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Abstract. The use of a new Sagnac interferometer switch (SIS) to perform
digital optical logic is described. The optical logic switch consists of a Sagnac
interferometer with an optical nonlinear materiaf in its loop. Both the SIS input
and output logic variables are optical pulses. The output SIS state is a function
of the initial mirror alignment and the state of the inducing light beam. Using
various SIS interconnections, all 16 two-variable binary logic functions can be
implemented. Paralle! logic processing of different logic functions can be per-
formed using a single Sagnac interferemeter. Since SIS elements are cascad-
able, sequentiai operation is also possible. As an example, an implementation
of the SIS optical binary full adder is illustrated. If one input is a cw analog signal
and another input is an ultrafast opticai pulse train, the SIS can also be used as
an ultrafast optical sampling device. Conditions for proper optical sampling
frequency are presented.
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1. INTRODUCTION

For a digital computer, the fundamental element that performs
all three basic functions—arithmetic and logic operations and
memory—is a two-stable-state switch. It has been shown that
an electronic switch has its practical switching speed under 1 ns
(107 5). However, because of the high speed (femtosecond) and
the large bandwidth (3 X 10'? Hz) properties of an optical beam,
an optical switch is a promising canonical switching element for
an all-optical digital computer.l:2 Until now, various types of
binary optical and electro-optical (e-0) switches have been
proposed. For such switches, three optical binary switch state
representations are often used.? They are’(1) the orthogonal
polarization states, (2) the on/ off states, and (3) the 0/ 7 phase
shift states.

One example of an orthogonal polarization state switch is
the polarization-modulated liquid crystal light valve (LCLV).4
if an electric signal modulates an optical beam, then the polari-
zation switch plays the role of an e-o birefringent plate.
Another example of an orthogonal polarization state switchisa
degenerate phase-conjugation mirror (DPCM).3 For different
logic input polarizations, different phase-conjugated output
polarization states are obtained.
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The second type of switch, the on/ off state switch, can also
be implemented in different ways, such as by the use of a
variable-grating mode liquid crystal (VGMLC) device,s a
coupled-mode e-0 waveguide switch,® a four-wave mixing
device (FWM),” or a spatial encoding and filtering device B etc.
The binary logic output values are either space encoded or angle
encoded. A special type of on/off state switch is an inter-
ferometric switch. For this type of switch, two basic interference
models (the two-beam and the multiple-beam) are used. A
nonlinear Fabry-Perot interferometer with either the e-o or the
optical feedback signals is a multiple-beam interference switch
(a bistable switch).? A two-beam interferometric switch has also
been studied. For example, construction of a guided wave
interferometric modulator using an e-0 Mach-Zehnder inter-
ferometer has been reported. !0 Here, one arm of the interferom-
eter contains an e-o modulator; when voltage is applied, it adds
a s phase shift to the light passing through its branch. The
interference output due to this 7 phase change could signify
either an optical logic zero or a one. Since the dimensions of the
waveguide are small and the switch is cascadable, the sequential
logic operations can be performed, using a large number of
gates, on an integrated substrate.

As for the third type of switch, binary values are represented
by zero or 7 phase shift of the optical output signals.!1-12

In order to have an all-optical logic network, both the input
and the output logic variables must be optical quantities. A
Sagnac interferometer!? (SI) containing an optical noniinear
material (NLM), the so-called SI switch (SIS) is an excellent
candidate to be a canonical element for these optical logic
networks because of its autocompensation of vibrations and its
ease of alignment.' The purpose of this paper is to explore the
feasibility of using an SIS as a fast optically controlled switch. It

'will be shown that, using a combination of such swiiches,

optical binary logic networks can be formed. The SIS can also
be used to perform parallel processing of different binary logic
functions. This parallel processing property not only allows the
reduction of the dimensions of the logic network but also
enhances the system synchronization. In addition, we will indi-
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cate how an ultrafast optical sampling device can be realized
using an SI together with a cw optical signal and a train of
ultrashort optical pulses.

2. SAGNAC INTERFEROMETER

The application of interferometric methods to measurements of
physical material parameters has been widely studied. Various
types of interferometers have been developed for SpelelC use.
Among these is the Sagnac interferometer,!? designed in 1913,
which is also known as a triangular—path—macro-interferom-
eter,!S an antiresonant ring interferometer,'s and a beam split-
ter interferometer.!7 Its main application was to measure abso-
Iute rotation.!>!8 Since the invention of the laser, its use has
received renewed interest, The SI has found applications in the
construction of ring lasers and laser gyroscopes, in quasi-
microwave reentrant junctions, in laser output coupling, in
cavity dumping, and in colliding-pulse mode locking.!6:1%:20
Some of the properties of the SI are summarized in this section.
" Figure | showsa rectangular-type SI. Here, a beam splitter
(BS) takes the input beam and splits it into two parts. The two
beams travel in an identical closed loop, but in opposite direc-
tions, before recombining at the same beam splitter. The most
important feature of the rectangular-type SI is the spatial over-
lap of the two counterpropagating beam paths. When it 18
placed on a stationary table, the two counterpropagatmg beam
paths are identical. Thus, independent of the loop size and the
input frequency, the path lengths of two interfering beams are
always the same. Therefore, even with a white light source, it is
_not difficult to align.!s However, when the SI rotates, accordmg
“to Doppler’s theory, the speed of the beam fraveling in one
direction will be different from that of the beam traveling in the
other direction. For the two counterpropagating beams, this
rotation causes the beam paths to change and the correspond-
ing interference output intensity to change also. This change can
be used to calculate the rotational angular velocity.

In practical situations, the optical components suffer from
random mechanical vibrations. These vibrations cause the out-
put interference pattern to be unstable. To stabilize an inter-
ferometer, an active feedback eletronic device is often used.?!-22
However, because of the identical path property of a rectangn-
lar SI, the low frequency vibrations are autocompensated.™

Consider the outputs of the SI shown in Fig. 1. There are two
BS output beams: one travels counter to and the other perpen-
dicular to the input beam. We denote these two outputs as the
“retroreflected output” and the “output,” respectively. For all
lossless SI mirrors, these two output intensities can be ex-
pressed as

1= 202 [1-+cosAe J; (1)
I, = [thhr*+ 2% cosag 1 v

where subscripts i, 0, and r stand for input, output, and retrore-
flected output, respectively, r and t are beam splitter amplitude
reflection and transmission coefficients, respectively, and ¢
represents the geometrical phase difference between two inter-
fering beams. In the case of perfect alignment and with a 50/50
beam splitting ratio, Ap=m and A¢,=0. Correspondingly, 1,
= 0 and I.=1I;. Thus, the input beam is totally retroreflected.

When one of the mirrors is slightly misaligned, the intensities I |

=], and I, =0 can also be obtained. However, even with perfect
ahgnment when an unequal beam ratio is used, I, cannot
totally vanish. On the other hand, for the retroref_lected output,

092 / OPTICAL ENGINEERING./ January 1986 / Vol. 26 No. 1

P BS

1r - lo MI

Fig. 1. Rectangular Sagnac interferometer. M, mirror; BS, beam split-
ter; |, intensity. Subscripts i, o, and r are input, output, and retrore-
flected output, respectively.
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Fig. 2. Calculated curves showing the output intensities and fringe
visibilities in the two output diregtions. V, fringe visibility; r, beam
splitter amplitude reflection coefficient; 1, intensity. Subscriptsoandr
are output and retroreflected output. Perfect afignment is assumed.

independent of the beam splitting ratio, the intensity does drop
to zero. The quality of the interference fringe pattern, i.e., the
fringe visibility, is defined as V=1, — 1.}/ (paxt Linin)-
For the retroreflected output and the output signals, the fringe
visibilities are

S

V.=1, 3
- 2t2r2 4
o it @

Therefore, if better visibility is needed, the retroreflected
output should be used. However, to couple out this output, an
additional BS is needed. Thus, to get better visibility, a reduc-
tion of the output intensity is required. Figure 2 shows the
theoretical output intensities and visibilities versus the beam

splitter’s reflection coefficient 12 curves (assuming A¢, 7 and

A¢,=0). These curves indicate that, for best results, a 50/50 BS
ratio should be used.

3. SAGNAC INTERFEROMETER SWITCH
A stable binary switch forms the basic element of a digital
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computer. For the construction of a binary interferometric
optical switch, switch stability is one of the most important
requirements. For a rectangular SI, this requirement is auto-
matically satisfied. We will assume that to realize such a switch,
an ultrafast, efficient NLM is available whose orientational
relaxation time 7, is much faster than the inducing pulse width
7. For this NLM, the induced refractive index change from the
linear refractive index is

Any = n,<EXzn> )

where the symbol <> represents the time average, the subscript
Il is the direction parallel to the inducing light field E, and n, is
the nonlinear refractive index, When both a signal and an
inducing pulse are passed simultaneously through the NLM, an
induced refractive index change An is probed. For an SI, when
only one of the two counterpropagating beams undergoes this
change, the output intensity of the interferometer can be
expressed as (see Appendix A)

I, (z:0) = B<EXz0:> { 1 +cos [kytny<EXz:0> + ] } : ©)

where B is a constant, £is the length of the NLM cell, k; is the
propagation constant corresponding to the center wavelength
of the input beam, and ¢ is the geometrical phase difference
between two interfering beams. In order to achieve a 7 phase
shift, a nonlinear material with a high n, value is required. For
an isotropic material such as liquid CS, (n, = 2 X 10-% mks
units), achieving a 7 phase change requires 300 MW/ cm?ina |
cm long cell.?3 It has been reported that PTS polydiacetylene
has a higher nonlinearity (n, = 8 X 10~ mks units).* However,
the recently developed semiconductor multiple-quantum-well
{MQW) materials can have nonlinearity orders of magnitude
higher than liquid and other bulk materials have.25-26 In fact, 3
pJ, 82 MHz optical gates in a room-temperature GaAs/
AlGaAs MQW (n, = 107'9 mks units) have been experimen-
tally demonstrated.?’ Theoretical calculations predict that even
better performance can be achieved by using flatter, thinner
MQW samples. In the following discussion, it is assumed that a
ar phase change can be induced from a high n, material with a
resonable input power. Figure 3 shows the normalized output
intensity curve, calculated from Eq. (6), for a Gaussian input
pulse as a function of time. It is assimed that a 50/ 50 BS is used.
1t is clear that the output pulse shape depends on both the input
pulse shape and the intensity-dependent cosine phase change,
For a low initial output alignment (¢ == ), the output pulse 1 | is
narrower than the input pulse. However, for a high initial
output alignment (¢ = 0), the output I splits into two smallex
peaks with vanishing intensity at the midpoint.

An implementation of a Sagnac interferometer switch (SIS)
is shown in Fig. 4. The input beams are two light pulses A and
R. A cell containing NLM is asymmetrically placed into the
interferometer loop so that only one of the interfering pulses can
probe the induced index of refraction change. Either of the two
counterpropagating pulses R, or R,, can be chosen to undergo
this change. To ensure that A and either R, or R, will arrive
simultaneously, a delay prism D is used to adjust the temporal
overlap between the two beams. Since the cell is placed asym-
metrically in the loop, three pulses will not overlap simultane-
ously in the medium. Therefore, A does not generate a phase-
conjugated signal. To obtain a larger overlap region, a small
arrival angle between the two beams should be employed. When
the intensity of beam A is turned off, by an adjustment of the
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Fig. 3. Normalized time-dependent input-output relation for a Gauss-
ian input pulse in a pulsed-mode Sagnac interferometer.
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Fig. 4. Optical Sl implementation of INVERTER (also denoted as a
prime of the logic variable). NLM, nonlinear material; D, delay prism; I
and l,,, input and output; A, inducing beam; R, reference beam, with
subscripts 1 and 2 as clockwise and counterclockwise directions.

A

mirror, the interference output 1, can be placed either in an
initial low energy state (in an ideal case) or in an initial high
energy state. When beam A is turned on, the original output
state can be switched (assuming an induced 7 phase change)
from a low to a high state or vice versa.

This interference mechanism can serve in the role of an
optical logic inverter (INV) (also denoted as a prime of the logic
variable). For this optical INV, the input R serves as a reference
beam, while A is the signal beam to be inverted. A similar
optical INV is described in Ref. 17. There, the NLM is placed at

« the midpoint of the interferometer loop and is illuminated with

a cw laser beam. Since there is no external inducing beam, the
nonlinear phase shift is generated by the interaction of two
counterpropagating beams, However, in that case, the output
high state is lower than the input low state. To have an inversion
between two well-defined states, a reference beam is required.
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TABLE|. Two-Variable Binary Truth Table Showing All 16 Possible
Two—VariabI_e Logic Functions®

Inpt Qutput

ABI1l 2345 6789 10INI213KAB I6

o001 OO I 1O1TOOCOO I 1 I 1

oOl1o1rot 1 roooOl 10110

rofjo1r 100 1100101 LOT O

' HfIO 1T 11 O0CO0I1 1 OOV I I OO
0O 1 AB A © Alase|AB A AR A+B A+B‘N+B(A+a$(m3i|

*0and 1, false and truth; -, AND; +, INCLUSIVE-OR; @, EXCLUSIVE-
OR; ", INVERSICN.

4. OPTICAL BINARY LOGIC NETWORKS
USING THE SIS

In this section, the formation of various binary optical logic
networks using the SIS is discussed. We first describe imple-
mentations of the two-logic-variable canonical switching ele-
ments, EXCLUSIVE-OR (EOR) and AND type SISs. These
switches can be shown to take more than two input logic
variables. The parallel processing of different logic functions
using only one S1 element is discussed. Finally, as an example, a
proposed implementation of an optical full adder network is
described.

Table I shows all 16 possible two-variable binary logic func-
tions. For our convenience, the table is not organized the same
way as it usually appears in the logic textbooks. In the table, the
symbols 0 and 1 represent false and truth values. Thus, positive
logic, i.e., bright intensity true logic, is used. The first six
columns contain either the constants or the single-input logic
functions, The optical implementation of an INV was discussed
inthe previous section. Columns 7 and 8 in Table I represent the
EOR and the EXCLUSIVE-NOR (ENOR) logic functions,
respectively. Optical SIS implementation of EOR and ENOR is
shown in Fig, 5, The logic variables, beams A and B, are the two
optical logic inputs. The beam R is an optical reference pulse.
Theinitial output intensity is chosen as a 0 (low energy) interfer-
ence state, When either of the two input pulses A or B is turned
on and temporally overlaps the counterclockwise reference
beam at the NLM (either N, or Ng), the reference pulse will be
delayed by a half wavelength. This half wavelength delay leads
the output to a 1 (high energy) state. However, when both
beams A and B are turned on, the cumulative phase delay for
the counterclockwise reference pulse is 2 . This delay forces the
output pulse to return to the previous 0 state, Therefore, for the
input logic variables A and B, the output represents an EOR
logic function. On the other hand, when one of the mirrors is
slightly misaligned so that 1 is obtained as the initial output, this
device represents an ENOR logic function. '

Instead of working with only one of the two counterpropa-
gating beams, we can also let one logic input beam overlap the
clockwise reference beam and the other logic input beam over-
lap the counterclockwise reference beam at the NLM. Using
this approach, when two NLMs are placed symmetrically in the
SI, there is no time delay between the two logic input beams. To
implement these two logic functions, another alternative is to
time-code the two inputs in the same NLM. The NLM is placed
asymmetrically into the SI, with the arrival time for the two
inputs adjusted so that one input overlaps the counterclockwise
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Fig. . Schematic diagram of an optical S| EXCLUSIVE-OR switch.

Two input signals, A and B; two output signals, A®B and (ASB)'; N,
and Np, nonlinear materials; R, reference beam.
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Ed
A
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] NLM
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# M,
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Fig. 8. Schematic diagram of an optical $1 AND switch. Two inputs, A
and B; three outputs: A-B, A-B':and A" * B.

reference pulse and the other overlaps the clockwise reference
pulse at the NLM.

For the optical generation of the two-variable AND func-
tion, column 9 of Table I, the optical circuit similar to the
optical INV (see Fig. 4) is used. For an AND function (see Fig.
6), the reference R of Fig. 4 is replaced by the signal pulse B.
Assume that the initial output, when beam A is on, isa 0. The
only way to switch this output to a ! is to have both beams A
and B on. Therefore, this SIS yields a two-variable logic AND
function. Here, we note that, compared to the amplitude of the
signal A, the signal B is the primary input. When the value of B
is a 1, depending on the initial SI mirror alignment and the value
of A, the output can be either Q or 1, However, when the value of
B is 0, the output stays permanently at ), Therefore, when 1 is
chosen as the initial output, the function (A' AND B) is
realized. The function (A AND B') can be obtained simply by
interchanging the order of the two inputs.

The two-variable INCLUSIVE-OR operation, column 11 of
Table I, can be realized with a BS, However, when a BS is used
to combine two coherent beams, it serves in the role of an
interferometer. For an INCLUSIVE-OR logic function, the
phase difference between two inputs A and B should be adjusted
to such a value that when both A and B are on, the interference
output is the same as the output when either one of the two
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Fig. 7. Optical Sl implementation of a three-variable EXCLUSIVE-OR
switch. Three input signals, A, B, and C; output signal, G; reference
beam, R.

inputs is on. The remaining four functions, columns 13 through
16 in Table I, can also be obtained using the SIS technique.
They can be synthesized using two canonical SIS elements, i.e.,
AND, EOR, INV, etc.

The SIS logic elements can synthesize multivariable logic
functions. To illustrate this process, we present a number of
examples, As a first example, consider a three-variable logic
function G:

G=—A®B® C, (N

where @ stands for an EOR operation. To realize G, we add one
more NLM and an additional signal pulse C to the original
EOR switch (see Fig. 7). Again, by adjusting the 81, a 0 initial
output is obtained. When one or three of the inputs are a 1,
because of the odd multiple of i phase difference between two
interfering beams, the output is switched froma0toal. Onthe
other hand, when two or none of the three inputs is 1, the
resultant phase difference is an even multiple of r; then, the
output stays at 0. With an SIS, using similar reasoning, an N
input variable EOR operation can also be performed,

As a second example, consider the generation of a three-
variable AND function E:

E=A.B.C, (8)

where the « stands for the logic AND. In this case, two NLM
celis are used (sce Fig. 8). The two NLM cells are illuminated
with the signals B and C. For loop length compensation, a phase
retardation plate (RP) is employed, A delay prism D, which
adds a slight translational shift, is used to feed the output of the
AND function (A AND B} back to the SIS. In this case, the two
counterpropagating beams do not travel along the same loop.
However, after traversing an identical optical distance, they
recombine at a common point on the BS. After completing two
round-trips, this output yields the desired AND function. In
principle, this method can generate an N input AND function,

By placing the desired logic functions in displaced loops in an
SI, optical parallel processing is possible. An example of this
type of arrangement is shown in Fig. 9. Here, eight input
(A.B,C,U,V,X,Y, and Z) and three output (O, O,, and O3} logic
variables are used. When low initial output states are assumed,
the three logic outputs are O, = A-Z, 0,=B- Y, and O; =

M, My

A |, Bs

E=A-B-C

Fig. 8. Optical Sl implementation of a three-variable AND switch.
Three input signals, A, B, and C; output signal, E; delay prism, D;
retardation plate, RP.

M, Ms
Y /X
2\,
N 1
A BS
¢ M,
Oy= C{UeveXx)
0,= B-Y
0,=AZ

F!g. 9._ Parallel processing of three logic functions using a single S!.
Eightinputsignals, A, B, C, U, V, X, Y, Z; three output signals, 04, 05,
O3; retardation plate, RP.

C- (UaVeX). In general, the number of outputs is equal to
the number of primary inputs, i.e., A, B, and C in this example.
The ST parallel processing not only reduces computing time but
also aids in system synchronization. In SI parallel processing,
when one of the mirrors suffers a small translational shift, all
optical signals are identically delayed. This is an improvement
over a series-connected system, in which the delays vary
between different processing steps.

An optical implementation of a binary full adder is consid-
ered as a final example. To add two binary number sequences, a
binary full adder is usually required. The full adder logic func-
tions are

®
Cir1 = (A B ® (B;- C) @ (A~ C)),

where S; is the sum of two itk binary number bits and C, , is the
carry needed for the (i+ 1)7A bit addition. When this full adder is
used to add two binary number sequences, for the next bit
addition the carry from the previous addition step is placed at
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Fig. 10. Optical Slimplementation of a binary full adder. A;and B;, two
input signals {ith bit}; G;, ith carry; S, ith output of the summation; CL.
clock; RP, retardation plate.

the input of the adder. The output, on the other hand, can be
stored in a shift register. Consider Fig. 10 for an optical SIS
implementation of the full adder. There are two SIS elements.
One element {on the right side in Fig, 10) performs three AND
operations. The other element (on the left side} performs two
sets of three-variable EOR functions (one for generating the
sum and another for generating a carry). Both SIS elements
perform parallel operations. A single-bit add speed depends on
the switching and the traversing time of the SIS network. To
increase the speed, the size of the full adder should be reduced.
Based upon the SI parallel processing concept, an optical full
adder using only one S1 may be implemented.

5. SAMPLING OF ANALOG OPTICAL SIGNALS
USING THE SIS

So far, optical binary logic computing using the SIS has been
considered. Such a system, however, with inputs that contain
both digital and analog signals, can also be used as an optical
sampling device. The difference between optical sampling and
cavity dumping!? is that for optical sampling a very narrow
inducing (sampling) optical pulse is used. A possible optical
sampler implementation is shown in Fig. 11. The NLM sample
is placed asymmetrically in the SI, i.e., with unequal distances
from the NLM to the BS. The primary input beam is an analog
cw optical signal, In an ideal case, for perfect alignment and a
50/ 50 beam splitting ratio, and from a conservation of energy
argument, it can be shown that the cw beam, independent of the
incident intensity, will be totally retroreflected. That is, the
output intensity I, vanishes. This situation remains until an
inducing pulse is incident on the NLM. For this pulse, an
induced 7 phase change will probe two short time portions of
the cw traveling wave beam. For each sampling pulse in the SI
(see Fig. 12), two optical analog signal samples are obtained;
i.e., the two output pulses, with the time interval equal to the
traveling time difference, appear at the ouiput O. (The cell
length is assumed to be shorter than the inducing pulse width,
and therefore the overlap lengths, for two counterpropagating
beams, are approximately the same.) A train of N/2 sampling
pulses results in a train of N analog samples. The sampling pulse
period 7 should be longer than the material relaxation time 7.

Since each sampling pulse generates two samples, the sam-
pling frequency of the sampled analog signal can be twice as
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Fig. 11. Sloptical analog signal sampler. I;, optical analog input signél;
S, sampling pulses; |, sampled output signal.
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Fig. 12. Time diagram ofan Sl optical analog signal sampler. {a) Sam-
pling pulse S arriving at time t. (b} 14(t) and I5(t}, two counterpropagat-
ing analog signals in the SI; {,, time corresponding to the midpoint of
the interferometer loop. (¢} I, resulting sampled ocutput optical signal.

S| =

il 1

Fig. 13. Sampling puise sequence. Sampling peried, 7, sampling
group period, 7,

high as the input sampling pulse frequency. For a uniformly
sampled signal, the NLM should be located in the loop such
that the time difference between the NLM and the midpoint of

_ theloopisequalto r /4. To deduce the condition for which the

output signal frequency is equal to the input sampling signal
frequency, we define the parameter called the sampling signal
group period 7, (see Fig. 13}

. I (10)
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where ¢ is the distance from the loop midpoint to the NLM
sample and ¢ is the velocity of light. The group period implies
that there must be a time interval between every two groups of
sampling pulse trains. Otherwise, the analog signal will be
resampled. To obtain the largest group period, the NLM is
placed immediately behind the beam splitter. The maximum
number of samples N .. resulting from each group of the
sampling pulses is

;
Ninax = —2 . (an

Ts

When a high sampling frequency is required, the heating of the
NLM due to the high repetition of the inducing laser pulse
shouid be considered. To minimize the heating effect, an alter-
native SIS optical sampler realization can be employed. Here,
N uniformly placed NLM cells, located asymmetrically with
- respect to the BS, i.e., on one side of the loop midpoint in the SI,
are sampled. The advantages of this configuration are that the
low repetition rate laser can be wsed to perform the optical igh
frequency sampling and each NLM is allowed to have a longer
relaxation time.

6. SUMMARY AND CONCLUSION

The SIS is an attractive candidate for an all-optical digital
computing element. In this paper, an autostabilized binary
optical SIS has been proposed. The SIS switch-on and switch-
off times depend, for T4 << 7y, On the switching pulse shape.
The output visibility depends on the beam splitter. For best
performance, a 50/50 beam splitter should be used. The con-
stant time delay due to the loop length can be reduced and the
system stability can be enhanced'* using an integrated optics
approach. Using an SIS, various binary logic functions can be
implemented. It has been indicated that the SIS is suitable to
parallel logic operations. The application of an SIS to fast
optical sampling has been indicated. Conditions for proper
sampling have been discussed.
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8. APPENDIX A

Consider a ene-dimensional sinusoidal field with a Gaussian

traveling pulse envelope®:

Z

2
¢ ) cos (Wt — kg2) (Al

E(z:t) = Egexp (

where c is the velocity of light, 7, is the temporal pulse width,
and wg and ky are the radian center frequency and the radiation
propagation constant, respectively. Assuine that this pulse is
separated by a 50/50 beam splitter into two parts. One part

travels clockwise while the other travels counterclockwise in an
SI. The two puises, after recombining at the BS, yield for the
total electric field

z—2;,7
t_
B, (mty= AEﬁcxp(—T—cw)
t -

x { cos [wot — ky(z—z)] + cos [wgt — kg (z—2z,)] } , (A2)

where Ais a constant and z, and z,, with Az=z, — z,, arc optical
paths traveled by the two counterpropagating pulses. Here, we
have used a slowly varying Gaussian envelope approximation.
The corresponding time-averaged intensity is

1(z;t) = B<EXzt)> [1+cos (kyA7)] , (A3)

where the symbol <> represents the time average and B is a
constant. Since Az = [ln,<<EXz;t)>+¢/ky], with ¢ as the
geometrical phase difference, we have the output intensity as in
Eq. (6)

I, (zt) = B<EXzt)> {I +cos [kyfn,<EXz;t)> + ¢]} ) (A4)
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