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Relatively fundamental problems in physics hinder realization of the potentially large
information-handling capability offered by optical switching. This paper examines the
physics of optical switching in a way which exhibits those problems and which suggests
strategies for their solution. The primary limits on optical switches arise from heat gen-
erated during the switching process. The principal barriers to easing those limits are the
small value of interaction cross sections for atoms in solid-state materials and the lack of
high-finesse microresonators for the optical field. The research most relevant to the solu-
tion of these problems appears to be that dealing with enhanced atom—optical-field in-
teractions in solid-state microstructures. Short-optical-pulse generation and the short-time
dynamics of solid-state microstructures are also highly relevant.

I. INTRODUCTION

Optical switching offers very powerful informa-
tion handling capabilities; however, realization of
those capabilities is hampered by fundamental
physical problems. We examine optical switching
in a way which exhibits those problems and which
suggests strategies for their solution. We find, for
example, that a deeper understanding of
atom —optical-field interactions in solid-state mi-
crostructures is of special interest. We also find
earlier analyses of optical switching!’? more pes-
simistic than necessary. Finally, we observe that re-
cent work on transient phenomena in solid-state ma-
terials,”* short-optical-pulse  generation,” and
enhanced optical interactions in solid-state micro-
structures®’ evidences progress toward the goals
identified here.

The most closely related previous work is a paper
by Keyes and Armstrong,' later developed further
by Keyes.? We differ from these authors principal-
ly in that we arrive at more optimistic conclusions
concerning the capabilities of optical switching sys-
tems. There are several reasons for this difference.
(1) We disagree with the assumption of Keyes et al.
that it is necessary that a quantum of optical energy
be dissipated in an optical switch for each cycled
atom. Rather we suggest that a significant fraction
of the switching energy can be dissipated external to
the switch. (2) We include the role of a resonator
and show that proper use of a resonator can reduce
switching energy without necessarily reducing band-
width. (3) We find that cooperative phenomena in
solid-state materials can be used to obtain signifi-
cant reductions in switching energy over the case
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where atoms act independently. (4) We observe,
that as switching rates approach optical frequencies,
102 to 10'*sec™!, other types of switches simply
cannot compete at all.

Finally, we do agree with Keyes et al. that seri-
ous problems continue to hinder realization of the
large potential offered by optical switching systems.
We also suggest, however, that strategies exist for
attacking those problems.

A considerable body of literature on optical
switching extends back to times shortly after
discovery of the laser. A review of early attempts
to realize optical computers is given by Tippett
et al.® Bistable operation and hysteresis in a laser
oscillator was realized at an early stage.” More re-
cent efforts have emphasized bistable transmitting
elements.!”® Very recent work has demonstrated
what is perhaps the most powerful advantage of op-
tical devices, namely, the capacity to generate ex-
tremely short pulses (~ 30-fsec duration).’

It is important to recognize at the outset that
serious limitations make it difficult to construct op-
tical switching systems which approach the funda-
mental limits examined here. Summarizing briefly
the findings of the paper we find the two primary
limitations are (1) the cross sections of individual
atom transitions providing gain in solid-state ma-
terials typically depart from their optimum values
by very large margins [e.g., ~10 orders of magni-
tude for the Nd**1.06-u transition in yttrium
aluminum garnet (YAG)]. (2) Optical resonators of
high finesse with optical wavelength dimensions are
difficult to fabricate.

The origin of these problems is quite fundamen-
tal. For example, the reason for the large departure
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of atomic cross sections in solid-state materials
from their maximum theoretical value is that the
close proximity of other ions causes severe line
broadening unless both excited and ground states
belong to an inner shell (e.g., 4f") configuration;
however, in the latter case the transitions are parity
forbidden and hence have small oscillator strengths.
Thus, the change which decreases broadening also
decreases oscillator strength so that, in either case,
realizable cross sections are small compared to the
theoretical maximum.

The problem of obtaining high-finesse resonators
of optical wavelength dimensions also has a funda-
mental character. That is, metals are lossy at opti-
cal frequencies (utilizing superconducting materials
is not a practical solution since the existing energy
gaps are all small compared to optical frequencies),
and the use of multiple layers of dielectric material
is not easily extrapolated to resonators of optical
wavelength dimensions.

The key problem of reducing the energy dissipat-
ed in the switch is, in large part, the same as the
problem of realizing large cross sections and resona-
tors of high finesse with optical wavelength dimen-
sions. That is, the most straightforward way of de-
creasing the energy dissipated in the switch is to use
fewer cycled atoms and minimize absorption losses.
These goals, however, reduce again to a need for
large atomic cross sections and high-finesse resona-
tors. Resolutions to these problems appear to lie
primarily in use of cooperative phenomena in
solid-state microstructures as discussed in Sec. IX.

II. SWITCHING COMPONENTS

The problem of optical switching is, in essence,
the problem of utilizing one optical pulse to control
a second optical pulse by virtue of their interaction
with a common atomic system. The physical prop-
erties of interest are thus the rate at which energy
can be transferred between an atomic medium and
the pulse, and the thermal energy which is left in
the switch as a result of that process. We examine
ways of maximizing the transfer rate between atom-
ic system and optical pulse while minimizing the
heat left in the switch as a result of that transfer.
In the following, we define components, properties,
functions, and capabilities necessary to a discussion
of these problems.

An optical pulse is any pulse in the optical frequen-
¢y range which propagates in the switch or optical
guides, or both. This definition is general, so as to
include excitations which are not well approximated

as pure photon states. While the possibility of using
excitations with more complex dispersion curves is
recognized, the linear dispersion relation

vA=v 2.1)

is assumed to hold unless otherwise specified. The
frequency distribution of the optical pulses is as-
sumed to be a normalized Lorentzian function [see
(5.2) below]. We use Av, as the pulse bandwidth
and it is related to the pulse duration 7, by

1
27T,

Av

» (2.2)

Finally, the pulse which causes a switching event is
the switching pulse, and the pulse which is altered as
a consequence of the switching event is the switched
pulse.

The atomic system is a collection of identical
atoms which exhibit a significant interaction with
optical pulses. The phrase significant interaction
means here that the product of the absorption or
gain coefficient (averaged over the optical pulse
bandwidth) @ and the mean propagation distance I
of the optical pulses in the interaction region, is at
least unity for the case of resonant interactions, or
that the phase shift experienced by the optical
pulses on propagating a distance I, averaged over
the pulse bandwidth, is at least one radian for the
case of nonresonant interactions. The atoms are
treated as stationary and, unless otherwise specified,
are assumed to behave independently!! in their in-
teraction with light. The number of cycled atoms is
the number of atoms in the atomic system which are
caused to make an optical transition and return to
their original state in a switching operation and is
denoted by N,.

Four classes of atoms, having the energy levels
shown in Fig. 1, are used in this discussion. The
classes of principal concern are those exhibiting
transient changes of state. These are shown in Figs.
1(a)—1(c) and produce gain [Fig. 1(a)], absorption
[Fig. 1(b)], or a refractive index change [Fig. 1(c)] at
the frequency of the switched pulse v,. The optical
transition moment, linewidth, frequency, and popu-
lation difference for a transition from level i to level
Jj are denoted by u;;, Av;;, and Ny, respectively,
where i and j can take on any of the values indicat-
ed in Fig. 1. It is assumed that the transitions con-
necting levels 1 and 3, and 1 and 2 are radiative and
that the transitions between levels 2 and 3 are non-
radiative. (This situation is almost invariably re-
quired in any optical element providing useful gain.)
A class of atoms which can exhibit semipermanent
changes are also included [Fig. 1(d)].!* The atomic
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FIG. 1. Types of atomic systems. (a) Gain system.
Levels 1 and 2 exhibit a population inversion in the ab-
sence of a saturating field with peak gain at v=v,. Level
2 relaxes nonradiatively to the ground state at a rate
¥23>Yw- (b) Absorption system. Levels have a thermal
population distribution in the absence of a saturating
field with peak absorption at v=wv, (c) Transient
refractive-index system. Transition frequency v;; be-
tween 1 and 3 is defined to be greater than or less than v,
by an amount greater than the transition linewidth. (d)
Reversible bistable refractive-index system in which a
write pulse at vy,, or erase pulse at v}, (vy5,Vi;5~v,) cause
semipermanent changes in the refractive index at v,.

density is denoted by p.

The resonator is an element which confines the op-
tical pulses (Fig. 2). For the purpose of this discus-
sion, the resonator will be taken as having no ab-
sorptive losses, unless otherwise specified, and as
being composed of a pair of plane parallel reflectors
of reflectivity r. The resonator finesse is

F=T 2.3)
1—r

It will, in general. be assumed that r=1, so that V7

can be approximated by unity. The resonator

ATOMIC MEDIUM

FIG. 2. Switching element. A resonator of finesse F
with reflectors spaced by [, confining optical pulses in a
cross section of area a,, and containing an atomic system.

length is [,,. It is assumed that the optical fields are
confined within a region of uniform cross section
extending along the resonator axis. This cross sec-
tion is a,,.

Efficient switching will, in general, require that
the resonator loss rate not be slow compared to the
rate at which energy is transferred between the
atomic system and the optical fields. While viola-
tion of this condition can be tolerated to a modest
extent, and is required for the laser oscillator action
which is essential to the model switch (Sec. VIII),
an upper limit is imposed on the resonator finesse
by requiring

m
Ly
where 7,, is the switching rate and £ is an adjustable
parameter, which can be larger than, but not very

large compared to one. The mean propagation dis-
tance for light in the resonator is /:

F=

&, (2.4)

— F
I= 1+; Iy . 2.5

A switching element is an atomic system and the
resonator, or resonators, containing the atomic sys-
tem. An optical switch is a set of optical switching
elements, which may be one or more in number,
which enable one optical pulse (the switching pulse)
to cause a significant change in the behavior or prop-
erties of a second optical pulse (the switched pulse).

III. SWITCH PROPERTIES

We define the properties of the switching ele-
ments as follows: The switching element dimensions
are the same as those of the region occupied by the

- optical fields. Thus, the switching element has a

length [, and a cross section a,, (see Fig. 2). The
limitations placed on /,, and a,, are

ly>A, 3.1
ay>A2. (3.2)

The switching element volume is v,, and is limited
to values

vy >A%. (3.3)

A switching event is a causal change in the prod-
uct @) of at least a factor of 2 for the case of
resonant interactions, or a causal change in the
phase shift of an optical pulse while propagating a
mean propagation distance I of at least a factor of 2,
followed by a restoration of the switching element
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to its original state. The word, causal, excludes
purely spontaneous changes, such as relaxation of a
group of atoms via spontaneous emission or super-
fluorescence.

We have chosen a small change in @(v)] in this
definition so as to obtain a measure of the perfor-
mance which might be obtained in an ideal switch.
In actual switches a larger change will typically be
required. In particular, in comparing our results
with those of Keyes"? it should be recognized that
Keyes requires changes in @(v)l very large com-
pared to one so as to achieve reliable switching.

It is desirable to have a measure of the capacity
of the switching to enable a weaker pulse to control
a stronger pulse. Thus, the switching gain G is the
ratio of the number of quanta in the switched pulse
to the number of quanta in the switching pulse. The
switching gain is always positive and has the same
value whether the switched pulse is transmitted or
not.

The switching rate vy, is the rate at which energy
is transferred to the optical fields from the atomic
system, or vice versa. In the following, the resonator
relaxation rate is set equal to the switching rate [i.e.,
£ is taken as 1 in Eq. (2.4)] unless otherwise speci-
fied. The duty cycle at which the switches are
operated is 7.

IV. SWITCH CAPABILITIES

Switching systems, in general, require directivity,
isolation, gain, quantization, nonlinear behavior,
memory, reliability, and a capacity to execute the
basic switching functions.!® Optical switching sys-
tems will presumably also require these capabilities.
Some of the special advantages enjoyed by optical
systems are the capacity to propagate signals at the
maximum possible velocity and to execute opera-
tions at rates approaching optical frequencies.
Some of the special problems associated with opti-
cal systems are the spontaneous emission noise
which necessarily accompanies optical gain, the
lower limit of an optical wavelength placed on most
dimensions, and the need to work with minimum
quantum energies 4 v large compared to kT.

The weak nature of the photon-photon interac-
tion appears to be an advantage as regards isolation
of one optical pulse from another. That is, the
problems of inductive and capacitive coupling,
which become severe in very small electronic cir-
cuits, are avoided; however, coupling via scattering
and evanescent wave leakage must be considered.

The problem of realizing useful optical switching

usually reduces to realizing the capabilities listed at
the beginnning of this section in a way which mini-
mizes the required energy, time, and space. That
problem in turn reduces, in large part, to transfer-
ring energy between an atomic system and an opti-
cal pulse in a way which is highly predictable and
minimizes the required energy, time, and space.
While minimizing transfer time usually means in-
creasing the expenditure of energy, reducing the
volume of the switch usually aids in reducing both
the switching time and required energy. We thus
expect a strong tendency for the dimensions of the
most efficient optical switches to approach optical
wavelengths.

V. OPTIMAL SWITCHING ELEMENTS

We examine here the problems of maximizing the
switching rate and minimizing the heat dissipated
in a switch. The minimum number of atoms which
must be cycled per switching event N, is calculated
by writing the gain coefficient for the case of N
atoms in state 1, and no atoms in state 2 [Fig. 1 (a)].
The parameter N, determines the minimum energy
which must be dissipated in the switch, and hence,
eventually, the capacity of the system as a whole.
The gain coefficient is'

N 1 A,3‘V‘}/s
47%v v, Avg

The function

L(v). (5.1)

a(v)=

2
AV()

L =
) (Avg)*+4(v—v,)?

(5.2)

is a normalized Lorentzian. Here, ¥, denotes the
spontaneous relaxation rate in a vacuum, Ay,
denotes the linewidth of the transition in the ab-
sence of saturation, and the statistical weights of
upper and lower states are taken to be equal.

Integrating over the gain bandwidth gives an
average gain

Nl _)i VVs
47% vy (Avo+Av,)

a= (5.3
The minimum number of atoms which must be cy-
cled to obtain a change in a!/ of a factor of 2, N, is
one fourth of the atoms in state 1, or utilizing the

requirement that al > 1,
3 a, (A Av,)
> T Gw (VoA (5.4)
~F A2 s

Thus, N, scales linearly with the switching ele-
ment cross section a@,, and inversely with the resona-
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tor finesse. The dependence on the linewidth Av, is
examined by introducing the minimum bandwidth
Av,, allowed by the uncertainty principle for an
atomic level or resonator mode which has a lifetime
¥a!. Thus,

Avy =7, /27 . (5.5)

There are two principal regimes of interest,
Avyp>Av,, and Av, >Av, (this latter case corre-
sponds to operating the switch in a condition where
lifetime broadening is large compared to other
broadening mechanisms). For the former case Av,
can be made of the order of Av,, and neglected in
comparison to Avy. In that case,

Tay,
- 5.6
N, > iFo (5.6)
where the atomic cross section
A2 Vs
o=—"—. (5.7)
41’7’2 AV()

The minimum value of N, is obtained, for given a,,
and o, by taking the maximum value of F with
&=1. This gives

Mzi%h-
4 ov

Assuming that F can be optimized and the approxi-
mations used to obtain (5.8) are satisfied, the switch
volume and the atomic cross section are the sole
determinants of the minimum number of atoms
and, hence, the minimum thermal energy which
must be dissipated in the switch. Of course, if N,
becomes sufficiently small, reliability considerations
will place limits on the minimum value of N,.

For nonresonant interactions the minimum
switching energy is calculated in a way similar to
that above. The refractive index at frequency v for
a gain coefficient a(v) is (for n,—1 and aA/27
small compared to n,)

awi v—vo)

21 AVO
Assuming that the optical field is sufficiently far
from resonance that v—v, can be treated as a con-
stant, the number of atoms N, which must undergo
a change of state to satisfy the switching condition
is one fourth of the number required to satisfy

(5.8)

n(v)—1= (5.9)

A
—1= . .10
n,—1 >FI, (5.10)
Thus, for Avy> Av,,
7 Avg ay
=— — , 5.11
“=F . 22 X(v) (5.11)

where

_ [AVE+4(v—vp)?)
T Avglv—wy)

X(v) (5.12)
For the case Avy< Av,, a similar result is obtained.
Thus, nonresonant interactions require switching
energies which are larger than those for resonant in-
teractions by approximately the number of band-
widths of detuning from the atomic resonance.

The maximum switching rate can be expressed in
terms of N, as

172 172
LY, 3
IPL0 ALY R ] : (5.13)
vw
The corresponding finesse for £=1 is
1/2 172
A | Ty Vw
=—|— — | N.7V2, (5.14)
Lo | %s A ¢

This case represents the maximum rate for an ideal-
ized switch and hence serves to identify a limiting
condition rather than a typical operating regime.

The maximum thermal energy generated in the
switching element per cycled atom is 2v. Conserva-
tive estimates of performance should use this value.
In the interest of exploring absolute limits, however,
we also consider the case where some fraction of the
switching energy is removed from the switching ele-
ment as light. If spontaneous emission is excluded,
then the only way of extracting a signficant portion
of the excited atom energy as light, is through
stimulated emission. Such a procedure requires
population inversion. In general, to obtain a relaxa-
tion rate from level 2 to level 3, sufficient to main-
tain N; > N,, the transition 2 to 3 will have to be
nonradiative. In that case an energy 4 Av,; must be
dissipated in the switch and the problem of minim-
izing the thermal energy per cycled atom becomes
that of minimizing Av,; consistent with the need to
maintain a population inversion.

For the case kT >>%iy,,, the principal mechanism
leading to population of level 2 is thermal popula-
tion of level 2 from level 3. The number of atoms
in level 2 for N; ground-state atoms and a
Boltzmann distribution is

Ny=N3exp( —hAvy /kT) . (5.15)

To obtain population inversion under saturation of
the transition 3—1 by a pump requires a thermal
energy u, dissipated in the switch

U >N kT In2 . (5.16)

Another limiting case occurs for kT <<#y,.
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There the broadening of the levels due to the finite
lifetime will cause the ground-state ions to absorb
light of frequency v), even if kT is negligibly small
compared to AAv,;. Again under saturation of
3—1 as above, a Lorentzian line shape and a rela-
tion Av,, =v,,/2m gives

Avy3 >y, /47 . « (5.17)

In this case the minimum energy which must be
dissipated in the switch, if N, excited atoms under-
go transitions, is

u, >N #y, /2 . (5.18)

In principle, the use of reversible processes could
yield switches which generated no thermal energy
per switching operation.!> While those possibilities
could be important and perhaps more easily realized
in optical switches than other switches (as by use of
virtual transitions, e.g.), we use 5.16 and 5.18 as
lower limits on u, for this paper.

For the idealized case under discussion, the ther-
mal energy which must be generated in a switching
element is then

u,=EN hv . (5.19)

Here, { plays the role of the probability that the
quantum of energy used to cycle an atom must be
left in the switch as heat. The lower limits on £ are
kT In2/hv for kT > #iy,, and v,, /4mv for kT < #y,,.
Utilizing the expression for N, developed above, we
have

méay,
_ 5.20
4Fo MY (520

If F has its maximum value, then

Uy >

vw
u > 4 akh%" . (5.21)

The minimum switching energy required for a
representative switching rate of 10'? sec™! is plotted
versus atomic cross section in Fig. 3. The following
three cases are considered: (a) &=1, (b)
§{=kTIn2)/(hv) for T=300 K, and (c)
$=%vw/2mv. The curves indicate the minimum en-
ergy required by the above expressions. The solid
lines indicate the range of switching energies limit-
ed by an upper bound imposed by the capacity of
typical optical materials to dissipate heat and by a
lower bound imposed by the need for reliable
switching. (See Sec. VI below.) The maximum
cross section for existing solid-state laser transitions
is indicated by o,,. '

A rather rapid switching rate y,,=10'% sec™! has

10-14

10716

uy (JOULES)

10718

10-20

10722
10720 10718 40716 40714 4o-12

FIG. 3. Illustrative example of minimum energy dissi-
pated in the switch vs cross section [for ¥, =10"2 sec™,
and (a) one quantum dissipated per cycled atom (b)
kTIn2 dissipated per cycled atom for T=300 K (c)
hv, /2w dissipated per cycled atom]. Thermal energy per
switching operation for one quantum and for k7 In2
(T=300 K) dissipated in the switch is indicated by
dashed horizontal lines. Vertical line labeled o, indi-
cates the maximum cross section for known solid-state
laser transitions providing gain.

been chosen here to illustrate the nature of the opti-
cal switching problem. The principal point to be
made is that, while the acceptable operating range
for a switch with {=1 and y,, > 10 (for unit duty
cycle) is small, there are various ways of easing the
constraints. For example, the range of operating
conditions can be increased by modest reductions in
Yw- Also, the duty cycle can be reduced, or the
amount of heat generated per cycled atom reduced
below v so as to yield acceptable levels of heat dis-
sipation [curves (b) and (c), e.g.]. A general rule is
that the thermal energy is minimized by minimizing
switch dimensions and maximizing o or ¥s, Which-
ever is relevant.

Consider the problem of maximizing the ratio of
stimulated emission to spontaneous emission. A
major difficulty occurs in that the same changes
which minimize switching energy also increase the
rate of spontaneous emission. Some of this increase
is avoidable, and some is not. One source of
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enhanced spontaneous emission rate is cooperative
spontaneous emission or superfluorescence. This
enhancement can be large, but is often avoidable.
The rate of superfluorescence!” for the case of N,
excited ions is

Y =Vs(uN+1) . (5.22)

Here p is a shape dependent factor. For example,
for the special case I, >>A /27 and a,, >>Al,,"
3 A

p=3 L (5.23)
The principal point is that u tends to approach uni-
ty for atomic systems with dimensions of optical
wavelengths. Thus, the spontaneous emission rate
can be greately enhanced (y,r >>v;) if N, is rela-
tively large and the switch dimensions small. These
conditions are, however, highly likely in an optim-
ized switch, and hence, consideration must be given
to the problem of reducing y,;.

If dephasing collisions or inhomogeneous
broadening are present which lead to a full width at
half maximum of the atomic linewidth of Av,, then
a factor enters in calculating the build up of super-
fluorescence!’ of

—24
H(t)=e 7, (5.24)
where ¢ is time measured from the point when the
atoms are introduced into the excited state. Equa-
tion (5.24) ensures that for

Avo>>Ysr (5.25)

superfluorescence will be unimportant. The pre-
ferred strategy thus appears to be to choose transi-
tions which are broadened by dephasing, or inho-
mogeneous broadening, mechanisms up to the point
where Av, approaches the value which would lead
to degradation of switch performance, i.e.,

Avg< T2 (5.26)
~ 27
If superfluorescence is to be suppressed without
otherwise degrading switch performance, it is thus
necessary that

Yw>Ysf - (5.27)

The preferred conditions can be obtained through
the use of (5.13) and (5.22). For uN;>>1 and
N.=N,/4 the ratio y,, /7, is

2
Yo _ F A (5.28)

‘st T Gy
or, through the use of u given by (5.23),

Yw  SFI,A
st - 37T(1w )

(5.29)

Thus, even in the worst case (/,A/a,, =1) the condi-
tion 7y, >>7,s can be assured by making F>>1,
which is usually desirable for other reasons. In that
case, Avy can be made comparable to y,, and super-
fluorescence can be suppressed without sacrificing
switching rate. It does appear, however, that a
high-finesse resonator, and a value of Aw, ap-
proaching y,,, are both necessary for a minimiza-
tion of optical noise generation for N; >> 1.

The residual spontaneous emission rate which is
not further reducible for an excited atom in a reso-
nator of finesse F is'®

. vsF A2
Vs= .
27a,,

That is, while a microresonator enhances the rate of
stimulated emission, the rate of spontaneous emis-
sion is also enhanced. For a single switching ele-
ment, the ratio of the two rates is still given by the
number of quanta in the mode of the radiation field
acting on the excited atom, although both rates are
enhanced. For a two-element switch, it appears
possible to improve on this ratio (see Sec. VIII,
below).

A degree of uncertainty will always be present in
an optical switching operation because of uncertain-
ties in predicting the outcome of the atom-photon
interaction. It can be shown, however, that the
probability of a given outcome of a switching
operation is described approximately by a Poisson
distribution. Thus, in general, if the number of
quanta and number of cycled atoms is large com-
pared to one (e.g., ~1000), the outcome can be
predicted with a very high degree of reliability.'®
We thus use 10° as a nominal lower limit on N,
throughout.

(5.30)

V1. DISSIPATION OF EXCESS
SWITCHING ENERGY

We use a highly approximate model to make
order-of-magnitude estimates of heat dissipation by
thermal conduction (Fig. 4). Heat generation is as-
sumed to occur in a core region of uniform tem-
perature 7T, and conduction of heat to occur
through a surrounding shell of thermal conductivity
Kk to an external surface at uniform temperature 7T".
A description of heat dissipation by conduction can
be obtained from the equations for steady-state heat
conduction in simple bodies. For the geometries
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(c)

FIG. 4. Model structures for the case of (a) slab, (b)
cylindrical, and (c) spherical geometries. Heat-generating
region occupies the shaded portion of the element and is
at a temperature 7. External surface is at a temperature
T <T.

shown in Fig. 4, the power which can be removed
by conduction is (for slab, cylinder, and sphere,
respectively)

. 2w (T'—T)

; g ©.1)

2axl(T'—T)
. LAY St WA 6.2
Pr In(r'/r) €2
,_ 4akr(T'=T)
b= (@3

(We use p; to denote the power which can be re-
moved from the switch by conduction and p, below
to denote the power generated in the switch by the
atomic system. The other parameters are identified
in Fig. 4, except for «, which is the thermal conduc-
tivity of the material through which the heat is
flowing.) These equations are given by Jakob who
discusses them in greater detail.”’ For our pupose
they are useful as long as « can be approximated as
temperature independent, the difference between r’
and r approximates the distance through which heat
must be conducted, the phonon free path is short
compared to r'—r, and interfaces between different
materials do not introduce pronounced thermal bar-
riers.2!  We use these equations below to calculate
the rate at which a given switch can be operated for
a given temperature rise.

VII. LIMITS ON SWITCHING ELEMENT
CAPABILITY

Limits on switch capability for the idealized case
under discussion can be identified by combining the
expressions for switching rate and the expressions
for the dissipation of switching energy. This sec-
tion develops the resulting expressions in terms of a
characteristic parameter /, which has the dimen-
sions of length

kY
T KAT

Here AT is the temperature difference T'— T for
the switch. For thermal conductivities typical of
optical materials, v an optical frequency, and con-
servative values of AT, [ is of the order of optical
wavelengths. For example, for xk=0.1
Wem™'K™!, AT=10 K and v=3X10* sec™’,
lp=0.6 um,

The number of atoms which can be cycled per
switching event is obtained by setting the minimum
power which must be dissipated in the switch (for
N, atoms cycled per switching event) equal to the
maximum power which can be conducted from the
switch. This yields

dv
N, < .
glo?’w

Here, d is a parameter with the dimensions of a

lo

(7.1)

(7.2)
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length which depends on the geometry of the
switch. It can be obtained for a given geometry
through the use of the expressions in Sec. VI. For
example,

2 IwV
§In2 lyy,
for a cylindrical switch with »'=2r (see Fig. 4 for
the meaning of r’ and 7).

The maximum value of y,, permitted for a given
value of [/ is
Yo _4F do
v = wé lya,

N, < (7.3)

(7.4)

If the finesse F has its maximum value for §=1, y,
is (for Avy> Av,,) given by

id?»a 172
g lovw

Consider, for example, the case where Avy> Av,,
and the switch has cylindrical geometry with
e =2r,, and r, =A, then
172

Yw

v

(7.5)

Yw

v

8 o

Eln2 Ioh

(7.6)

The values of y,, permitted by the above expression
are plotted versus o in Fig. 5 assuming A=0.7 um
and /y=0.6 um for (a) {=1, (b) {=(n2kT)/hv, and
(©) &=y /2mv.

As an additional example consider the case where

w

< 10

o

o

zs 101 o
= m
T o

od)

=<

=

w

|
|
I Avy>Avy
|
I

102 1o|'18 | 1ol‘“i | 1oL14 | 1o|'12
CROSS SECTION (cm-2)

FIG. 5. Illustrative example of maximum switching
rate vs cross section for a cylindrical switch (for
Avo> Av,, ry=2ry, ry=A, [(=0.6 um, A=0.7 um, and
v=3x%10" sec™!). All points on the solid lines in this
figure and Fig. 6 are allowed both by thermal limits and
the lower limit on the number of cycled atoms imposed
by the need for reliable operation (N, > 10%). Amount of
heat dissipated per cycled atom is the same in curves (a),
(b), and (c) as in Fig. 3. Reduction in the effective values
of o,, caused by lifetime broadening (i.e., violation of the
condition Avy> Av,) is indicated by the slanted dashed
line.

Av,>Av,, r'=2r, and r=A for a cylindrical
switch as above. Then the switching rate is

tw_[2 amn]” o
v mén2 1, v ’
or, if { has its minimum value,
re_ |16 nr |” (7.8)
v In2 I, v )

Plots of y,, vs 7 given by (7.7) and (7.8) are shown
in Fig. 6 for a typical value of /;, and the three
values of § given above. A feature common to both
Figs. 5 and 6, but more pronounced in Fig. 6, is the
relatively weak dependence of the switching rate on
the atomic parameters. In particular, the depen-
dence is weaker the more highly optimized the
switch.

As mentioned above, a limit on the minimum
number of cycled atoms occurs due to the need to
obtain reliable switching. That is, if the value of N,
becomes so small that reliability considerations
prevent further reductions, then N, must be taken
as a fixed parameter. Let the minimum value of N,
permitted by statistical considerations be N,. Then
the switching rate is limited by

v
7.9
Yo <N (7.9
For the case of a cylindrical switch
l
Yo .27 Cw I (7.10)

v SIn(r'/r) Iy EN,

Inserting the maximum value of /,, gives

(sec-1)

SWITCHING RATE

Avy> Dy,

10" (@ ) ) / ) )
102 103 10* 10% 10% 107 10® 40
SPONTANEOUS EMISSION RATE (sec-1)

FIG. 6. Illustrative example of maximum switching
rate vs spontaneous emission rate for a cylindrical switch
(for Avy, > Avg, yy=2ry, r,=A, A=0.7 um, ly=0.6 um,
and v=3X10" sec™!). Curves (a), (b), and (c) have the
same meaning as in Fig. 3. [Maximum spontaneous
emission rate for solid-state independent-atom transitions
which yield gain is indicated by the dashed vertical line.
Apparent reduction in ¥, caused by nonradiative
broadening (i.e., violation of the condition Av, > Avy) is
indicated by the slanted dashed line.]

1 L
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172
272 A1

In(r'/r) 1, CFN,

Yw

v

(7.11)

This sets the upper limit on y, imposed by N,.
The region of the switching rate curves where (7.11)
is violated in Figs. 5 and 6, for N, =1000, is indi-
cated by a dotted line [curve (c) in Fig. 5].

Although it is difficult to predict the nature of
optical systems, we can make an order-of-
magnitude estimate of the limit set on element den-
sity in a system. For example, we assume a system
having spherical geometry with the heat-generating
region in a core as in Fig. 4 and r'>>r. Then,
where p, is the thermal power generated by each
switching element, the upper limit on element den-
sity is

N, = 2T9ATy (7.12)

TyD:

Here, k, is the thermal conductivity of the material
used to conduct heat out of the system, AT, is the
acceptable temperature differential 7°—T, and r, is
the radius of the heat-generating region. A plot of
N, vs p, utilizing the above expression is given in
Fig. 7 for three values of r, and representative
values of «, and AT,,.

The thermal limits on element density, for these
particular conditions, are thus typically more severe
than those imposed by the limit N, <A~3. In gen-
eral, thermal limits will predominate unless the
switching element dimensions are large compared to
optical wavelengths, or the power dissipated per ele-
ment becomes small (< 10~® W), and the system di-
mensions become small (<1 mm). The conclusions
to be drawn from the curves in Figs. 5—7, and the
analysis in general, are discussed in Sec. IX.

VIII. SWITCH DESIGN

A model switch is described here which permits,
in principle, realization of the capabilities listed in
Sec. IV, as well as the switching rates calculated in
Sec. VII. While actual switches can be expected to
depart markedly from this model switch, it is useful
as an existence proof. The switch consists of an
astable laser oscillator and two control switches
(Figs. 8 and 9). The oscillator consists of a primary
resonator of finesse F,, length [,, and cross section
a,, and a gain region containing N, excited atoms
of cross section o,. The control switches each con-
tain a set of N, atoms of cross section o, (q=A4,B,
see Fig. 8) which are acted upon by the switching
pulse. [The approximation is used throughout this

1014

102

100

108

N, (cm™3)

106

1
10-8 1076 1074 1072
Py (WATTS)

102

FIG. 7. Illustrative example of maximum element
density vs average power dissipated per switching ele-
ment for a small spherically shaped system (for K,=4
Wem~! K1, AT=10 K, and r,=0.04, 0.4, and 4.0 cm).
Horizontal line indicates the maximum element density
set by the restriction that v,, > A3 for A=0.7 um. Vertical
lines indicate representative power dissipation levels for
the case of integrated electronics switches (IES) (e.g., for
u,=10""J and 7, =10° sec™"), and for Josephson junc-
tion switches (JJS) (e.g., for u,=10"'% J and 7, =10"
sec™)).

section that all the atoms which interact with the
oscillator mode of frequency v in a given switching
element are either entirely in the emitting state
(state 1), or entirely in the absorbing state (state 3).]

The net single-pass gain for v=w, for the oscilla-
tor exclusive of the control switches is just the gain
of the atomic system less the single-pass-resonator
loss, or

N,o

agly=—"22 T (8.1)

4 F,

Thus, N,o0,F,/ma, must be significantly larger
than one if the oscillator is to approach saturation
at a rate comparable to the switching rate derived
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above.

The switching gain G of the switch, i.e., the ratio
of the number of quanta in the switched pulse to
the number of quanta in the matching pulse, is
given approximately by

G <N,/Ng . (8.2)

Here, N, is the number of cycled atoms in the con-
trol switch. A special problem arises in that large G
requires N, >>N,,, in which case the control sec-
tions (utilizing resonant interactions) can be used to
allow or prevent the initiation of laser oscillation,
but are not adequate to terminate laser action. The
solution here is to design the laser as a self-
terminating astable oscillator, as, e.g., by giving the
lower laser level a sufficiently slow relaxation rate
so as to cause termination of laser oscillator action
in a time of order v .

Since the control regions must provide a gain or
loss comparable to N,o0,/a, to exert control over
the primary laser oScillator, but must not yield a
significantly larger loss or gain,

o.Ny=0,N, (8.3)

is required. Thus, the switching gain is also given
approximately by

UL‘
G<—. (8.4)

Op

An absorption control switch [Fig. 9(a)] adds a

CONTROL
SWITCH B

PRIMARY
RESONATOR
INCIDENT
PULSES

SIGNAL "<
ouT

FIG. 8. Model optical switch. Switch consists of a
primary switching element having a resonator which in-
cludes an atomic system having N, excited atoms of cross
section o, and two control switches 4 and B. Control
switches contain N, atoms of cross section o, and Npg
atoms of cross section o, respectively, and have spatial
cross sections normal to the axis of the primary resonator
which are the same as that of the primary resonator.
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FIG. 9. (a) Absorption control switch. This switch
consists of an atomic system of the type shown in Fig.
1(b) with N, atoms of cross section o, in level 3 in the
absence of saturation. (b) Gain control switch. This
switch consists of an absorption element and a gain ele-
ment. Absorption element has an atomic system of the
type shown in Fig. 1(b) with N, atoms of cross section o,
in level 3 in the absence of saturation. Gain element has
an atomic system of the type shown in Fig. 1(a) with N,
atoms of cross section o, in level 1, and no atoms in level
2, in the absence of saturation. (c) Refractive-index con-
trol switch. This switch consists of an atomic system of
the type shown in Fig. 1(c) or 1(d).
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region of saturable absorption to the primary reso-
nator. The net single-pass gain for the primary os-
cillator is then

Moo Na%a 1 6.5

aol =
P
a, a, Fp

Here N, is the number of absorbing atoms in the
absorption control element and o, is the cross sec-
tion for those absorbing atoms. By choosing N,o0,
properly, ayl, can be changed from negative to pos-
itive on saturating the atomic system of the absorp-
tion control switch. A single such switch intro-
duced as switch 4 provides the A ignore B opera-
tion. Two such switches provide either the AND
operation, or the OR operation, depending on the
value of the primary gain.

A gain control switch [Fig. 9(b)] adds matching
regions of saturable gain and absorption to the pri-
mary resonator. The net single-pass gain for an os-
cillator including such an element is

aol, = (8.6)

N,o, N Ngog B Ngo, o

a, a, a, F
Here the number of atoms providing gain in the
gain element of the gain control switch is N,, and
the cross section of those atoms is o,. The number
of absorbing atoms in the absorbing element of the
gain control switch is N,, and the cross section of
those atoms is o,. The parameters are to be chosen
so that aol, is positive when N, has its maximum
value, and negative when it has its minimum value.
Thus, the gain control element enables the switch-
ing pulse to have an inhibitory effect on the oscilla-
tor.

Another form of control switch [Fig. 9(c)] can be
realized in the form of a refractive-index control
switch by using atomic systems of the type indicat-
ed in Figs. 1(c) and 1(d). In this switch, the effect
of the switching pulse is to alter the refractive index
of the region occupied by the control switch. This
switch is necessarily less efficient than a gain or ab-
sorption control switch by a factor of the order of
the number of bandwidths of detuning. However,
an advantage is gained in that the laser oscillator
fields have a weak influence on the control region.

The contrast ratio (i.e., the ratio of stimulated
emission to spontaneous emission) of the model
switch can be enhanced over that of a single switch-
ing element, by including a saturable absorption
control section. That is, if the noise level due to
spontaneous emission is too weak to saturate the ab-
sorption control element, that noise level will be re-
duced by the absorption of the control element. In
that case, assuming the signal pulse contains

enough quanta to saturate the absorption control
element, the contrast ratio would be enhanced by a
factor ‘
N,o
N =exp—— , 8.7)

a

where N, is the number of atoms in the absorption
control element, o, is their cross section, and a, is
the cross section of the absorption control element.

By proper combination of the various types of
switching elements this switch will exhibit all of the
switching operations such as AND, OR, NOT, etc.
It will also exhibit bistable operation in the sense of
emitting or not emitting a continuous pulse train
depending on its previous history.

IX. CONCLUSIONS

It is concluded that optical switching systems
with extremely high capacities are allowed by fun-
damental laws. However, it is “also concluded that
the problems of realizing the large interaction cross
sections and high-finesse microresonators recom-
mended by the analysis are so difficult that solu-
tions will require an improved understanding of op-
tical interactions in solid-state materials, and possi-
bly novel physical discoveries. The nature of these
problems is discussed in Sec. I and possible attacks
on them are examined below.

It does appear that it will be necessary to cycle a
number of atoms large compared to one in order to
achieve reliable optical switching and that a number
of quanta of energy hv also large compared to one
will be required to cycle those atoms. It does not
appear necessary, however, that all of the optical
switching energy be dissipated in the optical switch
or that optical switches are necessarily inferior to
other switches? as regards the energy which must
be dissipated in the switching elements.

The fundamental limit on optical switch volume
of A* is larger than the lower limit on volume for al-
ternative switches based on electronic phenomena.?
This does not, however, appear to be a serious limit
from a practical point of view in systems employing
high switching rates. That is, for high switching
rates, thermal limits are likely to intervene before
size limits of the order of A’ become important.
From a fundamental point of view, this is not an
entirely rigid limit, since A is the wavelength of the
optical frequency excitation in the material. That
is, A is reduced from A, the vacuum wavelength, by
the ratio v /c, so that A® can, in principle, be consid-
erably smaller than A3.
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Optical switches do appear to possess a funda-
mental advantage as switching rates approach opti-
cal frequencies. That is, the only switches which
are capable of closely approaching optical frequency
switching rates in the foreseeable future are optical
switches. Also, since the velocity of light is the
known upper limit on propagation velocity, there
are no known means of transferring switched infor-
mation from point to point more rapidly.

A few rather general rules concerning design stra-
tegy emerge from the discussion. One rule is that
the switch dimensions should be reduced as closely
as possible to the order of optical wavelengths.
There are two physical mechanisms which both
favor such a reduction. The acceptable thermal
power density increases quadratically with the re-
ciprocal of the minimum switch dimension, and the
minimum number of cycled atoms decreases as the
volume of the switching element decreases. The
combination of both these sensitive dependences on
switching element dimensions strongly recommends
minimization of the switch dimensions. Also, the
need to be competitive with alternative switches re-
quires an approach of those dimensions to optical
wavelengths.

A second closely related rule is that the perfor-
mance of an optical switch can usually be improved
by a resonator. The resonator confines the optical
fields and increases the field energy density in the
switch for a given switching energy. Since the re-
quired switching energy decreases with increasing
resonator finesse it is desirable to maximize the
finesse consistent with avoiding a reduction in
switching rate. (The energy density can also be in-
creased through the use of short pulses and travel-
ing wave interactions. This is useful but leads to re-
duced switching element densities since the switch
length must be increased by a factor of order F over
a comparable switch utilizing a resonator of finesse
F)

A third rule is that the fraction of the quantum
energy dissipated in the switch per cycled atom, ¢,
should approach, as closely as possible, the
minimum calculated above. That is, the minimum
value of ¢ calculated in Sec. V is usually small com-
pared to one, and realization of the full capability
of an optical switch depends on minimizing §.

A fourth rule is that the cross section, spontane-
ous emission rate, or other measure of the strength
of the interaction between the atomic system and
optical field should be maximized, preferably to the
point where statistical considerations intervene.
The argument is that the required switching energy
decreases with increasing interaction strength until

the point is reached where statistical considerations
prevent a further reduction in the number of cycled
atoms. While the increase in switch performance
with increasing o or ¥ can be relatively slow, espe-
cially in a well optimized switch, it can still be de-
cisive as regards realization of an optical switch
competitive with alternative switches.

A fifth rule is that processes involving virtual in-
teractions in which all the switching energy is re-
moved from the switch as light should be con-
sidered. The removal of the entire switching energy
from the switch as light is a feature unique to opti-
cal switches and deserves exploration.

Some incidental design considerations are (1) it is
highly likely that solid-state materials will be re-
quired. Two of the many reasons for requiring
solid-state materials are the need for extremely large
gain per unit distance and the need for a matrix
which maintains a well-defined spatial relationship
between switches. (2) Maximization of signal to
noise will probably require realizing gain in a non-
linear device which is more complex than a single
element.

The problem of selecting a research strategy is a
highly individual matter, and the interested reader
will persumably devise his own. As a possible aid,
however, the above findings are summarized in the
form of three rules and several observations are of-
fered. The rules are that the degree to which an op-
tical switch approaches its potential is measured in
large part by the degree to which (1) the dimensions
of the switch approach optical wavelengths, (2) the
interaction matrix element for the moment of the
atomic system and the optical field (at the excita-
tion level of a single quantum) approaches optical
energies, and (3) the fraction of the switching ener-
gy which is removed from the switch as light ap-
proaches unity. While it will usually be neither pos-
sible, nor desirable, to achieve these limiting cases,
the need to. approach those cases in some degree is
likely to shape most strategies.

A number of problems which make it difficult to
realize competitive optical switches are eased as the
optical switching rate approaches optical frequen-
cies. For example, shortening the pulse localizes
the optical energy in a smaller volume even in the
absence of a resonator, and if a resonator is used,
the finesse required for a given degree of localiza-
tion decreases linearly with pulse duration. Also,
degradation of the switch performance due to com-
peting nonradiative relaxation, spontaneous emis-
sion, or a given degree of line broadening is re-
duced. Finally, there is the obvious point that alter-
native switches cannot compete at all, once the
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switching rates exceed certain values (e.g.,
~10°—10" sec™! for integrated electronics and
10" —10'% sec ! for Josephson junction switches).

Another observation is that the problem of in-
teractions between the atomic system and the opti-
cal fields in which the atoms of the atomic system
behave cooperatively is particularly important. The
argument is that for fundamental, and perhaps un-
avoidable reasons, the interaction matrix element in
the independent-atom approximation (in solid-state
materials, where practical optical switches are most
likely to be realized) falls many orders of magnitude
below its theoretical maximum. This problem has
such a fundamental character that it appears very
difficult to improve upon. A potential solution is,
however, offered by cooperative interactions. That
is, given N cooperating ions within a volume small
compared to A%, the rate of transfer of energy be-
tween the atomic system and optical field can be in-
creased by a factor of order N over that for an iso-
lated atom for the same investment of energy.?’
Another way of making a comparision which is
relevant for systems not small compared to A3 is in
terms of the polariton frequency v,.!" If the excited
atomic system can be approximated as an exciton
having the optical wave vector, then the rate of
transfer of energy between the atomic system and
the optical fields is

Vp =0, (f/4€)'/? .1

(where w, is the plasma frequency’* and € is the
dielectric constant of the host crystal). The oscilla-
tor strength f for the transition moment p; is

8mmv
3he?

f= L 12, 9.2)
where m is the electron mass and e is the electron
charge. The frequency v, is always much larger
than the comparable parameter for the

independent-atom case. That is, since w,=3x10"*.

sec™!, v, can be of the order of 10'' —10'? sec™,

even for highly forbidden transitions (where
f~1079).

The exact manner in which cooperative interac-
tions might be used for efficient optical switching
remains a reseach problem; however, several obser-
vations can be advanced. For example, cooperative
interactions which require a large number of excited
atoms, with excitation energies of order Av, such as
super-radiant states, to establish the cooperative
behavior do not offer much advantage. That is, the
need for a large number of quanta defeats the origi-
nal purpose in seeking cooperative behavior. Also,

the polariton interaction alone does not offer obvi-
ous advantages since, in the absence of nonradiative
coupling of the atoms, it introduces no features not
already present in the independent atom model.
The physics most likely to yield competitive optical
switches thus appears to lie in novel combinations
of radiative and nonradiative interactions which
possess a cooperative character at low excitation
levels.

One class of examples where nonradiative in-
teractions can be used to obtain efficient switching
is the change in the enhanced absorption near the
band edge of a semiconductor caused by introduc-
tion of photoexcited carriers.”> There the photoex-
cited carriers alter carrier interactions and conse-
quently change the optical transmission by an
amount adequate to satisfy the definition of a
switching event. In particular, changes >0.3 dB
have been realized in subpicosecond times for ener-
gy densities of ~3 uJ/cm? (the minimum switching
energy for such a switch would be ~30 fJ).> This is
equivalent to a switch utilizing independent atoms
with 0=8x 10~ cm?. In principle, as indicated
by the curve in Fig. 5, the heat generated per
switching operation could be low enough to permit
subpicosecond switching at duty cycles approaching
unity.

Another case of recent interest is the use of
changes in optical absorption near a band edge
caused by optical carrier generation in a semicon-
ductor in an electric field.* There the change in the
Franz-Keldysh effect caused by carrier screening
can be quite large for low densities of optically in-
jected carriers. For example, changes in optical
density of 0.3 can be obtained for an injected carrier
density of ~7x 10" cm~? in 2-um-thick layers of
GaAs. This is equivalent to cycling atoms with a
cross section of 2X107!2 cm? (the minimum
switching energy for such a switch would be ~1
fJ).

The active research at present on enhanced opti-
cal interactions in condensed matter microstruc-
tures also appears highly relevant. Those enhanced
optical interactions arise from essentially the same
phenomena discussed here, i.e., the use of reso-
nances in microstructures to enhance the magnitude
of the optical field at the site of the interacting
atoms. Other work on enhanced optical interac-
tions which is more difficult to explain may be due
to related phenomena.’

A final area of interest which shows progress to-
ward goals outlined here is the generation of ex-
tremely short optical pulses. For example, by utiliz-
ing nonlinear optical intersections in small volumes,
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we have recently succeeded in generating optical
pulses in the femtosecond time regime. We use col-
liding pulse modelocking in very thin dye jets to
produce stable trains of optical pulses as short as 70
fsec and nonlinear frequency broadening and pulse
compression in small single mode optical fibers to
obtain pulses as short as 30 fsec. The shortest of
these pulses have a duration of only 14 cycles of the
optical field.> It is unlikely that electronic devices

or Josephson junction switches will approach this
time regime.
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