. A thermal atom crosses the I.65 mm 
beam in 5 usecJ thus the effective saturated diameter is 
several times larger. In some of the switch on curves 
overshoots were seen; a typical characteristic of nonlinear 
refractive index bistability.
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The experimental results agreed qualitatively 
well with the theoretical results obtained by using a homo­
geneous, two level atomic system described by the Bloch 
equations. The sodium experiment revealed the possibility 
of making lower threshold devices with a wider optical 
frequency response, using the nonlinear refractive index 
of the intracavity media. Further, the absorption loss in 
such a device may be very small. In retrospect, a smaller 
and faster device could have been made by using a one mm long 
cell and increasing the sodium density 100 times. Further, 
by using a focussed beam and a spherical cavity the beam 
transit time could have been made as fast as a few nano­
seconds. Of course, the sodium absorption line may then be 
different due to collisions.
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CHAPTER 5 

THE RUBY DEVICE

5.1 RUBY
The sodium experiment verified and extended the 

physical principles of an optical element with bistable 

and ac main characteristics. For practical applications, a 

miniature, room temperature, fast, solid state device would 

be desirable. The next objective was to find a solid state 

system and several materials were considered ''e.g., GaAs). 

Eventually it was decided to do the experiment using ruby 

as the nonlinear medium. The advantages were that optical 

interactions of ruby were well understood and good quality 

crystals were easily available, and the threshold intensity 

for observing nonlinearity ir. the R lines of ruby was 

reasonable. However the long radiative lifetime of the R 

lines of ruby (3-5- msec'’, suggested that the response of 

the device would be limited to a few milliseconds. Further, 

because of the temperature-enhanced phonon broadening 

of the E lines, significant nonlinearity was expected only 

around "'""vi. The device was expected to be a slow, lew 

temperature one. Yet ruby was a good testing ground to see 

the effects in a solid and also to check if the same princi­

ples applied there. Known properties indicated that to use 

the R lines of ruby, input of a few milliwatts was required. 

The origin of the nonlinear absorption and dispersion in 

ruby and their dependence on temperature requires some 

underspending of the optical spectra of Cr~' ions in
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corundum (Al^O^). So, this section will be a brief review 
of this subject.

3The Cr ion spectrum in Al2°3 has been extensive-
2ly studied by many, in particular McClure and Tanabe and 

25 26Sugano. ’ The resonant R lines have been carefully 
studied experimentally by Nelson and Sturge.2^’2® The Cr^+ 
impurities enter substitutionally for Al^+ in the 
lattice. The electronic transitions of the d electrons of 
the chronium ion are strongly subjected to the crystal 
fields. Even though d-d electronic transitions of the Cr 
ions are parity forbidden, the effect of the trigonal part of 
the crystalline filed is to mix in odd parity states (about 
10 2 admixture) and hence the d-d transitions are split (R^ 
and R^ lines) and partially allowed having long electric 
dipole radiative life-times. The fully allowed transitions 
(pump bands) become broad absorption bands. The optical 
transitions are well understood and some important features 
of the electronic energy level diagram of Cr^+ in Al^O^
(Fig. 21) will be considered.

2The and E levels are split into the Kramer's 
doublets by spin-orbit interaction. At liquid helium 
temperatures the R^ lines are zero phonon lines and their 
width is due to inhomogeneous crystal strains. Further, atoms 
excited to the E state stay there for the radiative 
lifetime. Due to phonons, rapid (nsecs) thermal equili­
bration of the excited state population occurs between 
the 2A and E levels (splitting equivalent to
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42°K). Above 10°K, the fractio- of excited atoms in 
the E state is given by the Boltzman distribution. The cw
ruby laser used in this experiment (described in the next

O
section) emitted 6934 A radiation, nearly resonant with

p Q  O
the narrow R^ line at 77°K.> about 0.2 A wide. It was 
anticipated in this experiment that a shift of the round 
trip phase due to the resonant dispersion would be non­
linear because the R^ line was strongly driven. The room

0 28temperature R^ and Rg lines are about 5 A wide and are
o o

centered at 6943 A and 6929 A. Consequently, the laser 
frequency, which lies between the lines, is weakly absorbed.
Fast relaxation effects equalize the excited state popula-

27tions. Under these circumstances, the line strengths 
(E1C) are such that the R^ and Rg contributions to the non­
linear refractive index almost cancel. Therefore, bistable 
operation was expected only when the device was near 77°K.

5.2 A CW RUBY LASER PUMPED BY 5145 A ARGON LASER 
INTRODUCTION

A laser tunable over the absorption width of the 
LNg Rf line (0.5 cm-'*' total width) of ruby was required for 
studies of the ruby optical memory and amplifier. Mono­
chromatic cw single mode power of several mW was required. 
Dye laser efficiencies in that region are only about 10$ 
of Rhodamine-6G dye lasers operating near 600 nm. For this 
and stability reasons we decided to use a ruby laser.
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Argon laser pumped cw ruby lasers have been described by
Bimbaum et al.,2? Szabo,^0 Liao et al.,^1 ancj ^00 et al.^2
The gain of the transition at LN2 temperatures is so
high that lasing efficiencies of more than 15$ should be
easy to achieve, although such efficiency has only been

31reported by Liao et al.

DESCRIPTION
In contrast to earlier designs the output was

antiparallel to the pump beam. With vacuum above one face
of the ruby, unpleasant optical effects of LN2 on the pump
beam were avoided. The 1/4" diameter, 1 cm long* 0.05$

3+Cr , 60° Union Carbide ruby rod had end faces flat tcf 
x/lO. The faces formed a wedge of angle 12±2 secs of arc.

o
The LN2 face was coated 99+$ reflectivity for both 5145 A

O
and 6934 A. The vacuum face had 50$ reflectivity for

O O
6934 A and was 3$ for 5145 A. The rod was held in a O.255"

(|5)hole in a Varian Conflat^ flange and was epoxied in place
using stycast 1266 epoxy. The epoxy joint underwent over
one hundred room temperature to LN2 temperature cycles
before a small leak developed, which was easily sealed.
The flange was mounted on a l-l/2" i.d. evacuated stainless
steel tube with a window at Brewster's angle at the other end,
(Pig. 22). Use of Vaclon vacuum pump (Varian 9H-5011), pro- 

-4viding 10 Torr at the ruby face, avoided oil condensa­
tion on the cold ruby face in the vacuum region.
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ROcasionally an LN2~trapped diffusion pump using Santovac 
5 vacuum pump fluid was used to degas the heated ion pump.

ln2 FILL
The average frequency of the output depended on 

the LN2 temperature which was controlled by pumping on or 
pressurizing the LN2 dewar. The Union Carbide DC-5 LN2 
dewar was well suited for this purpose. Since the ruby 
rod was located close to the top of the dewar the LN2 
level dropped quickly. However, it was undesirable to refill 
often pumped or pressurized LNp, because that would reduce 
greatly the fractional operating time. To postpone the 
filling time we used a Helium "balloon", a hollow cylinder 
with an open bottom which was pressurized with gaseous 
Helium, thereby controlling the LN2 level in the dewar.
When the dewar contained too little LN2> pressurizing with 
Helium would not raise the LN2 level to satisfy a level 
sensor, and a delay circuit initiated LN2 filling. We could 
have instead used an external dewar constantly pumped or 
pressurized. Under 10 inches Hg pressure (absolute), LN2 
refilling was required only every.2 or 3 hours. The total 
of filling and repumping consumed about 20 minutes.

LASING CHARACTERISTICS
The argon laser (Coherent Radiation CR53) beam

Oat 51^5 A provided a power of 2W at the ruby rod. The
beam was focused by a 15 cm focal length lens Into the laser rod
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(Fig. 23). All optics were antireflection coated or at
Brewster's angle. The 300 mW output was a linearly
polarized single transverse mode without spikes apart from
mode beating. A collimating lens provided a. 2.5 mm diameter
beam. The output contained a number of longitudinal modes
separated by approximately 8.6 GHz, the free spectral range
(c/2nL) of the 1 cm long cavity. The modes spanned a
frequency range of more than 60 GHz about the LN^-R-^ line.
This is considerably greater than the normal 15 GHz total width
of the R-̂  doublet, and is attributed to strains, local

33heating, and isotopes. Mode pulling effects were also 
seen. Although the laser output had a number of longi­
tudinal modes, a single mode could be made to dominate 
(Fig. 24) by bringing different parts of the wedged laser 
rod under the pump beam. For this reason the laser assembly 
was on an x-y translator. By pumping or pressurizing the 
dewar, the frequency of the dominant mode could be tuned 
over a 20 GHz range.

FABRY PEROT FILTERING
A single output frequency was obtained using an 

external Fabry-Perot (Burleigh RC-10) interferometer (FP) 
to filter the ruby laser output. The FP had 95i° reflective 
coated, x/lOO flat mirrors separated by 2 mm (free spectral 
range of 75 GHz). ,-The FP spacing was controlled by piezo­
electric transducers on one of the mirrors. Using a small 
400 Ilz modulation on the average DC bias of the transducers,
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the output of the PP was maintained at a local maximum of 
transmitted intensity, corresponding to being resonant with .a 
given mode, by a standard servo technique (Fig. 23). The 
stabilization corrected for slow, drifts of the FP mainly 
due to slow temperature fluctuations. The loop correction 
time was set at about 0.1 sec. By quickly changing the 
transducer bias we could lock onto a different mode. There 
was a 25$ transmission loss in the FP due to absorption 
in the coatings and surface irregularities of the mirrors.
The ruby laser delivered more than 300 mW power distributed 
among 7 or 8 different modes. By moving the laser assembly, 
more than 75 mW was obtained in various filtered single 
modes. By sweeping the FP through a free spectral range 
and passing the light through a ruby absorber we could see 
the relative absorption of the different modes directly 
(Fig. 25).

FREQUENCY CALIBRATION
The absolute frequency was measured with a high 

resolution grating spectrometer. The mode frequencies rela­
tive to one another were measured with respect to a He-Ne 
laser- line with a FP. The He-Ne line was also used to make 
sure that we were always using the same order of the FP. 
Before each measurement the DC bias on the FP transducers 
was adjusted to put the He-Ne line on the negative vertex 
of the triangular voltage used for scanning the FP (Fig. 25).
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Using data obtained as illustrated in Fig. 25 the absorption 
spectrum of a 0.9 mm long, 0.05$ concentration, 0° ruby was 
measured and is presented in Fig. 26.

AMPLITUDE STABILIZATION AND MODULATION OF THE BEAM
To correct for amplitude fluctuations and to 

directly plot out the output intensity as a function of the 
input intensity an acousto-optic modulator (Zenith - Model 
M-40R) was used. The modulator had a quartz block in which, 
40 MHz sound waves were produced by an external RF voltage 
applied to several PZT hammers on one side of the block.
The modulator is aligned so that the light beam is at 
normal incidence to the sound waves. The modulator was 
mounted on an X-Y-Z translator with fine controls to rotate 
the modulator about the Y axis. The modulator was aligned 
so that the light beam was at normal incidence to the sound 
waves. The output consisted of a row of spots lying in the 
plane containing the incident light beam and the sound 
waves. The several spots correspond to the several orders 

of light Bragg scattered by . the ultrasound waves. By 
fine tuning the tilt of the modulator a maximum of 67$ of 
the incident light was coupled into the first order 
scattered beam. The amount of light scattered into the 
first order depends on the amplitude of the sound wave. 
Varying this amplitude in accordance with the applied 
modulation on the RF voltage produced a corresponding
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amplitude modulation of the light in the scattered beam.
The nonscattered beam was modulated inversely. Using an 
aperture, the scattered beam was isolated.

A feedback circuit (Fig. 27) receiving a signal 
from the sampling photomultiplier generated an error with 
respect to a DC voltage level set by the potentiometer. The 
output was held constant at any Value from zero to the maxi­
mum modulator light output by varying the potentiometer 
setting. The amplitude noise was less than a few percent.
A 2Hz triangular modulation was superposed on the optical 
beam to directly plot the characteristic curve.
MEASUREMENT OF NONLINEARITY

A 1 cm long 0.045$ concentration and 60° oriented 
crystal was mounted inside the dewar (Fig. 28). The c axis
of the ruby was determined roughly and the axis was set
approximately perpendicular to the polarization of the light. 
The modulator was turned on with 10 cps, triangular input.
The outputs of the I^n photomultiplier (RCA 7102) and the 
Iout photomultiplier were fed to the horizontal and vertical 
amplifiers of the Tektronix 56H scope. The top of Fig. 29 shows 
trac® of the curves obtained by scanning the locking FP.
The FP was then locked onto the least absorptive mode and 
the gain of the 564 scope was adjusted to produce a 45°
line on the scope. Then the FP was locked onto the most
absorptive mode, and the slope of the line was measured.
This gave the linear absorption length aL. An aL of 6.6 
was measured on the particular trace on Fig.29 Then
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introducing a 7.5 cn lens the beam was focused onto the 
crystal. A dramatic increase in the transmission was seen 
upon saturating the absorption' line (Figures 30 
and 31). This experiment established that there was 
sufficient nonlinearity and laser intensity to construct 
a device using ruby as the intracavity nonlinear medium.
The next step was to design an appropriate cavity.

5.2 DESIGN OF THE DEVICE CAVITY
There was an important criterion in the design of 

the device cavity. To obtain the maximum nonlinearity in 
the ruby, it was essential to focus the beam. So the 
cavity had to be mode matched for an incoming spherical 
beam. Further the cavity had to be tunable. Initial 
experiments were performed with plane FP cavities, made up of 
nearfyparallei faced ruby with a wedge angle of 12±2 secs 
of arc (for tuning purpose^ . But the peak transmissions 
of the cavities without much intracavity absorption were 
as low as 10$ on account of the wedge and poor mode match 
with the incoming spherical beam. So a plario concave FP 
cavity for the device, with minimum diffractive losses was 
designed. For the design, the propagation of Gaussian 
beams through media of different ind ic es had to be under­
stood. So a formalism to handle Gaussian beam propagation 
was developed and then applied to the piano concave geo­
metry. The reader may look up Ref. 3^ for further details.
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Green's Function Approach: Consider the incoming field to'
be of the form

E(r,z,t) = e (r, zje* (kz_a)t) + c.c., 5*1

where e(r,z) is a slowly varying envelope (only in spatial 
coordinates). Let us not consider the e ^ ^  term for the

4 lr7moment. Then E(r,z) = e(r,z)e + c.c.; an azimuthally
symmetric wave propagating in the z direction. On sub­
stituting ir 
SVEA we get

2 2stituting into the wave equation (V +k )E = 0 and using

(v* + 2ikc>z) e(r,z) = 0, j -5-2

where

* s  "  v ? + 3 Z • 5 . 3

Eq. 5.2 is mathematically identical with the 2D Schroctinger’s 
Equation. To solve this equation expand e in terms of its 
Fourier components. Then,

e(x,y,z) = ,i(px+qy+SZ) ~(P(q<s)dpdqdS; 5.4

substituting in Eq. 5.2 we get

f (-Sks-q2 -pa )i(p,q,s)el(pX+t!y+3Z)apdqds = 0, 5 - 5

2 2
clearly e(p,q,s) = e(p,q)6(s + ^ ^ ) is a solution.
The solution may be generally written as
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e(x,y,z) =
i(pxf-qy) - i ( P ^ ■■qL- )z 

e **■ e(p,q)dpdq ,

5-6

where e(p,q) is any function of p and q.
Assume at z = 0,t = 6(x)6(y), i.e., a point

source like an aperture. Then e(p,q) = — -— ? . Then Eq. 5-6(2tr)
may be evaluated, so that

/ r,\ ik ik(x^ + y^)/2z c „e(x,y,z) - - e 3 >■' . 5-7

Hence one could write down a Green's function,

r  ■ • '  2 ■-ik 1 (X"Xo) + {y~Y° y
- ik L 2 (z-z0 )G(x,x0,y,y0,z,z0 ) = 2ir(z-z0 ) e

5.8

Hence the field at a point (x,y,z), is related to the field 
at a point (xQ,y0,z0 ) by

e(x,y,z) = / dx0dy0dz0G(x,x0,y,y0,z,z0 )e(x0 ,y0,z0).

5.9

This relationship holds even if x0,yQ, and zQ are complex. In 
particular, a form of the electric field suitable for describing 
Gaussian wave propagation is obtained by setting xQ = yQ 
- 0 and zQ = - ia with a > 0. Then
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ikr2
f „\ ik P'( z+la) r- i n

e (r’z > = - girCz+ia') 8 ’ 5 '10

and the intensity
kr2

I(r,z) = |e(r, z)|2 = — — *- e ( z +a ) . 5.11
(z fa )

Hence the radius of the beam defined to be the l/e point of 
the intensity, varies with z as,

r 2 ' r o ( 1 + ^ ) '  5 - 12Ko 0

where rQ is the beam radius at z = zQ .
We can also find a definite relationship for the 

radius of the phase front (surface of constant phase) R,
with respect to the beam parameters a and k. Thus

2*1 ki* z<fi(r, z) = - tan (a/z) + k z ---- »— = constant,
2(z fa )

5-13

defines a phase front* and $ = Im(lne)- Eq. 5*13 implies 
that N N

( & ) z,r=0 or

inhere Az and r are small. Then
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/ 2 \R (z ) = which reduces to

R(z) = “ \ and

substituting for cp from 5-13 we get

R ( Z ) = + a/fc) 5-i6

Now that we have the formulae • for R(z) and r 
we can discuss the details of the device cavity.

DETAILS OF THE DESIGN

the ease and economy of construction and also to have the 
option of changing the thickness of the ruby crystal 
retaining the same spherical mirror. The cavity is in 
three pieces, a plane parallel faced ruby, a quart2 spacer 
and a concave quartz mirror (Fig. 32). One end of the ruby 
is 90$ reflective coated and the end inside the cavity is 
multi-layer antireflection coated. For perfect mode 
matching condition, the design is for a beam radius r^ on 
the reflective face of the ruby and a phase front of 
radius R = radius of curvature of the mirror at z = T.

The eventual design of the cavity was based on

The electric field in region I is (Fig. 32 )
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eI “ z + iA exp _+ 1 {" 2(z+iA) + Kz}

+ i6p 
(z ' + iA)

exp {- Kr 
2(z'+iA)

4- Kz} ] • 5.17

where p is the reflection amplitude at the boundary at z=L 
field in region II is

iP'II z + iA
kr2

2(z+ia) + (KL + k (z-L))}
5.18

2 2where a - kr^, A = Kr^ and 6 and p are constants to be 
determined from the boundary and normalization condition. 
Since the boundary conditions are,

eI = e

\I
dr*

r=0,z-L

r=0,z=L

de

II

II
dr*

r=0,z-L

r=0,z=L

5-19

5.20

we get,

(1+p) 5 ^ p 
L + iA L + ia and 5.21

k K
L + ia ~ L + LA * 5.22

From 5*22 it is clear that the spot size is independent of 
the medium.

Hence from 5-21 and 5.22 
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ipe-Q =  -------- ■   ;---. exp
,, 2 ikr

(z+L(n/N-l) + irx/N A) L 2(z+L(n/N-l) + in/N A)J

5.23

The radius of the phase front in region II is,
(z+L(n/N-l)}2 + ^

R(z) = -----------------NI —  . 5.24
• z + L(n/N-1)

Experimentally, we found nonlinear absorption at
intensities of a few hundred W/cm for an aL -- 1. With
single inode powers of 20 mW or more and a beam radius
rQ = 20 p, on the face of the ruby one could have an inten-

2sity of 1.5 KW/cm and with tyOfo mirror reflectivity one
2could easily get intracavity intensities of 150 w/cm or 

more.
By trial and error a mirror radius of O .87 cm was 

chosen. For r^ = 20 p., A = 0.6478 cm and hence for the 
phase front to have a radius of curvature equal to that of 
the mirror at z = T, one must have,

T + L(n/N-1) = 4.423 mm . 5.25

To satisfy Eq. 5.25 for different ruby thicknesses, 
retaining the same spherical mirror one should have 
different spacers between the ruby and the mirrors. The 
spacer thickness S for the different sample lengths was 
given by
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s = T-L = 4.423 - Ln/N - 0.233 mm ,
where the 0.233 mm difference arises from the geometry of 
the curved mirror with a coated diameter of 4 mm. For ruby 
thicknesses of 5, 3 and 1 mm, the spacer thicknesses were 
O.767, 2.136 and 3.505 mm respectively.

MODE MATCHING THE DEVICE CAVITY rr
Perfect mode matching of the cavity implied 100$

of the output in the TEMoo mode of the cavity. There were
four parameters to be matched; t'he spot size, (1 degree 
of freedom), location of the beam waist on the face of 
the ruby (1 degree of freedom), perpendicularity of the

« 1

beam to the ruby face (2 Degrees of freedom) and the beam must 
feedback from the concave mirror onto the incident beam (2 
degrees of freedom). Experimentally all these parameters 
could be satisfied by using 2 lenses. A combination of a 
15 cm and 10 cm antireflection coated lenses was used. In 
the later data the 15 cm lens was replaced by a 10 cm lens.
The laser beam diameter was calculated and the lenses were
placed at the appropriate distance from the device cavity 
to produce a 40 |jn spot on the ruby. Since both lenses had 
X-Y-Z translation giving 6 degrees of freedom and the sample 
mount had 2 degrees of freedom,a rotation about the vertical 
axis plus an up and down tilt, we had in all, sufficient 
degrees of freedom to satisfy the above 6 conditions. The 
lenses were moved in a particular order to collapse all the
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transmitted laser spots of the cavity into a single one.
But, by doing so, one obtained one or a combination of the 
cavity modes. By scanning the cavity spacing, the TEMoo 
mode intensity was peaked by moving the foci of the lenses. 
Figure 33 gives typical He-Ne laser outputs of the cavity- 
run on a strip-chart, while the cavity spacing was tuned by 
changing the LNg temperature by pumping on the liquid. A 
number of effects (e.g., the nonspherical intracavity sur-

O
face of the ruby) allowed only bOfo (6328 A) maximum trans­
mission. The low intensity room temperature finesse was 
about 18. Mirror reflectivities R = 0.91, and trans­
missivities T = 0.09. In contrast to the properly mode 
matched cavity data shown in Fig. 33, figures 3^ and 35 show 
outputs of an improperly moae matched FP cavity and a cavity 
in which the ruby has been replaced by a flat quartz mirror. 
HOUSING OF THE CAVITY: DEWAR AND SAMPLE HOLDER

To vary the temperature of the device a Janis 
Supervaritemp dewar was used in conjunction with a tempera­
ture controller (Lake Shore Cryotronix Inc.). The tempera­
ture servo guaranteed a thermal stability of the sample
holder of better than a tenth of a degree. The dewar had a
central cylindrical chamber of 1.45" diameter into which 
the device could be inserted. At the bottom of the dewar 
were optical ports through which the laser beam could be 
made to pass through the device. To vary the cavity
spacing of the device we used pressure tuning with he]ium
gas. A glass jacket with antireflection coated windows
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was designed to fit into the sample chamber of the dewar. 
Then the device consisting of a ruby mirror, a quartz 
washer and a quartz mirror fitted inside the l/4" bore of a 
spring loaded brass cylinder, was held at the end of a l/4" 
stainless steel rod which was supported by the sides of the 
glass jacket by Teflon washers (Fig. 36). The brass 
cylinder at the the bottom had up and down tilt, controll­
able from outside the dewar. With the stainless steel tube 
held at the top by a quick coupler it was easy to align the 
device quite perpendicular to the incident laser beam.
These degrees of freedom are in principle not essential as 
in the process of mode-matching the freedom of using two 
lenses would suffice. However, this enabled the use of the 
center portion of the lenses to avoid astigmatism. With 
liquid helium in the dewar the temperature of the sample 
could be varied from 4°K to room temperature by a heater 
coil wound around the brass cylinder housing the device 
samples. The temperature was detected by a calibrated 
GaAs diode, whose output went to the temperature controller 
supplying the current to the heater coil (Fig. 3^).

The top of the glass jacket had arrangements for 
letting in helium and also a pumping port for lowering the 
pressure inside. A pressure regulator was attached in 
series with the mechanical vacuum pump. With a controlled 
helium flow this formed a pressure servo system to maintain 
the pressure inside constant. At liquid nitrogen tempera­
tures a scan over a free spectral range was possible by
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changing the helium pressure by a few inches of mercury.
The longer 5 mm ruby samples with thin washers were more 
stable under pressure tuning than the short 1 mm sample 
with the thickest washer, which is ascribed to the lesser 
effect of fractional optical path length changes due to 
pressure fluctuations. The optical transmission of the 
dewar was only 70°p due to window reflections.

FARADAY ISOLATOR
When the device cavity was properly mode matched 

with the laser beam, the reflected beam from the cavity fed 
back into the laser and created frequency and amplitude 
noise in the laser output. To prevent this feedback a 
Faraday isolator was used. This consisted of two dyspro­
sium glass rods of 6 cm length joined together lengthwise 
with index matching lens cement. The rods were inserted 
into the axial bore of a Bendix water cooled solenoid which 
put out 1669 Gauss per ampere current. With the Verdet

Oconstant at 6934A, in order to rotate the polarization 
of the light by 45°, a 2.6 k'G magnetic field was needed.
At the entrance of the solenoid a Nicol prism was placed 
with its transmission axis parallel to the incident light 
polarization. (The laser light was almost completely 
linearly polarized.) But during quite a bit of the data 
taking the inside bore of the solenoid heated up, the Verdet 
constant decreased and the return beam being no longer
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rotated by 9 0 °, fed back into the laser and produced 
instabilities. This problem was overcome by having the 
glass rods enclosed in a water cooled copper sleeve. At 
normal operation the Isolator worked at a current of 15-75A 
at 60 volts.

5.4 EXPERIMENTAL RESULTS AND COMPARISON WITH THEORY
In this section the experimental work will be 

summarized and will be compared with the known information 
about ruby and the analytical model for the device.

In most of the data the peak transmission of the 
device cavity for the TEMoo mode was around 33$- Since the 
sample was held at the end of a long holder, there was some 
noise pickup, which gradually spoiled the mode match. So 
the lenses had to be adjusted often to maintain proper mode 
match. But the stability of the laser, the feedback system 
and the short term stability of the sample itself were 
sufficient for taking reasonable data. Even though the 
initial data were taken on a storage scope, in the later 
stages of the experiment with improved stability the 
characteristic curves were directly photographed with the 
light intensity being scanned as slow as 0.2 cps. (The 
photographs of the earlier data on the storage scope, were 
not very clear on account of the poor contrast and non- 
uniform diffusion of the phosphorescent material on the 
scope screen.)
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The 5 mm, 0.05$ Cr^+, 0° ruby was the first 
sample tried. It became harder to mode match the device 
at lower temperatures on account of increased absorption 
in the sample. Even though better mode matching was 
possible at higher temperatures, in the process of cooling 
the sample, due to the instabilities in the dewar, sample 
holder etc., the mode matching deteriorated. The peak 
transmitted intensities were of the order of a few hundred

pwatts/cm . After futile efforts at trying to mode match' 
the cavity at 77°K, the experiment was tried at 120°K. Sur­
prisingly, the device exhibited good bistability and ac gain 
(Fig. 37)* On warming the sample, dramatic bistable curves 
were seen at all temperatures (Fig. 38). The room tempera­
ture result in Fig. 39 clearly shows a limiter, ac gain, 
discriminating pulse amplifier and a bistable characteristic, 
for various cavity detunings. This result was very much in 
conflict with our picture of the nonlinearity in ruby, as 
the phonon broadened R lines of ruby contribute very little 
nonlinear refractive index or absorption and also the refrac­
tive index contribution of the R^ and R^ line nearly cancel 
each other at room temperature. To pinpoint the origin of 
the nonlinear refractive index (since the cavity output as a 
function of detuning was asymmetric), further data were needed. 
The response of the device to square input pulses was 
studied next.

The switching times depended on the nature of the 
characteristic curve (slow for bistability and faster for
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the transistor mode) varying from a few msec to 20 msec
(Figs. 40, 4l, 42 and 43). Further, the switching times were
independent of the temperature. We v;ere able to elminate the
dominance of thermally induced refractive index for the following
reasons. From Refs. 35.» 36 and 37 we see that the switching
times for thermal effects would be of the order of  5- ,

(2.4l) K
where cy is the specific heat, p the density, rQ the beam 
radius and K the thermal conductivity. At 300°K this time 
is of the order of 8 (isec and at 100°K it is as fast as 
70 nsec for a beam radius of 20 p. The lack of any tempera­
ture dependence of the switching times was an evidence 
against any thermal effect. Further, the amount of phase 
shift needed for the device operation, with thermally induced 
refractive index and length changes, required much higher
levels of laser power.

With the elimination of thermal refractive index as
the main cause, the similarity of the device response time 
to the radiative lifetime of the E state strongly pointed to 
a radiative refractive index change. Closer inspection of the 
ruby spectrum revealed yet another source of nonlinearity. 
There is a substantial amount of excited state absorption 
owing to the long lifetime of E state and due to strong 
parity mixing transitions to highly phonon coupled

38  )l Qbands. Figure 44a is the excited state absorptions
as measured by Fairbanks et al**°, and Fig. 44b is the. 
measurement of Kushida^, These absorptions have weak
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temperature dependence, and have a ŝ Tlf'lcant refractive Index 
contribution. Further, the strong U and the Y pump bands 
and the huge absorption at the far off charge transfer 
bands (40,000 cm ^ away) have a large refractive index tail near 
the R lines. The values of the refractive index are different 
for an atom in the ground state and one in the excited E 
state as the latter is closer in frequency to these non­
resonant bands. In a subsequent calculation of the phase 
shift due to these bands the shape and size of the absorp­
tion of these bands is assumed to be unchanged for the 
pumped and unpumped system, but the different detuning of
the laser from the center of the bands for the ground and 
the excited state is taken into account. The maximum non­
linear phase shift is given by §(l+w) (cpe-cpg ) where w is the 
difference in the fractional population of the upper and 
lower state (Ref. Chap. 3). The total dispersive contri­
bution from all transitions with the atom in the ground 
state is cp® and cpe is that with the atom in the excited 
state. Tables 1 and 2 list the different dispersive phase

O ishift contributions by a 1 cm long, 0.05$ Cr ruby. A 
point to be noted is that the dispersive contributions of 
all the states decay with the E lifetime of a few millisecs. 
Since the E radiative lifetime varies only by 20$ in going 
down to LN2 temperatures, we expect the ruby device to have 
switching speeds almost independent of temperature, as observed.

In the analytic model we put in the values of 
dispersion and absorption calculated for ruby (Table 1 and
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2) with a sample thickness of 5 mm. The model predicted 
that the system would be hardly bistable at room tempera­
ture and would start to show bistability around 120°K 
(Figs. 45-48). But when the length of the sample was in­
creased to 1 cm, (equivalent to doubling the nonlinearity) 
the theory (Figs. 49-52) showed a remarkable similarity to 
the experimental results (Figs. 37-39). The room tempera­
ture bistability was as good as experimentally seen, and 
the intensity thresholds for these effects were lower than 
that in the experiment. In the computer model, the Orbach 
relaxation of the Kramer's doublet was taken into account 
and the contribution from the transition was also 
included. Not included were the standing wave effects 
inside the cavity.

The next sample tried was the 5 mm, 60°, 0.03$
3+Cr ruby. This hardly showed any bistability at room 

temperature, and if we compare with the predictions of the 
theory for a 5 mm sample of 0.05$ Cr3+, this is not sur­
prising. But at lower temperatures, i.e., around 120°K and 
below, the sample did go bistable and the results are shown 
in Figs. 53 and 54-.

A 0.03$ Cr3+, 60°, 3 mm and a 0.05$ Cr3+, 0°,
0.9 mm samples were tried next and the results are shown
in Figs. 55-58.

Since the 0.9 mm sample did not absorb as much as
the thicker samples around 77°K, we decided to look for a
change in the sign of the dispersion as the temperature of 
the sample was lowered below the laser temperature.
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With the laser at 77°K and the sample at 65°K the FP 
profile had the opposite asymmetry (Figs. 59 and 60) 
implying that the nonlinear dispersion at lower temperatures 
is dominated by the R^ line contribution, since the dis­
persive contribution due to both the ground state transition 
change sign below 77°K (Table 1).

The experimental data support our understanding 
of the transitions in ruby and also the basic theory of the 
device. In conclusion we would like to spell out the 
results of the ruby experiment point by point.

In the case of ruty, nonlinear refractive index contributions 
dominates over absorptive bistability. The origin of the non­
linear dispersion is the temperature insensitive, nonresonant 
excited pump and charge transfer band contribution (made 
nonlinear by the change of ground state population due to 
the R line transition) and the temperature dependent 
resonant R line contribution. At room temperature the 
nonresonant contribution dominates over the R line contri­
bution, but at lower temperatures the R lines become more 
important. The device is under thermal equilibrium during 
operation, and there is very little thermal contribution to 
the nonlinear dispersion. The excited state contribution 
for a 5 mm, 0 .05$ concentration sample seems to be just 
enough nonlinearity for seeing room temperature bistability. 
Lowering the concentration to 0.03$ we do not have suf­
ficient nonlinearity for the device to operate at room
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temperature. The threshold for the operation of the device
is a few hundred watts/cm experimentally, though the
theory predicts lower thresholds. This could probably be
accounted for on the basis of the cavity losses.

The switching time of the device is of the order
of a few msecs to 20 msecs and corresponds to the order of

2magnitude of the E lifetime of 3 to 5 msecs. Since the
2nonlinearity is controlled by the variation of the E level 

population, this is a reasonable result.
An additional experimental result is the observa­

tion of overshoots in the output when the device is switched 
on and off by a square wave light pulse (Fig. 3) • This was 
predicted theoretically (Sec. 22) for a purely dispersive device.

The ruby study shows that by driving a weakly 
absorbing transition, thereby changing the population 
distribution, it is possible to obtain large nonlinear 
refractive index contributions from nonresonant levels.
This effect may be exploited in other materials such as 
semiconductors with exciton or impurity level transitions.
We believe similar devices of micron dimensions containing

o —11 210 active centers with cross section 10 cm can be con-
_7structed. Such devices would require approximately 10 

watts for center lifetimes of nanoseconds.
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TABLES
Table 1.
Maximum phase contribution from the and R2 transitions 
for a 1 cm, 0.05# Cr^+ , 0° ruby. The laser has the dominant 
mode frequency at 77°K which is measured to be 14417.22 +
0.05 cm . The linewidths and the shift of the resonant 
frequency with temperature are obtained from Ref.28. The

2value of P and P. are calculated for an intensity of 10 W/cm . a b

Table 2.
Nonresonant phase contribution at room temperature. The 
The center frequencies of the transitions and their line­
widths have been obtained from Ref.38 and 40.

There are also specific contributions from the 
excited state transitions. The absorption lines are approx­
imated by simple Lorentziansand they are also assumed 
to be homogeneously broadened.
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Fig. 26 Absorption profile of a .05%, Cr:5+ concentration

0° and 0.9 mm thick ruby sample, the peak OC measured 
was 1^.7 cm"1 , whereOk-L-1 In (T), and T is the 
fractional light transmission.
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Figure 27
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SET-UP FOR MEASURING NONUNEARITY IN RUBY

Figure 28 
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0.9cm LONG 
045%  Cr3* CONCENTRATION 
CJLE
I IN(PEAK)5 32mW 
7.5 cm LENS 
LASER AT 7 7 'K X100

0.3 cm
L/jtSER AT 7 7 * K H

0.3  cm
LASER AT 6 5 #K

X10

M

IlN

FIG.10 ONSET OF NONLINEARITY ON INTRODUCING A LENS

The vertical trace expansion is Indicated by xlO and xlOO,

Figure 30

- 109 -



FOCAL LENGTH OF LENS=10cm

i-
oH 4444 44++ 4+++444++44+ ++++

X5

I IN

The v e r t i c a l  t r a c e  expansion is  i n d i c a t e d  by x5.

FOCAL LENGTH OF LENS=7.5cm

X5

4-
oH 44+444++ +++ 44+4 444+

I|N

FIG.11 DEPENDENCE OF SATURATION ON FOCAL 
LENGTH OF THE LENS

FIGURE 31 |
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a n t i r e f l e c t i o n  c o a t e d

QUARTZ SPACER
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L ASER BEAM /

1 /4

91% REFLECTIVE  
COATED RUBY

GROOVES FOR 
AIR ESCAPE

9 1 %  R EFLECTIV E  
COATED CONCAVE,
QUARTZ MIRROR  
OF RADIUS 0  8 7  Cm

The device cavity,

Figure id
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He-Ne LASER
CAVITY WITH 3mm RUBY INSIDE, IMMERSED IN LN 
MAXIMUM TRANSMISSION IN TEM00 = 40%  
CAVITY SWEPT BY PUMPING ON LN

OPTICAL PATH LENGTH OF THE CAVITY

F ig u r e  3 3

N/»
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CAVITY AT ROOM TEMP WITH .0 5 % , 0 ° , 5 mm RUBY.
NEUTRAL DENSITY 1.6 IN THE INPUT BEAM AND HENCE SYMMETRICAL 

OUTPUT.

2 0 %  MAXIMUM TRANSMISSION IN TEMnoo-
CAVITY SWEPT BY HEATING THE SAMPLE AND THEN LETTING IT COOL.

(n -1 )Tn ORDER n,n ORDER

T E M m o

OPTICAL PATH LENGTH OF THE CAVITY

Figure 3^
X



RUBY REPLACED BY 5 mm,  QUARTZ MIRROR (FLAT) 
PEAK TRANSMISSION IN TEMpioo ls 5 ^ %

nth ORDER4-------------- >

laA L/LlJ JLa
OPTICAL PATH LENGTH OP THE CAVITY

Figure 35
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I ,N VS I  out FOR DIFFERENT OT DETUNINGS

WITHOUT
SAMPLE

PEAK
TRANSMISSION 
WITH SAMPLE

wM

M

IlN
EXPERIMENTAL DATA

5mm,0°, .05% Cry  RUBY 
LASER AT 77*K 
SAMPLE AT 120*K 
E1C
TRACE OF OUTPUT ON 
STORAGE SCOPE

Figure 37
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EXPERIMENTAL DATA

5mm, 0 * .
.05% Cr5*  RUBY 
E1C M

T * 1 2 0 #K

H

Fig. 38 Characteristic curves for a 5 nun, 0.05/» Cr" , 
device at different temperatures.
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I l N  *■

ROOM TEMPERATURE BISTABILITY
• I,N VS I out FOR DIFFERENT DETUNINGS 
. 5m m ,0°, 05% CONCENTRATION RUBY 
•E±C
•I|N(MAX) IS 21 m W  INCLUDING LOSSES IN DEWAR

Kij.ure 39
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OUTPUT

TIME (10msec/DIV)

ASYMMETRIC RESPONSE TO TRIANGULAR 
INPUT UNDER BISTABLE OPERATION

Figure ^0
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Figure 4l
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RISC AND FALL TIMES

•80 Hz SOUARE MODULATION ON A DC LEVEL 
• G) TRANSISTOR MODE 
•®  BISTABLE MOOE
•NOTE OVERSHOOT M THE RISC AND FALL.IN ®,

Figui-e ^3
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Computer plot of the characteristic curves using Eq.2.3 and the data of table 1 an i P.
The mistuning ane:le is indicated for each curve (in radians).

cm long, .05$ concentration ruby'.

At 77°K

1



Computer plot of the characteristic curves using Eq.2.3 and the data from table 1 and 2,
The mistiming angle (in radians) is indicated for each curve. . ...

«

• 5 cm long, .05/̂ concentration ruby

IV)
vn

At 100°K

re

At 120° K

2b 21 ti A  21 2i  21 2̂  j l  2*  J

Figure 46



«• «
Computer plot of the characteristic curves using Eq.2.3 and the data from tables 1 and 2 .
The mistuning angle (in radians) is indicated for each curve.

.5 cm l o n g ,  . 0 5 $  c o n c e n t r a t i o n  r u b y . '

A t  200° KA t  150° K

21 j!> H 2i 2. 2S 3 I ib n ii ib ib \ it i> it i’» 2b 21 22 2i 2* 2$ 2s 2> 2k 2* jh
i.  is is 1/h

Figure 47



Computer plots of the characteristic curves using Eq.2.3 and the data from tables 1 
The mistuning angle (in radians) is indicated for each curve.

.5 cm long,".05$ concentration ruby. .

-i

22 jS 2« 2S 2t r  2k 2k ! I

/

and 2 .

Figure ^8



Computer plots of.the— characteristic curve^ using 2ci.2.1 and the data, from table 1 and 2.
The mistuning-angle(In radians) is indicated for 
each curve. - - .v :. ' . ‘

• *' 1 cm long,- .05$ cone,
ruby at 85bK.

I
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y

P
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Fipure 9̂



Computer plots of the characteristic curves using "0.^.3 and the data from tables 1 and 2.
The--mistuning angle (in radians) is .indicated, for each curve.

1 cm long,— .05$ -concentration rubjt.

At 120° K

Figure 50



Computer plots of the characteristic curves using Fq.2.3 and the data from, tables 1 and 2 .
The mistuning angle (in radians) is indicated for each curve. r-

i1 cm long. ' jyirfn eofic entrailon rubv

At 200°K

XL_
•2

Zj 8 .

figure [)1



Computer plots of the characteristic curves using Fq.2.3 and the data from tables 1 and
The_inlgtuning angle (in radians ) is indicated for each curve.

I 'CTr lonc; ~ vO

IQ.
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» 10 11 li 1 J u  15 li !> II r» 20 21 22 IPI

Figure Lj2



EXPERIMENTAL DATA
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IlN  VS lour FOR DIFFERENT DETUNING OF THE OT

• 5mm,60* 03% Cr3* CONCENTRATION RUBY AT 105*K
• LASER ON LARGEST MODE AT 77*K
• TWO 10cm LENS USED FOR MODE MATCHING
• MAXIMUM TRANSMISSION IN TEMoo AT ROOM TEMPERATURE* 25%
• VERTICAL SCALE -0  4mW/DIV
• HORIZONTAL SCALE -  3.2mW/DIV
• C AXIS AT 45* TO THE UGHT POLARIZATION
• 0.2 Hi TRIANGULAR SWEEP OF MOOULATCR

Figure 53
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I  i n  VS Iqu t FOR d iffe re n t detuning o f the  or
• 5mm,60*. .03% Cr CONCENTRATION RUBY AT 105*K
• LASER ON LARGEST MODE AT 77*K
• TWO 10cm LENS USED FOR MODE MATCHING
• MAXIMUM TRANSMISSION N TEMoo AT ROOM TEMPERATURE* 29%
• VERTICAL SCALE -0.4mW/DIV
• HORIZONTAL SCALE - 3 2mW/D»V
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EXPERIMENTAL DATA

* kssdf
3 4

I  IN VS I quxCHARACTERISTIC FOR DIFFERENT DETUNING OF THE OT
• 3mm,6 0 * , .0 3 %  Cr> CONCENTRATION RUBY AT 95*K
• LASER ON LARGEST MODE AT 65*K
• TWO 10cm LENS USED FOR MODE MATCHING
• MAXIMUM TRANSMISSION IN TEMqoAT ROOM TEMPERATURE• 30%
• VERTICAL SCALE -038mW'DIV
• HORIZONTAL SCALE-328rrtW/DIV
•C AXIS PERPENDICULAR TO THE LIGHT POLARIZATION
• 0.2 Hz TRIANGULAR SWEEP OF MOOULATOR

figure 55
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EXPERIMENTAL DATA

I INVS I OUT CHARACTERISTIC FOR DIFFERENT DETUNING OF THE OT
• 3mm,60V03% Cr3< CONCENTRATION RUBY AT 95*K
• LASER ON LARGEST MODE AT 65*K
• TWO 10cm LENS USED FOR MOOE MATCHING
• MAXIMUM TRANSMISSION IN T EM™ AT ROOM TEMPERATURE• 30%
• VERTICAL SCALE-0.3mW/DIV
• HORIZONTAL SCALE-2.75 mW/DIV
•C AXIS PERPENDICULAR TO THE LIGHT POLARIZATION
• 0 2 Hi TRIANGULAR SWEEP OF MODULATOR
• DATA ON EXPANDED SCALE

Figure 56
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EXPERIMENTAL DATA

I INVS IcxrrCHARACTER|STIC FOR DIFFERENT DETUNING OF THE OT
. 3mm,60*,.03% Cr3+ CONCENTRATION RUBY AT 95* K
• LASER ON LARGEST MODE AT 77»K
• TWO 10cm LENS USED FOR MODE MATCHING
• MAXIMUM TRANSMISSION IN TEMon AT ROOM TEMPERATURE• 30%
• VERTICAL SCALE-0.63 mWDIV
• HORIZONTAL SCALE-3.85mW/DIV
• C AXIS PERPENDICULAR TO THE UGHT POLARIZATION
• 0.2 Hi TRIANGULAR SWEEP OF MOOULATOR
• EFFECT OF BETTER MODE MATCHNG

Figure 57
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•3mm,0*. .05% Cf3* CONCENTRATION RUBT AT 85K
• LASER ON LARGEST MODE AT 77*K
• TWO 10cm LENS USED FOR MODE MATCH NG
• MAXIMUM TRANSMISSION IN TEMno AT ROOM TEMPERATURE* 35%
• VERTICAL SCALE-063mW/DIV
• HORIZONTAL SCALE -6mW/DIV
• C AXIS PERPENDICULAR TO THE LIGHT POLARIZATION
• 0.2 Hi TRIANGULAR SV£EP OF MODULATOR

Figure 5B



.9 mm, 0 ° , .05 % CONC RUBY IN CAVITY 

LASER AT 77° K 

SAMPLE AT 100° K
CAVITY ASYMMETRY HAS SHARP RISE ON THE LEFT

OPTICAL PATH LENGTH OP THE CAVITY

Fi gur e  59 

-  138 -



139

.9 mm, 0 ° ,  . 0 5 %  CONC RUBY IN CAVITY  

LASER AT 7 7 °  K 

SA M PLE AT 6 5 °  K

THE C A VITY  ASYMMETRY HAS CHANGED SIGN 

SHARP RISE IS ON THE RIGHT

OPTICAL PATH LENGTH OP THE CAVITY

P ig u i'e  G O
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CONCLUSIONS
Bistability and optical amplifier action have 

been demonstrated in gaseous and doped solid systems. A 
working theoretical model has been proposed and the theory 
agrees reasonably with the experimental results. Both 
experiments indicate the superiority of systems dominated by 
nonlinear refractive index to those dominated by nonlinear 
absorption. Nonlinear refractive index enables a wider 
choice of optical frequencies and lower threshold operation. 
The experimental results are in good agreement with predicted 
values. The success of the results in two very different 
media, gives us confidence in the validity of the model, 
so that one may project ahead.

The important result of the ruby experiment is 
the large refractive index produced by the dispersive tails 
of strong nonresonant bands. This refractive index is made 
nonlinear by a resonant mechanism which changes the ground 
state population. If one looks at the absorption spectra 
of solids like GaAs, InP and so on, there are strong, wide 
absorption bands (typically a ~ 10"5 cm )̂ . There are also 
sharp resonances due to excitons or impurity levels in the 
bandgap region. If one excites these sharp resonances on 
their wings, one not only gets the nonlinear phase associ­
ated with the sharp resonance but also the contribution 
from the nonresonant bands.

How small could the device be made? In principle
3the volume of the device could be of the order of X .To

-  1 L0 -



achieve this, the medium should have a of the order of A 1 
and since aL~l, L=A. Further, the beam should be focussed

pto a spot of area A for minimum diffractive loss (i.e., F 
number = area/AL =1).

Let us now study the fundamental limitations of
2the device. If the absorption cross section a is about A ,

since a- No this implies one active atom per device. To
guard against statistical glitches one needs at least say,
a thousand active atoms and we can choose a to be a thousand
times less, perhaps by being off resonance and increasing the
number of active atoms by a thousand. The power needed to
operate such a device is that of a thousand photons/lifetime
which is lO-"^ joules/lifetime. This is comparable to the
energy required in competitive devices like the charge coupled
device. A nanosec. speed device, would need a laser power
of 100 nW or more. The power of lO-"^ joules per lifetime
is the minimum power possible. The energy of a photon of the
order of an eV and the statistical requirement of at least a

4l1000 photons may be the ultimate limitations of these 
optical bistable devices.

Figure 6l is a possible use of the device in a 
repeater station where a single laser and many such devices 
are used to process several channels. The device may open up 
a new dimension in signal processing, but even if it doesn't, 
these experiments have shown that it is possible to construct 
devices where an optical beam could be controlled by a weaker 
beam.
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A FICTITIOUS OPTICAL COMMUNICATION 
REPEATER USING OT

LASER

CHANNEL 3 IN

MIRROR
TRANSMISSIONS

CHANNEL A IN CHANNEL 
3 OUT

DEVICE 3

DEVICE 1

CHANNEL 2 IN
CHANNEL 1 OUT

Z77Z% DEVICE 2

CHANNEL 2 OUT

Figure Cl



APPENDIX A

STABILITY OF THE SOLUTIONS 
Equation 2.3 contains the essential information 

describing the device. For the moment it will suffice to 
assume that the device works purely on nonlinear absorption 
due to a two level Bloch system. Then in the absorptive 
case:

assume the laser to be exactly on resonance with the 
absorber so that Acs = 0. The fields may be chosen to be. 
real without loss of generality. Using the Bloch 
equations 3 -7a, b and c and A.l we get

eI = eT + Pv * A/1

2where v is in units of Q t  L/x For further simplicity

A.2

and

W 1 + k r -1 ('t -(t-T)/T
I ( ej“£ip) erpe dT . A.3

On substituting into A.2 we get

dx • A.4
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This equation describes the time evolution of the trans­
mitted field in a complicated way. At steady state,
• •

eT ~ EI ~ ^ an(  ̂we

e  —  Sip fl- + g / 2 ̂  ’ A . 5' 1 + k^T1T2 eJ J

This equation gives the stationary points and has 1 or 3 
solutions £rp - e,p(ep). Figure 62 gives the general appearance 
of the curve described by A.5 and it is easy to see that for 
certain given input fields and values of T there are more 
than one steady state solution. Let us study the nature of 
the solutions at one of the output fields e q . Linearize 
the equation around £q, and let x = et - Eq, then

*  “ ■ (  3 " 1'̂ K) X * (  Z? + rKX  + eI/T2

+ k2 (e0+x)
t -(t-T)/T,

d r e  ( E q 4-x ) ( e  j - E q - x )

-  00
A .6

Dropping nonlinear terms in the limit of small values of x 
we get,

p t  - ( t - ' O / T p2
x  =  A p X  4- A I d r e  x ( t ) ,  w h i c h  A.7

— CO

= A,x 4- Aol , w h e r e  A.8
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A, = (l/T2 + kT ) + TjK eoCej-eo)
t

A.9

Ag = k s0 (eI-2e0 ) and I
-(t-T)/T

x(x)e dr

We could write the same as

_d_
dt

1 -

The time evolution of x is easily guessed as

x (t) ~ x(0 )e*fc ,

A. 10

A. 11

•'A.12

where A is the eigenvalue of the matrix. If ReA is posi­
tive, the solution is unstable, if ReA is negative, we have 
a stable solution.
The eigenvalues of A are given by

A = |[(A1-l/T1) ± {(A1-l/T1)2 + ^(Aj/Tj+Ag)}2}.

A. 13

Since A is never purely imaginary, there are no purely 
oscillatory solutions. The necessary and sufficient con­
dition that A is negative definite is

-  1 4 5  -



and
T1A 1 - 1 < 0, 

A 1 + A2T1 < 0

A.lb 

A.15

From Eq. A.5 we get

T (r+l/T? + 1/T )
T,A, - 1 - - , A.16

J x  1 +  k  T  T 2  e *

which is always negative. Further manipulation of Eq. A.5 
gives us

A, + ApT, = - T, (l+K2T.,Tp) — - . A. 17
beT

Hence the solutions are stable if and only if 

de-
- > 0 , A.18

when evaluated at the steady-state solution values. 
Referring to Fig. 62 we see that there is a region of 
unstable points on the curve in the shaded region and 
hence as soon as the value of reaches the value Ejy 
output switches from 1 to 2 and when ê - research the value 
Ejp, the output switches down from 3 to b.

Clearly the requirement for bistability is that 
there exist two values of eT for a given where, 
deT
  > 0. This implies that
£(ji
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2 2 ' 2where F = k  T^T2 eT . The bistable points correspond to

2 (r-2) i y r r r ^ y
F = ----------------- , A.202

2Since F , proportional to intensity of light is real quan­
tity, a necessary and sufficient condition for bistability

deT
is that T > 8 . At the points = 0, we get 2 values of
X, one negative and the other identically zero. At these 
points the solutions are stable for negative \positive) 
perturbation at the switch up (switch down) value of ‘the 
field and unstable for positive (negative) perturbation.

The above conclusion is not very general. For 
instance, it can be shown that if there are more than one 
relaxation time in the medium the points with ^eI ’ ' ~

l i pneed not necessarily be stable



STABILITY OF SOLUTIONS FOR 
ABSORPTIVE BISTABILITY

UNSTABLE

I
H
-fcr
GO

I

*0 >0
■iu

Et —

Flgur* 62 '

l

FIGURE 63

< I



APPENDIX B

RESPONSE OP THE DEVICE AT A SWITCHING POINT
We will study the response of a dispersive, bi­

stable device at the switch-on point for a small, linear in­
crease in the input power. Referring to Fig. 63 and Eq. 2.5, 
we can see that <f> or F(<f>,P.j.) (refer to Eq. 2.7) as a function 
of <J> will have the general form as shown in the figure. The 
switch-on points are defined by pju , and <J> which are the
roots of the equations,

= 0
<P ,  P -r  ro’ Iu

B.l

and

If <*’V = 0.
vo* lu

B. 2

Hence, close to <b and PT , * r o I u ’

F U . r p  - *<♦<,.Plu> + If u  , 9F 
A<!> +  J p

1 0  9 P I

Api + ?1 9 F
9 <f> ‘

A(/> + 9 <f> 9 P-. A<[)APj + . .

B,3
where the subscript o refers to evaluation of the function 
at Pj = Pj and <J> = <f>o , Using B.l, B.2 and Eq. 2.7, we obtain,

A<(> = 9F
, 1 3<r

44.AP + 1  ^ 2
X d 9P-r

If we consider P^ = at where a is very small, then 
dropping terms containing the second and higher powers of a, 
we get

-  1^9 -



A<f> = aat + 3A(J) + yaA<J>t B. 5

where

a = 9P
ap.

2a p
2 and y =

?a f
3P-,

We will deal with cases where a > 0. Defining new variables

2 1/3
S = I Its*] A4> and t = (ota3)1/3t,

equation B.5 reduces to

£  =  t  +  £ 2  +  e £ x B. 6

where the prime denotes differentiation with respect to t  and

e = Y3a
2 2 a 3

1/3

If Pj is changed from P^u very slowly (i.e., small a) 
the third term could be dropped. Eq. B .6 reduces to

B.7

and defining

■ f
£dx' B. 8

Y = e
we get

Y + Yx = 0 B.9
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and
S = _ iL in y. B .10

U T

The solution of the equation B.12 is made up of the Airy 
17functions and the general solution is

= AAi(-T) + BB±(-t ) B.11

where A and B are constants, to be calculated from boundary 
conditions. Prom Eq. B.7 it is easy to see that as 
t -> -ooj £ ■+ _/x. Of the functions A^ and B^, only A^ has 
the correct asymptotic form to satisfy this condition. Hence,

£ = - ~  In A±(-t) B.12

or
1/3A<J)(t) = -(— ) — In A± [-(aa3) 1/3t]. B.13

Prom Eq. 2.7, the change in the transmitted power can be
calculated.

If the third term in Eq. B .6 was not neglected one 
can again solve the problem exactly. On making the substitu­
tion

rx
-r'  . 0 0

£dr'
Y = e 

in Eq. B.7 we get

Ym + xY -eYwT = 0. B.14
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Writing Y = eT one gets

X" -l/4{e2x2-4x-2e}X = 0. B.15

If we define 7 = /e(x-2/e) and q = (Ve^+2) then Eq. B.15 
could be rewritten as

X" -l/1l{x2-q}X = 0. B.16

The solution to this equation is

X = uU(-q,7) + vV(-q,x) B.17

where u and v are constants and U and V are the Parabolic 
Cylindrical functions. To determine u and v let us consider 
the limit of x •> -°°. Prom Eq. B .6 we obtain £ -► -•£•. Only 
U(-q,7) has the correct asymptotic form. Hence,

A<f> (t) = - ^  X/J In ex/ **  ̂1 U -q ,/e x - B .20aa
32

1/3 —  mdt ±n

r

e1^  U -q ,/e _2_
e1 > * k t j
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APPENDIX C

THE GAIN FUNCTION FOR A TWO LEVEL 
SYSTEM DEVICE 

From Chapter 2

E I = ET _ 1 f 9 (et)et • 0,1

If at a steady state value Ep, E® the input is modulated 
(pure amplitude),

AEj = £Et (1 - i | tp(ET )) - i | E fpAcp . C.2

For a change in ET , A cp could be calculated from Chapter 3, 
Eqs. 3-26 and 3-28 which yield

Aq>R = ~T~ flnR ’

= - Re (¥) Gr(a“'v)kT2 eivt ' c-3T

where GR is given by Eq. 3-26. Similarly, ■

Acpj = - Re 0 ^ )  Gi(Ao5,v)kT2 ^  eiVt . C.4
^ Ejp

A word of caution to the reader. The phase is a 
function of the cavity field and to an approximation we can 
replace the cavity field by E,p//T. Hence in Eqs. C.3 and
C.4, this factor of —  must be appropriately added. This

v / T

is still an approximation and it has been shown by
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Bonifacio and Lugiato'1̂  that the factor — must be
/I ^replaced by/ ̂  using a mean field approximation method. 

Substituting these values we can get the matrix elements 
of the gain matrix, which are

q R R  _
^ , R  0  . .-,0 R  A  *p A

-I T  r p - j -  +  h T  T  t  J
AL1jrp

n , R  „ 0  , ^ 0  A  ^  , R 2  f r0 , fp 0  A  cpR
T  9 I  +  E T  A E t  )  +  t 2  V 9 R  +  E T  A E t

C.5
CRI __ qlR

R/T ( > e + E° jgL )

C .6

For a device to act as a pure AM-AM converter 
QRI = - QIR = 0 .  It might be possible to make AM-FM and 
FM-AM devices too.
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APPENDIX D

To simplify the equations we could write them as

_d_
dz

eF \ / ^1 ^2 / eF
D.l

where

eB / \  M3 "Mi/  \ eB

M1 = ? a(°) D '2a 

M2 = | a(2k)(cos a cp -Y sin A cp ) D.2b

= - 75 a(2k) (cos A cp ) . D.2c

We could express equation D.l as

e  = M e  , a Matrix equation . D.3
dz

Assuming the variation of M to be negligible (SVEA) in the 
interval z and z + A z, the fields at position z + Az may 
be calculated from that at position z, during the equation

C + M2S
= Exp(M-^) A z

C - M, SEb 7 z+Az \ -M3S

D.4

where
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C = Cosh | y ^ - M g ) 2/^ - M-jMgAzj- D.5

and

S - /(M-L-Mg)2/^ - M1M2 A z  Sinh | ./(M-,-Mg)2/4 -M^Mg A zj

D .6
while,

^2+A2 = (ff)z ̂  D-7
Using equations D.4, and D.7 the value of e at z + A z is 
calculated from the value at z. Equation 3.37c gives the 
the value of at z + A z in terms of the values of

e-n and A cp at z. By this process of iteration the
I* ±5
fields are calculated along the length of the cavity, 
starting with the transmitted fields and eventually 
evaluating the incident fields.
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