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THE THEORY AND EXPERIMENT OF AN OPTICAL
DEVICE EXHIBITING BISTABILITY AND DIFFERENTIAL GAIN
. By
T. N. C. Venkatesan

ABSTRACT-

This thesls reports the theory and experiment of
an optical element which exhibits bistable transmission,
differential gain, discriminator, limiter and clipper
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
optical signal processing as the transistor does ln
electrical communication today.

The element utilizes the nonlinear refractive
index and/or the nonlinear absorption of a medium inside
e Fabry-Perot interferometer. The idea for the nonlinear
absorptive device was originally proposed by Seidel,
rediscovered by Szdke 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.



Since then a simple model which explains the iﬁpoftant '
features of the device has been developed. 1In bursuit
of a solid state'dévice, an experiment was performed
with ruby, using a cw ruby laser source specifically
for this thesis work. Unanticipated room temperature
operation of thebdevice 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-~
ruby experimentegreatly 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 si%e, nanb-

second speed, solid state devices utilizing submicrowétts

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
communicatlion in the past decade. If one pauses to think
about the advancement of a field 1like electronics, one
realizes the vital role played by the trlode and the
transistor: three port devices with which‘one is able to
control a lérge voltage or current by a weak signal. An
analogous three port device in the optlical regime where
the transmissicn of a light beam through the device 1s con-
trolled by a weaker light beam, should be an important
asset to optical signal processing. This thesis 1s about
such a three-port optical device. Posslble noise reduc-
tion in very closely spaced information channels (optical
fibers) and the possibility of sendlng different colored,
noninteracting light beams down the same fiber (equlvalent
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 interestlng modes
of operation, obtalned by varyiné some of the parameters
of tne device. In Fig. 1 the different modes 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 1is qualitatively
different for the different modes of operation. The first

mode is the bistable mode; in this curve we see that the

- 10 -



ocutput has two stable values for the same input 1intensity
for a certain region of the input. A device operating in
this mode 1s an optical logic device where, with a de¢ light
intensity between "switca-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. Eowever, a constant power
source 1s 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-
nater and pulse amplifier", one sees a potentlal candidate for
an element 1n a repeater station in an optical communica-
tion network using pulse code modulation. In this method
o communication, the information is coded in the form of
light pulses and 1s transmitted in an optical fiber. The
pulses not only attenuate with distance bﬁt also become
noilsy. 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 exhiblts a
region of slope greater than one. A small signal modulating
a dc level of 1ight 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 ellmlnate noise

or reshape optical pulses. In laser induced fusion and

- 11 -



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

Finaliy one has the limiter mode of aperation,
in which one sees a region where the output 1s inde-
pendent of input variations. Such a device may be used to
stabilize a light source or produce pulses with a smooth
top as sbown. If optical signal processling develops 1in
a manner aﬁa]ogous 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,l
and later independently by Szoke et al.2 and then by
McCall.3 Several attempts, to observe bistability, have
been made.u In the first successful demonstration of
bistability, Gibbs, McCall and Venkatesan5 used a sodilum
vapor filled Fabry—Perot interferometer (FP). A major outcome
of this experiment was the recognition of the dramatic role
played by nonlinear refractive index,6 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

7

by Felber and Marburger. In pursult of a solid state

device, similar effects were demonstrated in ruby by

8

Venkatesan and McCall. An interesting related work has

been done by Smith et al.,9

10,11,12

while other proposals have also

been made.
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One can gqualitatilively picture the action of the
refractive index device 1n the following way. Conslder an
empty FP with ten percent transmitting mirrors. When the
cavity 1s mistuned with respect to an 1incoming light beam
(the optical path length within the cavity 1is somewhat
different from an integral number M of half wavelengths,
i.e., the round trip phase ©= 21M +6 ) the intracavity
intensity is about ten percent of the input intensity, as
there is negligible constructive interference between the
forward and backward waves 1nside the cavity. But, when
the cavity 1s tuned to be on resonance (i.e. @ = 2mil),
the intracavity intensity is about ten times the input
intensity. Tnils large resonant intracavity energy has
been utilized in many experlments, notably intracavity
second harmonic generation. This dual value for the intra-
cavity intensity ( depending on whether the cavity is tuned
on rescnance or not with resrect to the light ) is the
essential propercy of the FP which is responsible for the
bistable operation of the device. What happens when a
medium whose refractive index 1s dependent on the intra-
cavity lignt intensity 1s put into the cavity? Let us
look at Filg. 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 ¢ = 27l -6
+¢(PC): 8 # 0 s where ©(F,)the intensity dependent phase
is chosen to be positive. As the input intensity 1is

increased, the cavity intensity increases, and hence » ZPC)

- 13 -
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increases such that the round triﬁkphase, ® , approaches
tne resonance value 2nM. At a critical value of the
input intensity there is a run-away effect, as, the
increasing ® increases PC (the cavity power) and vice
versa. The phase,'g , then raplidly increases to a value
slightly larger than 27M. As a result the output of the
cavity switches from a low to a high value. Further
increases in the 1nput would give a somewhat uniform
transmitted output as the fractional transmission of the
cavity decreases with increasing Intensity. However, upon
cecreasing the input intensity, the large intracavity
intensity maintains the value of ¢ close to 2tM and con-
sequently the device turns off at a lower value of the input
than 1is reguired to switch it t¢o the high output state.
This hysteresis is the origin of the bistabllity.

A similar argument could be used to describe the
action of a device using only a saturable absorber. The

intracavity absorption reduces the ¢ of a cavity (which is

tuned to transmit the light, i.e., ¢ 0), at low intensitlies.
At higher intensities the abscrption saturates zand the
device switches to & 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 -



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

The following chapters in this thesls, present
the relevant theory and describe the experimental detalls
and results. The second chapter presents a simple
mathematical model which adequately descrilibes the operation
of the device. In particular, the model neglects the
effect of Ehe spatial modulatlon of the ihtracavity non-,
linearity, due to standing waves. The dynamlcs of the
system are studied using thls model. To understand the
physlics 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,
1s solved, including standing wave effects. The reader may
skip the third chapter, as it illuminates ohly some finer
points. The fourth chapter describes the sodlum vapor
experiment in which the author was a collaborator. Only a
brief review 1s presented here. The last chapter, the
thesls fesearch 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 explanatlion of the final results, and a
theoretical simulation of the experiment. The thesis ends
wlith a conclusion, in which the 1limits of the devlce have

been specifled and some forecasts have been made.

- 15 -
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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 EI and transmitted field ET’
through the standard formula, '

5 -1
l.(5) E_ , 2.1

i9/2
€ I

ET = T

(1-Re
where @ is the round irip phase shift,and T and R are the
transmissivity and reflectivity of the FP mirrors, respect-
ively. @ = 2gn (EL/A), where L>> ) is the mirror separ-
ation, n the refractive index? and A the light's

vacuum wavelength. If @ is a multiple of 2w, the FP
transmission is 100%. In the case when the FP has a non-
linear medium between the plates, @ is a function of the
fields inside the FP. These fields are diredtly related

to E through boundary conditions at the exit mirror,

T
and @ is regarded as a function of ET'

b In the 1limit of small T, the FP transmission is
insignificant, unless @ is nearly a multiple of 2. Let ¢
differ from a multiple of 2% by AqKET), which is small in
absolute value. Then using Eq. 2.1, approximately with

R/T >> 1 and A small we get

- 18 -



=& - 1(8
Er = Eq i(T)Aq>(ET)ET . 2.2

The intensity dependent nonlinearity is contained in;ﬁ@(ET)
which is in general complex. The real partzx@R = Q(ET)

-9, 1s due to the nonlinear index and the imaginary part

A@I is due to the absorption. Squaring 2.2, yields (with

appropriate constants)

I,2

PL = Pl (1+Tao

2
I + T ((O(PT) 'e) ]’ 2.3

)

with T = R/T. As seen in the introduction, a mistuning e
is needed for the nonlinear index device to work. Since
relevant guantities are the power input and output hence-
forth, we will deal with power rather than intensity.

Further the rhase is now considered a function of P., rather

T
than ET.
Ir Eg. 2.3 the striking feature is that the
incident power is calculated in terms of the transmitted
power. This i1s mathematically easier to deal with since
PI is a single valued function of PT whereas the reverse

is not necessarily true.

In Fig. 3, Eg. 2.% is displayed for the case of

zero absorption, i.e. ( A¢I = 0). One sees that Pr is

made of two parts, a unit slope line due to PT and the
rest of the curve due to rg(m-e)EPT. It is easy to see
that as long as @(PT) is not a constant one could always

2
construct a curve by varying '~ and 6 such that PT

becomes a multivalued function of PI. This is true

- 1C -



because (cp—9)2PT has at least two zeros, one at Py = 0 and

another where m(PT) = 6, In between the two values of PT

the function is hump shaped. By making F2 large enough the
characteristic curve could be made to go bistable.

oP
It can be shown that points where 3?I~< O are
T

unstable and hence the device would switch up or down where

oP
5§l is close to zero. In the appendix A this is proved for

T
a purely absorptive case using a two level Bloch model for

the nonlinearity.

2.2 DYNAMICS

R :
How does the output evolve in time whén the:;npﬁ

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

t

—(t-t7)/t
e (Bp(t?))at’ , 2.4

where £ 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 t a characteristic time determined by the medium

0

B(t) + o(t) = £ (Pp). 25

Since A¢;=O in the absence of absorption, Eq. 2.3 can be set

to
Py = Py [1 4r(9-0)%]. 2.6
(B) = 7 (—rt—p) d as a funct |
Then f(P,) =T ———-——7) Now expressed as a func ion ofe ,
T 1 474 9-0)

is symmetrical about® = e (Fig. L4). Define

f ( I(t > -9, 2.7

F(t,
(t,o) N w?ﬁw-m

so that

F(t,o).

Il

P

The steady-state value of thé phase shift is the solution of

¢ =0, i.e.,

P (t)
( -9 =0, 2.8
1+r(cp9)

This equation has several solutions, and we can
study the stability of these solutions for a simple form.
In Fig.4 f(Py) = @ + @ 1s plotted as a function of ¢ for

a given P The intersections of the ¢ = 0 and f(PT)

I.
curves glve the steady state value of o. If PI is such

- 21 -



that there are three different steady state values of ¢,
then PT has more than one value for that PI' Which of
these are stable values? Let %0 be a steady state value.'
If ¢ changes from P9 by a small amount Ap what happens to

the temporal evolution of Ap? Expanding ¢ about ?o yields

Ny =TF AP, 2.9
®o
_ OF . '
where Fcp = 3¢ . The solution to this equation assuming
0 0
small varlation of Fcp is,
0
F_t
%o

rp(t) = Ap(0)e . 2.10

The solution is unstable for F(p > 0, but converges for
E¢)

F¢ < 0 (Fig. 4). An appreximate solution in the vicinity
0

of a steady state value of the phase is,

F t
%o
o(t) = oy + Ap(0)e s 2.11

/

where differentiating Eq. 2.7 one obtains,

-6y 2 .

7 - - {1;.&9_()_12__? f'( PI 2)}.

%o [1 +r2(cpo-0) ] 1 +r2(cpo—9)
2.12
Eg. 2.11 defines a time constant * = - 1/Fq) .
0
Clearly for meaningful values of =, Fcp must be less than

o .
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zero. For cases where 0 # 0, we can define a time constant

as,
1 P
== e e 2.
T ® - q)o , 13
Hence,
P - @
T = O s 2.14
PIO
£ ( 3 ) -9
-1 4pqp-0) '
in units of t Since ¢ increases monotonically with time,

0
the topology of Py(t) versus t is the same as f(P;,) as a
function of ¢ (i.e., maxima, oscillations, etc.). Using
this fact the output for a square input has been obtained
in Fig. 5a. The phase ¢ goes from “a to a final value

Pp- If ¢ goes through the value ¢, ovérshoots occur'

when the output intensity switches on or off. The

sharp rise at @, (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: ¢ > A and ¢ < 0 (Fig. 5Db).

For ® ¢ 6 assume a linear increase of o with time, so that

from Eq. 2.5
o~ £(Pp ) - 6
B o <2 . 2.15

Q> (f(PIB) - 95t + (PA

For ¢ > 6 assume an exponential evolution of ¢ with time,

- 23 -



so that

L d - t'
¢~ y(og£)e™” o
}cp>9; t>f(PA) ,
9 0+ (95-0)(1-7"") !
2.16
where
. (0-0,) .
y=1——:—’3 and t/ =t - A2 2.17
P £(P )
B IB
As an example if we choose f(PT) to be linear in P, then
PTF 9 +¢. Hence,
PT(x (pA+ ( (PIB) —9)(t+1) —-9’ CP<9 s
|
and
- 4
< 9+ (pg-0)ye” " o >0 . 2.18
The overshoot PT(G) - Ppg 1s proportional to
P |
£ (P ) - f( 5 ). 2.19
B 1+ (9p-f)

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 wlll derive
general formulae and study the broad implications. 1In
Appendix C we will consider the simple case of a two level
atomic system.

The operation of the device may Dbe described'by
the transfer function J(ET,¢,69,F) which connects the input
and output fields, such that

E; = J(Bp,9,6,T)E 2,20

T -
The function will depend upon the absorptive and refractive
index properties of the medium. For a given I'y, 6 and func-
tional form of ¢ there is a fixed relationship between the
input and output fields. By proper choice of these para-
meters we could use a parficular 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 EIO so that,

= 0 ) )
E. = J(E, ,9 0, T)E, 2.21
o o 0

Then

AEI = {J(E O,e,r)}AE

6, ) +E, J'(E, ,0
Ty To T’

3 q) b4
TO 0

2,22



K
=

where the prime denotes differentiations with respect to -

ET at ET . We could invert the Eq. 2.22 and write it as,
0 -

AET = G(ETO’QO’G’F)AEI’ 2-23

where

i

-1
G(ETO’CPO,Q:F) [J (ET ,CPO’G,F) + ET J(ETO’CPO’O’F)}r

o 0

2.24

(( is a complex gain function, whose significance
becomes transparent if we define a 2x2 vecto;'space ;n which
field modulations are represented by two vectors and'%he
gain function (0 becomes a 2x2 matrix. The upper and lower

elements of the vector represent the real and imaginary

amplitudes respectively, and we get

Re RR RI Re
Aeq G G Aey
= 2.25
Im
AET GIR GII A€§m

The inner product of the vector with itself glves
the energy in the modulation (but for a constant factor).
In general the elements of (0 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 ere calculated for a two level Bloch system. 1In
the next chapter the details of the nonlinear phase shift,

its crigin, devendence on the strength of the atomic transi-

tion etz2. 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 i1s 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 1is very helpful in getting insight into the wvarious
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 fregquency Wq and the Rabi
frequency per unit field x = %f with p the dipole moment
for the transition. Further, there are different relaxation

times associated with the system. T1 is the deéay time of
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the excited state population say, que to physical motion of
atoms out of the laser beam or due to spontaneous emission,

’
T2 is the homogeneous dipole dephasing time such that

;ﬁ&: 5%; + ;%-, where Tg pertains to any lifetime broadening
2 2

mechanism which does not significently alter the population
distribution between the two levels of the system connected
with the resonance. Instead,Tg 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 additicn there is the inhomogeneous dipole
dephasing time T; which may be due to a range of Doppler
velocity shifts as in a gas,like, sodium or a statistical
variation in static locael cyrstalline-field potentials as
in ruby at 77°K and below. Only the homogeneous line case
(T; = o) 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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kz-wt)

E(z,t) = e(z,t)e'i< + c.c. , 3.1

n_ W
where w 1s the laser frequency, k = —%— where Ny is a

background refractive index. The electric field envelope
£ is complex in the case of fregquency modulation. The
complex conjugate term is denoted by c.c.

In the two level approximation, the atoms inter-

act with the electric field according to the Hamiltonian,l3

1 Ea
H = 5 hwocz - 5 kEo_ . 3.2
The ac Stark effect and the influence of other levels are

neglected. The energy separation of the two levels islﬁwo

and Oy s oy and o, are the usual Pauli spin matrices. The

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 <0x> and v = Np <oy> , where N is the

total number of atoms/cec. The fractional difference of the

excited and ground state population is represented by w and
=<oz> (e.g., if all atoms are in the ground state, then w=-1).

u and v give rise to a real and imaginary refractive index

_2ru - ery -
n = nR + inI such that, np = fy & and ny = o € . Since

u end v are nonlinear n is also nonlinear.

In the Heisenberg representation, Eg. 3.2 could
4

be simplified to ¥ = - fic -+ H where o = cxﬁ + cyG + czﬁ

where G, G, W are three mutually orthogonal unit vectors
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with w = uxv. With this form for the Hamiltonian,

wbw xEQ
H= - —— —5 and the Helsenberg equation for the time

derivative of 0 is
o = [o,H] =inox H . 3.3

Eg. 3.3 ylelds three coupled equations from which the
time variation of u, v and w could be obtained.

The problem 1s 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 52»:1 aE t !
215 =] « =] « ki
k Iaz | z
2
1‘86 ! OF
=l <« 1R KLolel . 3.4
@St at

Then the Maxwell equation in one spatial dimension,

2
3% z,t) Yo 3%E(z,t uan(P'z,t\
(2.0 99 E(z.t) 479 izt 3.5
dz c™ ot c ot ,
reduces to
n

% , "0 _, 2m g 3.6
oz ¢ ot nac

-i(kz-wt) | c.c. and P = y + iv

where (P(z,t) = P(z,t)e
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 w
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 2w. This
approximation involves rejecting a small shift in the
resonant frequency (Bloch-Siegert shift)15 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

[4
(with Tl’ T2 damping constants phenomenologically added16),
&= Aev +wkep - w@é, 3.7a
v = - Amu - wKep - v/Té , and 3.7b
Npw = Vkep - ukep - Np(wtl)/T; 3.7c
where Aw = Wy = @

3.2 THE STEADY STATE SOLUTIONS

For cw light propagation Q=v=1w=¢=0., From

Eq. 3.6 we get (withn = HEE ),
g% (tn ¢) = iébn . 3.8

Clearly the solution for the field envelope at any coordi-

nate z is z
xm/c)fo n(z’)dz
e

e(z) = €(0) , 3.9
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which could be written at low intensities as

_a Sco z + 1o
e(z) = €(0)e s 3.10

2cnnI

where a(Aw) = i1s the absorption coefficient/unit

length at the detuning Aw and o = wnR/c is the phase shift/

unit length. Since np = 2mu and n.+ = 2rv we can calculate
R nse I nnse

their steady state values from Eq. 3.7 and we get
ca(0) Y

n, = + 3.11a
R 2o 1475wy

n. = ca(0) 1
1 2w (1+Y2+F2)

and 3.11b

2
w = j_l_—_%;f__l__ 3.11c

(14Y2+F%)

’

2WTiN1<2wﬁP2

_ ! 2 _ 2.2 4 _
where Y = AwT, , F~ = x7e"TyT, and a(0) = — Aige .
At low intensities we get,
2(Y) = a(0) —=—s . 3.12
(1+Y7)

Needless to say, the bistable device that we are
talking about uses these nonlinear indices. Both np and ny
change with intensities and go to zero at large intensities
(saturation). For the nonlinear refractive device np must
change sufficiently to cancel the initial mistuning . But
for the nonlinear absorptive device, nq must go to zero. On
this basis, the refractive index device might have a lower threshold
of operation. Further, far off resonance np is proportional
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to Y_1 whereas ny is proportional to Y'e. 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

can be expanded in powers of E2 and we get

o) 2
np = np + n2E R 3.13a
!
T™h NK2T
0 2
where ng = + —————— and
B noc(l+Y )
2
14
UgrNET,T xh
12
nge (1+Y7)

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
through the medium is phase shifted by an amount o = E§f
per unit length. This phase could also be written using
Egs. 3.8c and 3.11 as,

i 2
oY 1+ Y > oY

o = = - W. 3.14
2 (1+Y?+F? 2

If as in Chapter 2,9 is defined to be zero at low light
intensity, (since this could be assimilated in the initial
detuning ?), we can define o as ©'I) - ©(0). Then the

nonlinear phase shift is
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o = - aY le—tvl). 3.15

It is clear that %+ﬂ) 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 conseguence 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 Wy s let us

assume a band centered far off at . with a Lorentzian

0
profile a(w) of width AV (FWHM). The homogeneous

dipole dephasing time Té = 2/ Av . Associated with this
absorption would be a refractive index and hence a phase
profile so that, a light wave at frequency w will be phase
shifted by ?(w).

To calculate this phase shift, let us divide the
absorption band into segments of width dv, centered at
56 + Vv where v = 0 corresponds to the band center. Then

the absorption due to this band at a frequency w is (could

be proved by perturbation theory)

’

T a(wytv)dv c
Ba (w) = — s 3.1
T ~ exn'e
(1 + (wgtv-0)-T, }
—_—
To
- is a normalization factor and the denominator takes

into account the effect of being off-resonant. This will

contribute a phase
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—t - = — p—
T, a{wa+V) (wa+Vv-0)T, dv
5o (w) = + -2 —0 0 ,g] ) 3.17

T - 2,.—,.,'
{1+ (wy+v-0) T,

Hence the total contribution due to the band is

o0

Tég a(wytV) (wytv-w)dv
(D((D) = + —Tr—' — To 3.18
-0 [l + ((DO+V-(D> T2 }

If the band is sufficiently far off resonance so

that lw-&ot > Av and (&O—w)Té > 1, we could approximate
Eq. 3.18 by

P(w) = + . 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

f adv
wg:%r' . 3.20

((DO-LD)

However the phase shift with an atom in the excited state
o = -, 3.21

where the absorption profile looks different to an excited
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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,

o(I) = (0%-98) Ll_g_w_L . 3.22

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,
Té # é%? and the inhomogeneous distribution function must

be included in the integral.

3.4 GAIN OF A SMALL MODULATION

Typically, the device is in opcration 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 & 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 €° The increase in the field is Ae, which is in
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general complex, h order t0 take into account both amplitude and
frequency modulation. Linearizing about the steady state

values, €gs Ygs Vg and Wy we get from 3.7,

Au

d = - A"
It Au = Aw AV T' +wOKAeI 3.23a
2
a _ Av
a—EAV-— AwAu ~E'——AWK€O—WOKER 3.23b
2
d . AW
It AwW= - ——-—T, + xeo/_\v + VK AER - UpK AEI 3.23¢c
1

If we consider a simple, amplitude modulation

ivt

Lep = Re €e and tes = 0. 3.24
Then Egs. 3.23 yield
ivt
r £
Ang = - ReGp(dw,V)xT, 5% , 3.25
where
GR(Auh v)
ixY{F2 + (l+iax)(2+ix)]}
= - 3.26
(1+§2¥F2)[(1+ix)2(1+iax)+(1+iax)Yé;(1+ix)F2}
14 !
and Y = T2 Aw and x = T2 v,
Similarly,
, ivt
An. = - Re G.(Aw,v)kT, =& 3.27
I~ I ’ 2 €g ’ ’

- 41 -



where

G (Aw, V)

¢
R - T
2(1+ix)F” + ix(1+ix-Y7)(1+iax)

B (1+Y2

. 3.28
FFP) [ (1+ix)2(1riax)+(1+iax) Yo+ (1+ix)Fo]
If the absorption line is inhomogeneously broadened and des-
cribed by a distribution function g(Aw ) then the gain func-

tions in Eqs. 3.26 and 3.28 could be redefined as,

fe(aw )G(Aw ,v)d(Aw)
G(v,F,a,g(rw))= 3.29
fg(Aa))G(Acn,O)d(Aw)I

F=0

where, now Aw has been reinterpreted as the fréquency
detuning of a homogeneously broadened isochromat from the
laser frequency assumed to be By 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 Rabl 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 wy is placed between the plates. Light of
frequency w is incident from the right. The electric fleld
envelopes are €1 incident from the right; €ER> reflected

to the right; Eps inside the cavity, moving to the left;
€gs inside the cavity, moving to the right; ET’ transmitted
from the cavity moving to the left. The intracavity fileld
may be written as

i9

+ e
€B

io

o F e-i(wt+kz)

Be-i(wt-kz) ¥ c.c.,

3.30
are taken to be real and independent of

E(z,t) = €p

where EF and EB

time. Using the SVEA in the spatial coordinates in the

wave equation one gets (Ref. Eq. 3.6).

io in
F e B)e2ikz -

dz nge

121w P eikz 3.31

.

The determination of the polarization P reguires

the quantity

2

E + 262 + 2e_ ¢ e-2ikz+iA® + 2¢ eZikz—iA?

B FEB FtB s
3.32

_ .2
time - 2€F

where AQ = Pp = 9g-

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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io iop
!
D N eBe Belkzy (y4q)
_P = 2 / 2 25 s 3.33
1 +Y + TlT2 x {E t1me
which may be written as a Fourier sum,
Nrix T i(on-kz) i(o +kz> /
P = ( (Y+1i) (epe F + ee B ){o(0) +
F B
¥ o(2k)e 2 KM opye2ikz-ile oy,
3.34
Thus
1
c(0) = AT1(1-v3)"3 3.35
and
1
(2k) = al-2k)* = A" M1 - (1-b7)73), 3.3€
where
2 r 2 2 2
A=1+7Y + T1T2 K {e eB] and
_ ro2 -1
b = 2T1T2 K EFEBA .
Substituting 3.32 and 3.34 in the Maxwell
Eq. 3.31 we get,
aEF a Qa
g;— =5 0(0) ep + 5 O0(2k) ep(cos AP -Y sin Ap) 3.37a
aeB a a
—= = - %5 0(0) g5 - 5 0( 2k) ep(cos Ao+Y sin A )
oz
3.37bp

_uy -



3 €
9re | aYo(0) - % o(2k) { Y cos Ao ( EE + EE
. F

B
£ £
+ s8in Ao —E—}é--s—F>} .
F B
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-
-3iwt -3ikz are

butions from waves varying as e or as e

neglected and no motion of the absorbling atoms is allowed,

The mirrors determine the boundary conditions and
at z = O at the left mirror ej = /T & and eg = /R ep. At the

right mirror, z = L and we can write down 2 unitary trans-

Epe / /T Rej'e €7
= 1
R \- Re'ief'f £ B

formation

which determines the boundary conditions there.
The deteils of the solution are in
Appendix D and Just the over all scheme will be described

here. Since the input is a single valued function of the
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output it is easier to solve for P, as a function cof PT.

For a giwen Er,me quantities €ps €g and A7 are known through

the boundary conditions at z 0. Solving Egs. =.7.

-

€ps Ep and At at z = L mayv be obtained bty
iteration. At z =L,
2 2
. Ep * Rep - 2 /R epeg COS (47-0) -
- I - - *

Jomputer plots have been made using the above
procedure with R, €, Y and x as variable parameters. In
Fiz. ¢ 2 comparison is made between a calculation using
the simple model of Chapter 2, and the above model, The
tractable model cof Chapter 2 did not include the spatial
modulzation of the nenlinearity due to the standing waves
vherees the iterative model does include these effects
through the c(2x’ term. Presumably, due to this, the
iterative model gives lower thresholds as seen in Fig. .

The cualitative features are the same in both models.
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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-
ment5 we were aware only of the absorptive bistability. The
Doppler broadening of the sodium lines hence presented acon-
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 -
freguencies, atoms tuned to resonance by the Doppler effect
saturate at very low power, and recovery (T1 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 partielly 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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realized that the nonlineér refractive index of the D line
was making the device work. The origin of the nonlinear
refractive index was the reshuffling of the ground state
population between the hyperfine states due to the optical
pumping. The phase shift imposed upon the optical field by
an atom depends upon which ground hyperfine state the atom
is in. Since the ground state population is sensitive to
the light intensity one obtains a nonlinear phase shift.
Explicit calculation of the nonlinear phase shift

18,19 The maximum

due to the sodium D2 transition was made.
nonlinear phase is the difference in the phase obtained by
assuming the ground state hyperfine populations with

Boltzman distribution to that obtained by assuming the atoms
to be optically pumped completely into one of the ground state
hyperfine levels. As a function of the light frequency and
intensity the nonlinear phase varies between zero and the
maximum value that we had calculated as shown in Fig. 8.

There are three different frequencies for which the phase is
not intensity dependent. At the frequency vy exactly halfway
between the two ground state hyperfine levels, the cross

over frequency, there is no intensity dependent population
change. At the other two frequencies, Vo and V3, there is

no difference in the phase due to the two ground state levels.
Hence at these frequencies we do not expect any nonlinear

phase shift, and the device must work purely with nonlinear

absorption.
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4,2 THE SODIUM EXPERIMENT
A tunable jet-stream dye laser (with a folded

21 configuration) was used, with an argon laser as

cavity
the pump (Fig. 9). The 50 mW single mode output was con-
trollable in frequency by 3 etalons inside the laser cavity.

The dye laser is described elsewhere.2O

The frequency Jjitter 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-40R) acousto optic
modulator (to plot directly the output versus input curve).
The modulator further changed the frequency of the return
beam through it by BO MHz (twice the freguency 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 modulastor to cut
down intensity fluctuations to less than 1%. The beam had
a diameter of 1.65 mm and a maximum power of 13 mW before
the device.

The device consisted ofa 11 cm FP interferometer
with Na vapor at 1O-L to 1072 Torr pressure (LN, 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
waé about U45% 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° 1line.
Absolute frequency calibration of the dye laser
with respect to the sodium hyperfine lines was very
accurately done with a saturation spectroscopy setup.zg’23
We had sodium vapor (at about 10'5 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 polerizer 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
acéurately 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 1light intensity to observe the nonlinearity
were established by looking at the transmission of the
sodium vapor without the cavity mirrors. 1In 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 1is 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, 6;2) 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

3)°
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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
absorptive bistability1’2’3’u was seen with the highest
avallable 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 modulétion was amplified by a factor of 5, but
because of the inherent loss of the cavity the overall
galn was about 2.5. The reflected output of the clipper
displayed a limiter characteristic.

Occasionally, multiple states 1like 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

Ashkin and Bjorkholnulglt was concluded that these
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transverse filaments acted independently of each other.
This process is very suggestive of a futuristic optical
de&ice 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
absorptlon became harder to saturate. A typical absorptive
bistability in the presence of the buffer gas 1s shown in
Fig. 10.

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 psec. 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 psec. A thermal atom crosses the 1.65 mm
beam in 5 psec; 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 bistabllity.
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The experimental results agreed qualitatively
well with the theoretical results obtained by using a homo-
geﬁeous, 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

Il

.1 RITAY

The sodium experirment verified and extended the
phivsizal principles of an optical element with bistable
and ac <zin characteristics. For practical applications, a
miniature, room temperature, fast, solid state device would

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

]

syster and several raterisls were concsidered ‘e.g., GaAs).

Zventually It was decided to do the experirment using ruby

as tre nonlinear mediur. Tre sivantages were that optical
interzcrions of ruly were well understood and gcod guality

[In]

ristals were easilyv avalilablse, and the thresheld intensit;
for obszrving nonlinearity ir. the R lines of ruty was
reasonstle. However the long radiative lifetine of the R
lires cf ruvy (2-% msec', suggested that the resvonse of

the device would be limited to a few millisecends. Further,
because c¢f the temrerature-enharzed phonon btroadening

of the - lines, signifizant nonlinearity was exrected orlyy
ercund 77N, The devices was exypected tc te a slcw. lcow
terperatur:s one. Yet ruby was a good testing sround to see
the effelts in a solid and alsc te chezk if the same princi-
ples arplied there. Known properties indicated that <o use
the R lines of ruby, input of a few milliwatts wzs required.

The origin of the nenlinear absorption and dispersion in

ruby and their dependerice on temperature recuires sone
<4

undsrsccr.dins of the optical spectra of Cr-’ ions in
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corundum (A1203). So, this section will be a brief review

of this subject.

3+

The Cr ion spectrum in A1.0_ has been extensive-

23
ly studied by many, in particular McClurezu and Tanabe and

25,26 The resonant R llnes have been carefully

27,28

Sugano.

3+

studied experimentally by Nelson and Sturge. The Cr

impurities enter substitutionally for A13% in the 41,0,
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 Cr3+
ions are parity forbidden, the effect of the trigonal part of
the crystalline filed is to mix in odd parity states (about
lO—3 admixture) and hence the d-d transitions are split (Rl
and R2 lines) and partially allowed having long electric
dipole radiative 1life-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'3+ in A1203
(Fig. 21) will be considered.

The MA2 and 2E levels are split into the Kramer's
doublets by spin-orbit interaction. At 1iquid helium

temperatures the R. lines are zero phonon lines and thelr

1
width 1is 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 24 and E 1levels (splitting equivalent to
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42°K). Above 10°K, the fractio- of excited atoms in

the E state 1s given by the Boltzman distribution. The cw
ruby laser uéed in this experiment (described in the next
section) emitted 6934 A radiation, nearly resonant with

the narrow Rl 1ine28 at 77°K, about 0.2 K wide. It waé
anticipated in this experiment that a shift of the round
trip phase due to the resonant R1 dispersion would be non-
linear becahse the Rl line was strongly driven. The room
temperature Rl and R2 lines are about 5 E wide28 and are'
centered at 6943 E and 6929 K. Consequently, the laser
frequency, which lies between the lines, 1s weakly absorbed.
Fast relaxation effects equalize the excited state popula-
27 '

tions. Under these circumstances, the line strengths

(ELC) are such that the R, and R, contributions to the non-

1
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

LN2 Rlline (0.5 cm'l

studies of the ruby optical memory and amplifier. Mono-

total width) of ruby was required for

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 stabllity reasons we decided to use a ruby laser.28b
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Argon laser pumped cw ruby lasers have been described byu
Birmbaum et al.,2? Szabo,30 Liao et al.,31 and Koo et a1.32
The gain of the R1 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

reported by Liao et al.31

DESCRIPTION : r
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 LN, on the pump
beam were avoided. The 1/4" diameter, 1 cm 1ong, 0.35%
Cr3+, 60° Union Carbide ruby rod had end faces flat to
R/lO. The faces fofmed a wedge of angle 12*2 secs of arc.
The LN, face was coated 99+% reflectivity for both 5145 K
and 6934 K. The vacuum face had 50% reflectivity for
. 6934 K and was 3% for 5145 X. The rod was held in a 0.255"
®

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 1-1/2" i.d. evacuated stainless
steel tube with a window at Brewster's angle at the other end,
(Fig. 22). Use of VacIon vacuum pump (Varian 911-5011), pro-

viding 410"LL Torr at the ruby face, avoided oil condensa-

tion on the cold ruby face in the vacuum region.
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Ocasionally an LN2-trapped diffusion pump using SantovacR
5 vacuum pump fluld 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 Unlon Carbide DC~5 LN2
dewar was well suited for this purpose. Since the ruby
rod was loéated close to the top of the dewar the LN2
level dropped gquickly. However, it was undesirable to refill
often pumped or pressurlzed LNQ, because that would reduce
greatly the fractional operating time. To postpone the
filling time we used a Helium "balioon", a hollbw cylinder
with an open bottom which was pressurlzed with gaseous
Helium, thereby controlling the LN2 level in the dewar.
When the dewar contained too little LN2, pressurlzing with

Helium would not ralse the LN, level to satisfy a level

2

sensor, and a delay circuit initiated LN, filling. We could

2
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
at 5145 K provided a power of 2W at the ruby rod. The
beam was focused by a 15 em 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 Rl doublet, and is attributed to strains, local
heating, and isotopes.33 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 bdbringing different parts of the wedged laser
rod under the pump beam. TFor this reason the laser assembly
was on an x-y translator. By pumping or pfessurizing the
dewar, the frequency of the dominant mode could be tuned

over a 20 GHz range.

FABRY PEROT FILTERING

A slingle output frequéncy was obtained using an
external Fabry-Perot (Burleigh RC-10) interferometer (FP)
to filter the ruby laser output. The FP had 95% reflective
coated, A/100 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 Iz modulation on the average DC bias of the transducers,
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the output of the FP was maintailned 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 asSembl&,
more than 75 mW was obtained in &arious 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- 1line 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 intenéity an acousto-optic modulator (Zenith - Model
M-LOR) was used. The modulator had a quartz block in which,
4o 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 incldence 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 1ight 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) receivihg 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 modulatér light output by varying the potentiometér

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 NONLINEFARITY

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 pérpendicular to the polarization of the light.
The modulator was turned on with 10 cps, triangular input.
The outputs of the I; photomultiplier (RCA 7102) and the

I photomultiplier were fed to the horizontal and vertical

out
amplifigrs of the Tektronix 564 scope. The top of Filg. 29 shows
trace 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 U45°

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 oL of 6.6

was measured on the particular trace on Fig.29 .. Then
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introducing a 7.5 cm 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
nearlyparallel faced ruby with a wedge angle of 1212 secs
of arc (for tuning purposeg. 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 plano concave FP
cavity for the device, with minimum diffractive losses was
designed. For the design, the propagation of Gaussian
beams through media of different indic e had to be under-
stood. So a formalism to handle Gausslan beam propagation
was developed and then applied to the plano concave geo-

metry. The reader may look up Ref. 34 for further details.

- 79 -



Green's Function Approach: Consider the incoming field ﬁ&

be of the form .

)ei(kz-wt)

BE(r,z,t) = e(r,z + c.c., 5.1

where e(r,z) is a slowly varying envelope (only in spatial

coordinates). Let us not consider the eimt term for the

ikz
e

moment. Then E(r,z) = e(r,z) + c.c.; an azimuthally

symmetric wave propagating in the z direction. On sub- ,

stituting into the wave equation (V2+k2)E = 0 and using

SVEA we get
(52 + 2ikd > e(r,z) =0 ~-5.2
t Z s ’. 3 pa®
]
where e
2 2, .2

Eq. 5.2 is mathematically identical with the 2D Schrodinger's
Equation. To solve thls equatlon expand € in terms of its

Fourier components. Then,
r ~
e(x,y,z) = J ei(px+qy+sz) e (p,q,s)dpdads, 5.4
substituting in Eq. 5.2 we get

((-2kS-q2-p2)E(p,q,S)el(px+qy+sz)dpdqu = 0, 5.5

2 2
clearly e(p,q,s) = €(p,q)6(s + E_E%_ﬂ_ ) is a solution.

The solution may be generally written as
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2k

i(pxtqy) - 1 ( Ef_t_gf )z
e(x,¥,2) = ‘fe

€(p,q)dpdq ,
5.6

where €(p,q) is any function of p and q.
Assume at z = O,e = 6(x)5(y), i.e., a point

source like an aperture. Then E(p,q) = —l——g . Then Eq. 5.6

(27)
may be evaluated, so that
2 2
i ik + 22
e(x’y,z) = e 2_% e (x y )/ Z ) 5'7

Hence one could write down a Green's function,

2
[(X—XO) + (y'yO)2
TR
G(x}xo:y:yO:Z:ZO) = _2,”.(—“2_2_0')' e .
5.8

Hence the field at a point (x,y,z), 1s related to the field

at a point (x,,¥q,2,) by

e(x,y,2) = [ dxodyodzoG(x,xO,y,yo,z,zo)e(xo,yo,zo).

5.9

This relationship holds even if XgsYgo and zq are complex. In
particular, a form of the electric field suitable for describing
Gaussian wave propagation is obtained by setting Xy = Yo

= 0 and z; = - la with a > 0. Then
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2

: ikr
ik T P(z+ia)
E(I‘,Z) = - ma— e a 5 5.10
and the intensity

kr2

2 2 - (2%1a°
I(r,z) = |e(r,z)| = 2k427 5— € (z7+a") 5.11

U™ (2"+a")

Hence the radius of the beam defined to be the 1/e point of

the intensity, varies with z as,

I’2 _ 2 1 + 22 > 12
= TO F—‘H 3 5'
o Yo

where ro is the beam radius at z = zo.

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 & and k. Thus

2
¢(r,z) = - tan™t a/z) + kz - krz - constant,
2

2(z+a"™)

5.13

Im(lneg). Eg. 5.13 implies

i

defines a phase front, and ¢

that
(2)  an--(2,):2, 5.14
" z,r=0 or

where Az and r are small. Then
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It

1 r2 N
R(z) = (ﬁf?j which reduces to

o]

R(z) = - 5 (a@/BZ)z’rzo ' and .15
- 2 2 ? :
(30/53,

substituting for o from 5.13 we get

2 2
R(z) = (z + az + a/k> . 5.16
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 eventual Qesign of the cavity was based on
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 quartz 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 1is for a beam radius r, on

0
the reflective face of the ruby and a phase front of
radius R = radius of curvature of the mirror at z = T.

The electric field in region I is (Fig. 32),
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_ 18

2 7
Kr™
€1 = z + 18 °XP [* VU eray f K%}

. 2 107
+ __];;ﬁ.L exp [i { :_KL_..__ 4- Kz} R 5.17
(z’+1A) - 2(z’+1A) -

where p 1s the reflection amplitude at the boundary at z=L.The

field in region II 1is

i 2
B ! kr™ _
EII = 7 Tt 3iA exp Li - m + (KL + k.(Z L))}:l 5
5.18
2 2 '
where a = kro, A = Kro and 5 and B are constants to be

determined from the boundary and normalization condition.

Since the boundary conditions are,

r=0,z=L r=0, z=L
BEI 5511 2
-———2 = —Ta N s 50
or r=0, z=L r r=0, z=L
we get,
(l+p)s B
L + 1A L + ia and - 5.21
Kk K 5.22

T+ ia T + 1A

From 5.22 it is clear that the spot size is independent of
the medium.
Hence from 5.2]1 and 5.22
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= 18 - ikr
“I1 T iL(n/N-1) + in/N A)exP [ 2(z+L(n/K-1) + in/N A)]'

5.23
The radius of the phase front in region II is,
2 n2A2 An '
(z+L(n/N-1)}° + =5— + {x
N
R(z) = - . 5.24

z + L(n/N-1)

Experimentally, we found nonlinear absorption at
intensities of a few hundred W/cm2 for an al, = 1. With
single mode powers of 20 mW or more and a beam radius
Ty = 20 p on the face of the ruby one could have an inten-
sity of 1.5 Kw/cm2 and with 90% mirror reflectivity one
could easily get intracavity intensities of 150 W/cm2 or
more.

‘ By trial and error a mirror radius of 0.87 cm was
chosen. For ry = 20 y, 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 Egq. 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



S =7T-L = 4,423 - In/N - 0.233 mm ,

where the 0.233 mm difference arises from the geometry of
the curved mirror wifh a coated diameter of 4 mm. For ruby
thicknesses of 5, 3 and 1 mm, the spacer thicknesses were

0.767, 2.136 and 3.505 mm respectively.

MODE MATCHING THE DEVICE CAVITY '
Perfect mode matching of the cavity implied 108%
of the output in the TEMoo mode of the cavity. There were
four parameters to be matched: the spot size, (1 dégree
of freedom), location of the beam waist on the fgce of

the ruby (1 degree of freedom), perpendiculariﬁy of the

beam to the ruby face (2 Degreesof 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 combinaﬁion of &

15 em 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 cavlty

to produce a 40 ymspot 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 LN2 temperature by pumping on the liquid. A
number of effects (e.g., the nonspherical intracavity sur-
face of the ruby) allowed only 40% (6328 K) maximum trans-
nission. 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 34 and 35 show

outputs of an improperly moade 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 helum

gas. . A glass Jacket with antireflection coated windows
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vwas designed to fit into the samplc chamber of the dewar.
Then the device consisting of a ruby mirror, a quartz
washer and a quartz mirror fitted inside the 1/4" bore of a
spring loaded brass cylinder, was held at the end of a 1/4"
stainless steel rod which was supported by the sides of the
glass Jjacket 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 U4°K to room temperature by a heater
coll 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 mechanlcal vacuum pump. With a controlled
helium flow this formed a pressure servo system to maintain
the pressure inside constant. At 1liquid nitrogen tempera-

tures a scan over a free spectral range was possible by

- 88 -



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 1s ascribed to the lesser
effect of fractional optical path length changes due to
pressure fluctuations. The optical transmission of the

dewar was only 70% 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
constant at 69342, in order to rotate the polarization
of the 1light by 45°, a 2.6 kG magnetic field was needed.
At the entrance of the solenoid a Nicol prism was placed
with its transmission axis parallel to the incident 1light
polarization. (The laser light was almost completely
linearly polarized.) But during quite a bit of the data
taking the inside bore of the solenold heated up, the Verdet

constant decreased and the return beam being no longer
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rotated by 90°, 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 ﬁhe
device cavity for the TEMoo mode was around 33%. Since the
sample was held at the end of a long holder, there was some
nolse pickup, which gradually spoiled the mode match. So
the lenses had to be adjusted often to maintaln 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% Cr3+, 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
watts/cmz. After futlle 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 Pig. 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 Rl and R2 line nearly cancel
each other at room tempefature. 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, 41, 42 and 43). Further, the switching times vere

ihdependent of the temperature. We were able to elminate the

dominance of thermally induced refractive index for the following

reasons. From Refs. 35, 36 and 37 we see that the 2wi;§hing
v’ O

times for thermal effects would be of the crder of ——5—,
(2.41)°K

where Cy is the specific heat, p the density, s the beam
radius and K the thermal conductivity. At 300°K this time
is of the order of 8 pusec 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

1évels of laser powér.
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 ofAthe

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
bands.38,39,h0 Figure U4la is the excited state absorptions

as measured by Fairbanks et aluo and Fig. LUb is the .

3
measurement of Kushida38, These absorptions have weak
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temperature dependence, and have a significant 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 em™t 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 bahds. 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 1s taken into account. The maximum non-
linear phase shift is given by %(l+w)(@e—¢g) 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 wg and @e 1s that with the atom in the excited
state. Tables 1 and 2 list the different dilspersive phase
shift contributions by a 1 cm long, 0.05% cr3t ruby. A
point to be noted is that the dispersive contributions of
all the states decay with the E lifetime of & 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 Independert 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. U5-48). 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 doublef was taken into account

and the contribution from the R, transition was also

2
included. Not included were the standing wave effects
inside the cavity.

The next sample tried was the 5 mm, 60°, 0.03%
Cr3+ 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-
pfising. 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 5..

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 declided 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 R, dis-

1 1
persive contribution due to both the ground state transition
change sign below 77°K (Table 1).

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

Inthe cae of ruly, nonlinear refractive index contrbutions
dominates owr 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-

ficlent 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/cm2 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 & few msecs to 20 msecs and corresponds to the order of
magnitude of the 2E lifetime of 3 to 5 msecs. Since the
nonlinearify is controlled by the variation of the 2E level
population, this is a reasonable result.

An additional expe?imental result is the obhserva-
tion of overshoots in the output when the device is switched
on and off by a square wave light pulse (Fig. 43). This was
predicted theoretlally Gec. 22) for a purely dispersive device.

The ruby study shows that by driving a weakly
absorbing transition, thereby changing the population |
distribution, it 1s 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 gsimilar devices of micron dimensions containing
103 active centers with cross section 10'11 cm2 can be con-
structed. Such devices would require approximately 10_7

watts for center lifetimes of nanoseconds.
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TABLES
Table 1.

Maximum phase contribution from the R, and R2 transitions

1
for a 1 cm, 0.05% Cr3+, 0° ruby. The laser has the dominant
mode frequency at 77°K which is measured to be 14417.22 +

1

0.05 em ~. The linewidths and the shift of the resonant

frequency with temperature are obtained from Ref.28. The

value of Fa and Fb are calculated for an intensity of 10 W/cm2.

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 U40.

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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FOCAL LENGTH OF LENS=10cm
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Figure 3¢
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He- Ne LASER
CAVITY WITH 3mm RUBY INSIDE, IMMERSED IN LN

MAXIMUM TRANSMISSION IN TEMgq = 40%
CAVITY SWEPT BY PUMPING ON LN

i

\_ DN

OPTICAL PATH LENGTH OF THE CAVITY >

Figure 33
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CAVITY AT ROOM TEMP WITH .05%, 0°, 5mm RUBY.
NEUTRAL DENSITY [.6 IN THE INPUT BEAM AND HENCE SYMMETRICAL

OUTPUT. |
20% MAXIMUM TRANSMISSION IN TEMnoo -
CAVITY SWEPT BY HEATING THE SAMPLE AND THEN LETTING IT COOL.

(n-1)th ORDER nt" ORDER
- - |
) v TEMnoo
w W
R TEMno"f TEMpo

QPTICAL PATH LENGTH OF THE CAVITY ———d» -
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Figure 34



RUBY REPLACED BY 5mm, QUARTZ MIRROR (FLAT)
PEAK TRANSMISSION IN TEMpgo IS 54 %

'$n”" ORDER#I

OPTICAL PATH LENGTH OF THE CAVITY —_>

)
Figure 35 |

{
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I\ VS Io,r FOR DIFFERENT OT DETUNINGS

WITHOUT ¢ //
SAMPLE /
1 // 5
PEAK
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4 _  EXPERIMENTAL DATA
v d
i 5mm, 0°, 05% Cr>* RUBY
LASER AT 77°K
SAMPLE AT 120°K
ELC
TRACE OF OUTPUT ON
STORAGE SCOPE
Figure 37
-
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EXPrRININTAL DATA

Smm, 0°,
05% Cr3t RUBY
£LC

Fig. 38 Characteristic curves for a 5 mm, 0.05% Cr
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ASYMMETRIC RESPONSE TO TRIANGULAR
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Figure 40
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Figure 41
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ABSORPTION (a,L , a,l)

(a)

Ground- and
excited-state absorption
spectra of ruby (sample 3)
at 103 K, The excited-

A

-

state spectra are shifted by
the ’E state eneryy and
normalized to 1007 popu-
lation in the metastable ex-
cited states.

0 _ T g
15CC0 20000 25000 30200 35000 40020

€ (emy

Absorption spectrum of ruby in the excited
sia1es at rOOMm temperature

Figure 44



Computer plot of the characteristic curves using Eq.2.3 and the data of table 1 ani !.
The mistuning ancle is indicated for each curve (in radians).

- .5 cm long, .05% concéntration ruby.
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Comruter plot of the characteristic curves usine Fg.2.3 and the data from table 1 and 2.
Tane mistuning angle (in radians) is indicated for each curve.

- _ .5 em long, .05% concentration ruby
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Computer plot of the characteristiec curves using Eq.2.3 and the data from tables 1 and

The mistunine ansle

e

.

(in radians) 1is indicated for each curve.

.5 cm leng, .05% concentration ruby.:
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Computer plots 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 em long,” .05% concentration ruby.
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Computer plots ththa_zharacterisﬁic_Qunvgﬁ using £q.”2.3 and the data frow table 1 and 2.

z{ The mlstunlng_angle(ln_radlans) is indicated for
each curve. . . .

Y . : "'_, . 1em 1ong, .05% come.

2 : , . : ruby at 85 K.
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Computer plots of the characteristic curves nsineg “a.2.3 and the data from tables 1 and 2.

Th»-mistuning angle (in radians) is indnﬂatem’for each curve.
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“omputer plots ol the characteristic curves using Fq.2.3 and the data fromr tables 1 arnd 2.

"he mistuning angle (in radians) is indicated for each curve. ’ - i

g ; : 1 cm long, ".05% concentratioh ruby

4
’ T 81
- - g‘

At 150°K ] . At 200°K

-

30 an>

% 13

' .
fyruwnynn

1w

1]
e

Py . "

——— . . . . —

I"igure H1



~

Computer plots of the characteristic curves usineg ¥q.2.3 and thn data from tables 1 and 2.

The_mistuning angle (in radlans ) is indicated for each curve. . i 3:
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TN VS Iour FOR DIFFERENT DETUNING OF THE OT

e 5mm,60°%, .03% Cr3* CONCENTRATION RUBY AT 105°K

e LASER ON LARGEST MODE AT 77°K

e TWO 1Ocm LENS USED FOR MODE MATCHING
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e VERTICAL SCALE - 0.4mWw/DIV

¢ HORIZONTAL SCALE - 3.2mW/DIlV

e C AXIS AT 45° TO THE UGHT POLARIZATION

¢ 0.2 Hz TRIANGULAR SWEEP OF MODULATOR

Figure 53



EXPERIMENTAL DATA

~ A NntPN
MELCU D

rsist iiohotd

SRR
WL R
TR
T |
T B
L
Allkeing VTE

- RPN
Ecﬁrrh
ST TPRE |
EECW ALl
Wil ;n E

_F#;-

- [RrErrry
- THT WS
Emﬂf_:
i LWl g
Bl .l £ .-..r.
Mﬁ;&ww,i
B | A
| ] _ §) ]
| 21 S |
i bl

I~ nlERRP Y
Bl i1
| S P
FJJWw&rrh

PR F’L
| ST

g
e
f}
¥ ¢m

< ASKEEIRc
| ZIAE A |
ILRECE
ko RERE
HE e |
i
BiTHTE
et [ 5T I
219 -w REE |

I\n VS Ioyr FOR DIFFERENT DETUNING OF THE OT

R

g

m §
x m -

L4

N
: 2§ B¢
B TEET
dr2g 58
W"EWVWE
TMMTMWNW
mEmNWmmmw
SQPzewN
£8:8<753
Cﬁemmem
2224223
mSugy
SH
WMQWMM$N
EROxagX
R
O I-ZE>IT0O0O0

Figure 54

oy
o)




EXPERIMENTAL DATA

In—

I,NVS Iour CHARACTERISTIC FOR DIFFERENT DETUNING OF THE OT

o 3mm,60°,.03% Cr3* CONCENTRATION RUBY AT 95°K

s LASER ON LARGEST MODE AT 6%5°K

e TWO 10cm LENS USED FOR MODE MATCHING

* MAXIMUM TRANSMISSION IN TEMog AT ROOM TEMPERATURE » 30%
¢ VERTICAL SCALE -Q.38 mMWDIV

» HORIZONTAL SCALE-328mW/DIV

¢ C AXIS PERPENDICULAR TO THE LIGHT POLARIZATION

+ 0.2 Hz TRIANGULAR SWEEP OF MODULATOR

.

Figure 55



EXPERIMENTAL DATA

I;yVS I, CHARACTERISTIC FOR DIFFERENT DETUNING OF THE OT

«3mm,60°,.03% Cr3* CONCENTRATION RUBY AT 95°K

¢LASER ON LARGEST MODE AT 65°K

* TWO 10cm LENS USED FOR MODE MATCHING

* MAXIMUM TRANSMISSION IN TEMgqg AT ROOM TEMPERATURE * 30%
¢ VERTICAL SCALE -0.3mW/DIV

¢ HORIZONTAL SCALE -2.75mW/DI\V

*C AXIS PERPENDICULAR TO THE LIGHT POLARIZATION

¢ 0.2 Hz TRIANGULAR SWEEP OF MODULATOR

* DATA ON EXPANDED SCALE

Figure 56



EXPERIMENTAL DATA

I,nVS Ioyr CHARACTERISTIC FOR DIFFERENT DETUNING OF THE OT

o 3mm,60°,.03% Cr3* CONCENTRATION RUBY AT 95°K

e LASER ON LARGEST MODE AT 77°K

* TWO 40cm LENS USED FOR MODE MATCHING

* MAXXMUM TRANSMISSION IN TEMgg AT ROOM TEMPERATURE * 30%
* VERTICAL SCALE-063mwWDIV

* HORIZONTAL SCALE-3.85mW/DIV

¢ C AXIS PERPENDICULAR TO THE LIGHT POLARIZATION

* 0.2 Hz TRIANGULAR SWEEP OF MODULATOR

* EFFECT OF BETTER MODE MATCHING

Figure 57
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o VERTICAL SCALE-0.63mW/DIV
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oC AXIS PERPENDICULAR TO THE LIGHT PCLAR!ZATIN

°0.2 Hz TRIANGULAR SWEEP OF MODULATOR
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.9 mm, 0°, .05 % CONC RUBY IN CAVITY
LASER AT 77°K

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

o

W VWAV N

- OPTICAL PATH LENGTH OFF THE CAVITY I

Figure 59
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9 mm, 0°, .05% CONC RUBY IN CAVITY
LASER AT 77°K

SAMPLE AT 65°K

THE CAVITY ASYMMETRY HAS CHANGED SIGN
SHARP RISE IS ON THE RIGHT

- 6ET -

OPTICAL, PATH IENGTH OF THE CAVITY —_—

I"igure 60



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 thresholid operation.

The experimental results are in good agreement with predicted
values. The success ¢f the results in two very different
medaiz, gives us confidence in the validity of the model,

so that cne may rroject ahead.

The inmportant result of the ruby experiment is
the large refractive index produced by the dispersive tails
of strong nonresonant bands. This refractive index i1s made
nenlinear bty 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 -~ 103 cm_l). There are zlso
shary resonances due to excitons or impurity levels in the
bandgap regiocn. If one excites these sharp resonances on
their wings, one not only gets the nonlinear phase associ-
ated with the sharp resonance Bﬁt also the contribution
from the nonresonant bands.

How small could the device be made? In principle

the volume of the device could be of the order of X3. To
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achieve this, the medium should have a of the order of 271
and since alL-~1l, L=A. Furthef, the beam should be focussed

to a spot of area AZ for minimum diffractive loss (i.e., F

number = area/AL = 1).

Let us now study the fundamental limitations of
the device. If the absorption cross section 0 is about Az,
since o= Nc‘ 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 ¢ 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 10~1f joules/lifetime. This is comparable to the
energy required in competitive devices like the charge coupsd
device. A nanosec. speed device, would need a laser power
of 100 nW or more. The power of 10—16 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
1000 photons may be the ultimate limitations i of these
optical bistable devices.

Figure 61 1is 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 dimenéion 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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STABILITY OF THE SOLUTIONS
Equation 2.3 cbntains 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:

€r = €p + I'v, ' AN
where v is in units of 8W2L/XIb. For further simplicity
assume the laser to be exactly on resonance with the
absorber so that Aw = 0. The flelds may be ersen to be.
real without loss of generality. Using the Bloch

equations 3.7a, b and ¢ and A.l1 we get

. . 1
ep = e + IWxep + ;7 (eI—sT) s A.2
2
and
_1 f't -(t—T)//Tl
W=-1+ xT J (eI-sT)eTe dr . A.3
- 00
On substituting into A.2 we get
. . €
€y = - ( J% + I'x > € +-—% + €
T T TV I
2 2
i (t-1)/
-(t-1)/T
2 1
+ «Teq . (er-eq)eqe at - AL
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This equation describes the time evolution of the trans-

mitted field in a complicated way. At steady state,

€p = €1 = 0 and we get,

r : .

€1 = Ep (1 -+ . KQTlTé €$> . A.5
This equation gives the stationary points and has 1 or 3
solutions en = ep(eg). TFigure 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 I' there are more |
than one steady state solution. Let us study the nature of
the solutions at one of the output fields ed. Linearize

the equation around €02 and let x = Ep ~ €gs then

A.6

Dropping nonlinear terms in the 1limit of small values of x

we get,

'(t"T)/Tl

o
-

x = Ajx + A J dre x(1), which A.7

- 00

= Ajx + AT s where A.8
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’ 2
Ay = - (1/Tp + xT') + Tyx"eg(eg-gy) » A.9

1
2 ¢ —(t’T)/Tl
Ay = x"ey(e;-2e4) and I = x(T)e dt
- 00
A.10
We could write the same as
4 b 4 Al A2 X "
I = ) A.11
I ’ 1 - T— I
1 -
The time evolution of X is easily guessed as s -
. .
x(t) ~ x(0)er?, “AL12

where A 1s the elgenvalue of the matrix. If Ren 1s posi-
tive, the solution 1s unstable, 1f Rel is negative, we have
a stable solution.

The eigenvalues of A\ are given by

A = %[(Al-l/Tl) + {(Al—l/Tl)2 + 4(A1/T1+A2)}%].
A.13

Since A 1is never purely imaginary, there are no purely
osclllatory solutions. The necessary and sufficlent con-

dition that A\ is negative definite is
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T;A, - 1 <0, A.14

and

Al + AQTl <o . A.15

From Eg. A.5 we get

14
T, (T+1/T, + 1/T1,)
TA -l=-A B L A.16

1 2 m
1 + x T112 ET

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

gives us

o€
) —= . A.17

aeT

2

=

’
T T

A 172

T, = - T1(1+K

271

1t A

Hence the solutlons are stable if and only if

de
Lo, A.18
bsT

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 €1 reaches the value €1U
output switches from 1 to 2 and when £ research the value
eyps the output switches down from 3 to L,

Clearly the requirement for bistability is that
there exist two values of Ep for a given €1 where,
aeI

—— > 0. This implies that
aeT
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,
1+ 512:%—% > 0, A.19

(1+F7)

) 14
where F2 = K2T1T2 e%. The blstable points correspond to

(T-2) + JTT=B) ’
Fo = , | A.20
2

Since F2, proportional to intensity of light is real quan-
tity, a necessary and sufficient condition for bistability
is that I' > 8. At the points g;% = 0, we get 2 values of
A, one negative and the other identically zero. At these
points the solutions are stable for negative ?positi;e)
perturbation at the switch up (switch down) value of:fhe
field and unstable for positive (negative) perturbation.
The above conclusion is not very general. For
instance, 1t can be shown that if there are more than one

relaxation time in the medium the points with 351';‘0
9€
4o

3

need not necessarlly be stable

- 147 -



OLUTIONS FOR

21 .
] _
5

m_a_p._m

|
g

<
W

|
{3

. i
R
£ w

-—
W

- 148 -




APPENDIX B

RESPONSE OF 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 ¢ or F(¢,PI) (refer to Eq. 2.7) as a function
of ¢ will have the general form as shown in the figure. The

switch-on points are defined by P, ., and ¢o which are the

Tu
roots of the equations,

F(¢,P_) =0 B.1
I ¢ ,P
o’ Tu
and
3 (6,p.) - 0. B.2
9¢ I o ,P
o’ Tu
Hence, close to ¢s and PIu’
SF 5 1 3%F|, . 2. 3°%F
F(,Pp) = F05,Ppy) + 5g|80 + 5p | APy + 5 5| 80% + 555
I (o] a¢ o) o)
B.3

where the subscript o refers to evaluation of the function

at PI = PIu and ¢ = ¢o. Using B.1, B.2 and Eq. 2.7, we obtain,

2 2
2, 3°F 1 3°F
A * 5497, AGAP, +

2
ap +3 23
0 3¢

[+ ¥4

oF

BPI

Ad =
2 5P 2
o) I

o o

If we consider P_ = at where a is very small, then

I
dropping terms containing the second and higher powers of a,

we get
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aat + BA¢2 + yaA¢t B.5

>
©
[}

where

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

2 1/3
g = [EE] Ap and 1 = (0aB) t,
equation B.5 reduces to
' 2
E =1+ E° + €&7 B.6

where the prime denotes differentiation_with respect to 1 and

1/3
3

a282

If P. 1s changed from P very slowly (i.e., small a)

I Iu
the third term could be dropped. Eq. B.6 reduces to

g! = g2 + 1 B.7
and defining
(T
—~J gdt! B.8
Y=e O
we get
Y+ YT =20 B.9
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and

N .
E = ~ 37 in Y. B.10

The solution of the equation B.1l2 is made up of the Airy
17

functions and the general solution is

= AAi(—T) + BBi(—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 > —o, £+ /T, Of the functions A, and B,, only A, has

the correct asymptotic form to satisfy this condition. Hence,

_ d
E = - 3T ;n Ai(-T) B.12
or
1/3
_ oa ol 1/3
A¢(t) = —(—B—2“) a—ﬁ-ln Ai [—-(aaB) t]. . B.l3

From 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

in Eq. B.7 we get

Y" 4+ Y -e¥'t = 0. B.1l4
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2

Xel/“ €T one gets

Writing Y =

x” -1/u{52r2-uT-2e}x = 0. B.15

If we define T = Ve(1-2/¢) and q = (M/82+2) then Eq. B.15

could be rewritten as
X" —1/48{T°-q}X = 0. B.16
The solution to this equation is
X = ul(-q,7) + vV(-q,T) | B.17

where u and v are constants and U and V are the Parabolie
Cylindrical functions. To determine u and v let us consider
the limit of 1 » -», From Eq. B.6 we obtain & = —%. Only

U(-q,?) has the correct asymptotic form. Hence,

2 1
AG(L) = _[%%]1/3 d—%-ln RN U[—q,/E[T - %}J B.20
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APPENDIX C

THE GAIN FUNCTION FOR A TWO LEVEL
SYSTEM DEVICE

From Chapter 2

Yy = R .B 1
E; = Bp - 15 ¢ (Ep)Ep c.1

If at a steady state value Eg, Eg the input is modulated

(pure amplitude),

o]

. R R .
1 -1 w(ET)) - 15 Ephe . c.2

T( T

For a change in ET, AP could be calculated from Chapter 3,

Egs. 3.26 and 3.28 which yield

_ 4L
Avg = =5 Ahg>

, OF

_ lhrL) T ivt
= - Re <T GR(L\CD,V)KTQ 0
T .

e s C.3
E

where GR is given by Eq. 3.26. Similarly,
NE .
UnT, ! T ivt
A(PI = - Re (__7}_\7'___) GI(A(D,V)KTQ 0 e . C.)“'
B
A word of caution to the reader. The phase 1s a
function of the cavity field and to an approximation we can
replace the cavity field by ETA/T. Hence in Egs. C.3 and

C.4, this factor of\/——]:—_ must be appropriately added. This
T

is still an approximation and it has been shown by
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Bonifacio and Lugiatolo that the factor 4 must be

/7
replaced by//% using a mean field approximation method.
Substituting these values we can get the matrix elements

of the gain matrix, which are

RR - oII
G = R 0. 0ORAD )
(1 - T (QI + ET —T——AET/
T
= 5 2 ’
A R
( R 0 .0 2% 2 (o 0 Ao > ]
1+ % 92 + B = + —5 o, + E =
C05
RI IR
G- -G .
Re 0O Ao
R/T <(p t En o )
= ) 2
Ao > 2 R )
14 0 OR "1 'R 0 0O A9
{ (1 +R/T o] + Ep i /) * 3 (ch + Ep 7% ]
. T T T
C.6

For a device to act as a pure AM-AM converter
RT IR
G =-G

= 0. It might be possible to make AM-FM and

FM-AM devices too.

- 154 -



APPENDIX D

To simplify the equations we could write them as

ep My Mo ep
9 - , D.1
oz
g M3 —M1 EB
where
a
My =35 o(0) D.2a
M, = % 0(2k)(cos A9-Y sin A9) D.2b
a
M3 = - 5 0(2k)(cos A9 ) . D.2¢c
We could express equation D.,1 as
gi e = M Z s a Matrix equation . D.3
z

Assuming the variation of M to be negligible (SVEA) in the
interval 2 and z + A z, the fields at position z + Az may

be calculated from that at position z, during the equation

Ep c + Mls MQS

= Exp(Ml) Az

£ €
B/ sinz ~M..S c-ms/ \ B/

where
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C = Cosh { /(MI-MQ)Q/M ~ MMyA z} D.5

and

.

S = /(Ml-M2)2/4 - M;M, Az Sinh {/(Ml—Me)Q/lL -M; M, Az}

D.6

while,

.A'QZ_MZ = A9, + (Siﬂ-zz\z D.T
Using equations D.4, and D.7 the value of ¢ at z + Az is
caiculated from the value at z. Equation 3.37c¢ gives the
the value of g% at z + Az in terms of the values of
Eps Ep and A9 at z. By this process of iteration the
fields are calculated along the length of the cavity,
starting with the transmitted fields and eventually

evaluating the incident fields.
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