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All-optical switching using the quantum Zeno effect and two-photon absorption
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We have previously shown that the quantum Zeno effect can be used to implement quantum logic gates for
quantum computing applications, where the Zeno effect was produced using a strong two-photon absorbing
medium. Here we show that the Zeno effect can also be used to implement classical logic gates whose inputs
and outputs are high-intensity fields (coherent states). The operation of the devices can be understood using a
quasistatic analysis, and their switching times are calculated using a dynamic approach. The two-photon
absorption coefficient of rubidium vapor is shown to allow operation of these devices at relatively low power

levels.
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I. INTRODUCTION

In the quantum Zeno effect [ 1], a randomly occurring pro-
cess can be inhibited by frequent measurements to determine
whether or not it has occurred. We have previously shown
[2-4] that the quantum Zeno effect can be used to suppress
the failure events that would otherwise occur in a controlled-
NOT (CNOT) quantum logic gate based on a linear optics
approach [5,6]. Other groups [7,8] have shown that Zeno
logic gates of this kind may have advantages over a purely
linear optical approach although stringent requirements on
the performance of the devices must be met in order to sat-
isfy the error correction threshold for quantum computing.

Although the quantum Zeno effect was originally based
on the use of frequent measurements, it was soon realized
that equivalent effects could be obtained using any form of
decoherence or dissipation that prevents the growth of spe-
cific probability amplitudes. For example, the Zeno quantum
logic gates that we proposed earlier are based on the use of
strong two-photon absorption to suppress the probability am-
plitude that two photons will emerge from the same output
port, which is the only intrinsic source of failures in the
CNOT gate of Ref. [6].

Here we show that similar effects can also be used to
implement classical logic gates whose inputs and outputs
correspond to intense classical beams of light (coherent
states). Although many photons are involved in the operation
of these devices, strong two-photon absorption can still in-
hibit a beam of light at a specific frequency from coupling
into a resonant optical cavity. This allows the presence or
absence of one beam of light to control the output path taken
by a second beam of light, which corresponds to the opera-
tion of an all-optical switch.

Aside from any practical applications of these devices,
these results raise some questions as to whether or not the
Zeno effect is inherently quantum mechanical in nature. It
will be argued here that the Zeno effect based on dissipation
or decoherence (rather than actual measurements) is a possi-
bility in any system described by a wave equation and it is
not limited only to quantum mechanics.

The paper begins with a basic description of classical
logic gates based on the Zeno effect in Sec. II, which also

1050-2947/2009/79(6)/063830(10)

063830-1

PACS number(s): 42.50.Nn, 03.67.Lx, 42.65.—k, 42.79.—¢

includes a quasistatic analysis of their operation. These cal-
culations assume that a toroidal microresonator [9] is used to
enhance the intensity of the field inside the resonator as com-
pared to that in the coupling waveguides. Section III dis-
cusses the all-optical switching and memory operations that
can be implemented in this way, including a dynamic calcu-
lation that gives their associated switching times. These de-
vices require a strong two-photon absorbing medium to pro-
duce the required dissipation, and Sec. I'V calculates the two-
photon absorbing properties of rubidium vapor using a
quantum-mechanical approach. Further details of the perfor-
mance analysis are discussed in Sec. V while a summary and
conclusions are discussed in Sec. VI.

II. QUASISTATIC ANALYSIS

At moderate intensities, the operation of logic gates based
on the quantum Zeno effect can be understood using a clas-
sical analysis. A quantum-mechanical calculation using dis-
crete numbers of photons would be required at sufficiently
low intensities but quantum effects become negligible and
Maxwell’s equations can be used when the mean number of
photons is much larger than one. This approach is still valid
at intensities of picowatts or less. Although the fields are
treated classically here, a quantum-mechanical description of
the two-photon absorption process in an atomic vapor is
given in Sec. IV.

We will first consider a quasistatic situation in which the
input fields are slowly varying compared to the relevant time
constants associated with the resonant cavities and the two-
photon absorption process. A dynamic calculation that can be
used to evaluate the switching times associated with pulsed
inputs will be discussed in Sec. III. The quasistatic analysis
is relatively straightforward and it gives estimates of the
losses and other potential error sources under slowly varying
conditions. It also illustrates the basic mode of operation of
the devices and the bistable nature of their output.

The quasistatic treatment of the logic devices is somewhat
analogous to the usual classical description of the response
of a resonant cavity. The system of interest is shown in Fig.
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FIG. 1. (Color online) Coupling of two input waveguides into a
toroidal resonator with coupling coefficient iR and transmission co-
efficient 7. Classical electric fields Eq, and E,p at frequencies w,
and w, are assumed to be incident from the left. Two output fields
E|, and E,; are shown propagating to the right. Two other output
fields, E|, and E;,, propagating to the left are not shown.

1. A toroidal resonator is coupled to two input fields using
two tapered fibers or waveguides. The electric field in either
input is coupled into the toroid with a coupling coefficient iR
while the transmission coefficient 7" describes the transmis-
sion of the field through the coupling regions. (This notation
is meant to be analogous to the reflection and transmission
coefficients of a beam splitter.) The factor of i in the cou-
pling coefficient allows R and T to be taken to be real
numbers.

Classical electric fields E;, and E;p with angular frequen-
cies w; and w, are assumed to be incident in paths A and B.
To simplify the analysis, the coupling coefficients R and T
are assumed to be the same in both paths although that need
not be the case in general. The coupling regions are assumed
to be sufficiently short that we can ignore any losses in those
regions. The electric fields will be assumed to decay at a rate
v per cm of travel due to linear (single-photon) losses that
may include scattering by the atoms as well as the intrinsic
loss mechanisms of the cavity. In addition, each electric field
E; inside the resonator is assumed to decay at a rate of al; per
cm of travel, where « is the usual two-photon absorption
coefficient and / j=E;E ; 1s the intensity of the other field. The
quality factor Q for the resonator will be assumed to be
sufficiently high that the intensities /; in this expression are
essentially constant throughout the resonator.

It will be assumed that two-photon absorption can only
occur for two photons of different frequency and that two
photons of the same frequency cannot be absorbed. It will be
shown in Sec. IV that the self two-photon absorption can be
up to 8 orders of magnitude smaller than the cross-two-
photon absorption when rubidium vapor is used as the
atomic medium.

Under quasistatic conditions, the field at frequency w; can
be determined at various points around the resonator as illus-
trated in Fig. 2. For now, we will assume that the intensity of
the other field has a known value of I, for the purpose of
computing the losses due to two-photon absorption. We will
define the value of the field at frequency w,; just after the
input coupling as E\, as indicated by one of the arrows in
the figure. After the field has propagated half way around the
toroid to just before the other coupling region, its amplitude
E| will be given by

PHYSICAL REVIEW A 79, 063830 (2009)

E, £,
E, - \ /
T
ElReik,Le—yLe—ulzLT

ik L/2 —yL/2 —al,L/2 ik L/2 —yL/2 —al,L/2
E e e e T E e e e

e

FIG. 2. Values of the electric field at frequency w; at various
locations in the toroidal resonator, assuming a fixed value of the
intensity /, of the other field for the purpose of calculating the rate
of two-photon absorption.

EiR =ElRezle/Ze—yL/Ze—alzL/Z’ (1)

where L is the circumference of the toroid. Equation (1) in-
cludes the losses due to single-photon and two-photon ab-
sorptions, as well as a phase shift corresponding to the effec-
tive propagation constant k; of the field inside the toroid.

After passing through the second coupling region, the
electric field inside the toroid will be reduced by the trans-
mission coefficient to

Er]/R — ElRe’le/ze_yL/2e_“12L/2T. (2)

Further propagation to the point just before the upper cou-
pling region produces a field given at that point by

E’l”R = ElRellee_yLe_alzLT. (3)

Finally, the field E|; just after the upper coupling region
must be a superposition of the incident field £, multiplied
by the coupling coefficient iR plus the field E|, multiplied by
the transmission coefficient 7. This gives the consistency

condition
Eig=Ege™i"e e 2T 4 iRE (4)

which must be satisfied under quasistatic conditions.
Solving Eq. (4) for the value of E gives the result that

R
1- eik,Le—yLe—alzRLT2E1A :

EIR = l (5)
Here we have made the approximation that I, = l,z=E,E)z
as discussed previously for a high-Q cavity. In a similar way,
it can be shown that the electric field at frequency w, inside

the resonator and just after the lower input coupling is given
by

K E
1 — etkeLp=YLg=al L2 ~2A"

Exr=i (6)
In this case, it was assumed that the intensity of the field at
the other frequency w; had a known intensity /,z=E|RE .
Equation (5) gives the value of E; as a function of the
assumed value of I, = E;,E,; while Eq. (6) gives the value
of Eyp as a function of the assumed value of I, = E|4E . The
solutions to this set of coupled nonlinear equations determine
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FIG. 3. Plot of the calculated value of the intensity I,z at fre-
quency w, inside the resonator as a function of the assumed inten-
sity /1 at frequency w;.

the quasistatic response of the system. The form of the solu-
tions can be complicated, however, since they are nonlinear.

Some insight into the nature of the solutions can be ob-
tained by comparing the plots of these equations in Figs.
3-5. Figure 3 shows the calculated value of I, as a function
of the assumed value of 7,z while Fig. 4 shows the calculated
value of I}, as a function of the assumed value of ;. Both
fields were assumed to be on resonance with the cavity and
the assumed parameters of the resonator are given in Sec. V.
These two curves are plotted on top of each other near the
origin in Fig. 5, where they intersect at the point where I,
=I,. The intersection of these two curves corresponds to a
symmetric solution to Egs. (5) and (6).

The solutions to these coupled equations can be found
numerically using an iterative approach. We begin by select-
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FIG. 4. Plot of the calculated value of the intensity /5 at fre-

quency w; as a function of the assumed intensity /,p at frequency
).

PHYSICAL REVIEW A 79, 063830 (2009)

573
H
]
4 @
]
H X
i}
]
o
T
!
. x
% x
) 'n.x
- .)%(x. .
x e
1_ xxxx L] L] L]
Xxxx |
x;
- xxxxxxxxxxxxxxxxxx
B | | | | I I : T T 1
0 ! ’ 3 4 |

FIG. 5. The two curves from Figs. 3 and 4 superimposed near
the origin. The intersection of the two curves at [1g=1I,z corre-
sponds to one of the solutions of Egs. (5) and (6).

ing a trial value for I,; and inserting it into Eq. (5) to deter-
mine the corresponding value of E; and ;3= E|E . This
value of I, can then be inserted into Eq. (6) to determine a
revised value for I,;. By repeating this process multiple
times, I, and I,z will rapidly converge to a self-consistent
set of values. The results of this numerical calculation were
in excellent agreement with the dynamic calculations
described in Sec. III.

The iterative calculations showed that the symmetric so-
lution with I;p=1I,; is actually unstable. Given a starting
value arbitrarily close to that point, the iterative approach
will rapidly move away and converge to one of two bistable
solutions in which either I,z> 1, or I;z<<I,z. These solu-
tions correspond to a situation in which the intensity of one
of the beams is so low that it produces negligible two-photon
absorption at the other frequency. In that case, the other
beam will be strongly coupled into the cavity and will pro-
duce a large intensity on resonance. The field with the high
intensity will then produce strong two-photon absorption at
the other frequency, which ensures that the low-intensity
beam will continue to be only weakly coupled into the
cavity.

The bistability of the solutions with I,z>I,p or I}p<<I5%
can be understood from the fact that the two-photon absorp-
tion produced by the weaker field is very small so that small
fluctuations in its intensity do not significantly affect the so-
lution for the stronger field. These results from the iterative
approach were found to be in good agreement with a formal
stability analysis.

Given a consistent solution for the fields £, and E,p
inside the resonator, the output fields that propagate away
from the toroid can be determined. An output field E|, at
frequency w; will be produced in waveguide A and it will
propagate toward the right, as shown in Fig. 1. The output
field E{, is a superposition of one component that is trans-
mitted through the coupling region and a second component
coupled out of the resonator. From Fig. 2, this can be seen to
give
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E|,=TE,, + iRE, e 1te~r+eliRl T, (7)

A similar expression exists for the field E|, at frequency w,
that is coupled out of the resonator and into waveguide B,
which propagates toward the left (not shown in the figure).
The corresponding fields E}, and E}, at frequency w, can be
calculated in a similar way. These expressions can be used to
determine the output of the device at both frequencies and in
both waveguides.

III. SWITCHING AND MEMORY OPERATIONS

The bistable solutions with I,z> I, or I,z <<1,; allow de-
vices of this kind to function as an all-optical switch. Sup-
pose that the input field in waveguide A is initially turned on
while the input field in waveguide B is turned off. The field
in waveguide A will then establish a large intensity inside the
resonator at frequency w,. If the input field in waveguide B
is subsequently turned on, strong two-photon absorption will
prevent it from being coupled into the resonator. In that case,
nearly all of the power at frequency w, will be transmitted
straight through the device and continue to propagate in
waveguide B.

Now suppose that the input field in waveguide A was
initially turned off. If the input field in waveguide B is sub-
sequently turned on, it will experience no two-photon ab-
sorption and it will be strongly coupled into the resonator.
For an appropriate value of the coupling coefficient R (criti-
cal coupling), nearly all of the incident power at frequency
w, will be transferred into waveguide A and travel to the left.
Thus the initial intensity in waveguide A can be used to
switch the power in waveguide B into one of two output
paths, which corresponds to the operation of an all-optical
switch.

The bistable nature of these solutions also allows the de-
vices to be used as an all-optical memory device. In this case
the condition in which /> I, could be taken to represent a
bit value of zero while the condition in which I, <<I,; could
represent a bit value of one. The value of the bit can be set or
reset using an appropriate sequence of quasistatic signals,
and the bistability of the solutions ensures that the memory
will be stable over an indefinitely large period of time.

These effects are similar to other bistable phenomena in
optical materials, which can also be used to implement
switching or logic operations. The devices reported here dif-
fer, for example, in that two-photon absorption provides the
necessary nonlinearity.

One measure of the performance of these switching and
memory devices is the fraction of the power that is transmit-
ted into the two possible output paths for a given intensity in
the input paths. Ideally, one would like to have all of the
input power switched into the desired output path with no
power transmitted into the other path. The actual perfor-
mance will be limited by losses in the cavity as well as the
magnitude of the two-photon absorption coefficient. These
device characteristics are calculated in Sec. V as a function
of the known characteristics of the resonator, such as its Q
value, and the two-photon absorption coefficient. The results
of those calculations show that the errors in the output sig-
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FIG. 6. (Color online) Dynamic switching results, showing the
ability of a control signal (black/solid and not to scale) to determine
which path a constant 25 uW target signal exits the system. Ini-
tially, only the target signal is present and all its energy is in the
reflected (red/dotted) mode. Within 300 ps of applying the 3 mW
control pulse the target field in the resonator collapses and target
signal is transmitted (blue/dashed) past the resonator. Similarly,
within 500 ps of turning off the control the system returns to re-
flecting the target input.

nals can be less than 1% for typical resonator parameters and
for the two-photon absorption coefficient of rubidium vapor,
as calculated in Sec. IV.

The quasistatic analysis of Sec. I provides insight into the
operation of these devices and it was used to calculate the
performance factors described above. When pulsed inputs
are used, however, one would also like to know the charac-
teristic switching times of the devices. This can be deter-
mined using a dynamic calculation that assumes that, once
again, the Q is sufficiently high that the two-photon absorp-
tion rate is nearly constant around the circumference of the
toroid. Here the time scale was divided into intervals that
correspond to one transit time around the toroid. The values
of the fields at the points shown in Fig. 2 were updated at
each time interval using the fields that had propagated
around the toroid from that point since the previous update.
The results of such a calculation are shown in Fig. 6, where
the dynamic response of the system to a short control pulse is
plotted.

The results in Fig. 6 assumed the use of a relatively large
control signal to switch a continuous input. However, in a
pulsed system the control can be of comparable (or lower)
intensity than the target. This is shown in Fig. 7, where a
25 uW control is used to switch a 25 uW peak signal.

It can be seen from these dynamic calculations that the
switching time of the devices is determined by the storage
time of the cavity as well as the rate of single-photon and
two-photon absorptions. For the parameters listed in Sec. V,
the typical switching times are on the order of 200 ps with
input intensities as low as 25 pW.

IV. TWO-PHOTON ABSORPTION IN RUBIDIUM VAPOR

The operation of logic and memory devices of this kind
requires a medium that produces stronger two-photon ab-
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Pulsed Signal Switching
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FIG. 7. (Color online) Dynamic switching results for pulsed
signals. Without the control applied the input target pulse (black/
solid) is reflected (red/dotted) from the resonator and slightly de-
layed. With the 25 uW control present the target is nearly perfectly
reflected (blue/dashed) with no delay.

sorption than single-photon absorption. This section de-
scribes the calculation of the rate of two-photon absorption
using rubidium vapor in combination with a toroidal mi-
croresonator. The rate of single-photon absorption due to
scattering by the rubidium atoms is also calculated, as is the
self two-photon absorption at a single frequency. These cal-
culations indicate that sufficiently strong two-photon absorp-
tion can be achieved using rubidium vapor.

Rubidium vapor gives very high rates of two-photon ab-
sorption as compared to solid-state materials. This is because
the atoms in an atomic vapor have a very narrow bandwidth,
which gives a strong response to two photons whose total
energy is on resonance with the upper atomic transition. Ho-
mogeneous and inhomogeneous broadenings in typical solid-
state materials broaden out the linewidth, which spreads the
absorption out over a larger range of wavelengths and thus
reduces the two-photon absorption at any given wavelength.
For similar reasons, rubidium vapor gives much lower
single-photon and self two-photon losses than do solid-state
materials.

Other atomic species such as sodium could also be used to
produce two-photon absorption. Most of these atoms, includ-
ing rubidium, have strong dipole moments compared with
solid-state materials, which also enhances the rate of two-
photon absorption. Rubidium has the advantage of having
two successive atomic transitions whose wavelengths differ
by only 4 nm. This allows relatively small detunings, which
enhances the strength of the two-photon absorption. In addi-
tion, the two wavelengths are both near 780 nm, which is a
convenient wavelength to use in microresonators. Rubidium
has the further advantage of having a large vapor pressure at
temperatures near room temperature.

The rubidium vapor must be generated inside a hermeti-
cally sealed cell at some temperature T, which controls the
vapor pressure and thus the density of rubidium atoms. This
could be easily accomplished by sealing the resonators inside
glass envelopes similar to vacuum tubes. Several tradeoffs
exist with regard to the optimal operating temperature and
atomic density, as will be described below.
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FIG. 8. Three atomic energy levels in rubidium labeled 1-3, in
order of increasing energy. The letters S, P, and D refer to the
angular momentum of the states in spectroscopic notation. Two
photons are incident on the atom with two different frequencies that
do not match that of the first atomic transition. As a result, the
absorption of a single photon does not conserve energy and cannot
occur but the absorption of two photons does. The difference in
energy between photon 1 and the first atomic transition (the detun-
ing) is denoted by 6.

A. Perturbation theory calculation of the two-photon
absorption rate

Because of the narrow linewidths associated with ru-
bidium vapor, the rate of two-photon absorption is a strong
function of the wavelengths of the two beams of light. This is
especially true if one of the wavelengths is detuned by a
relatively small amount from the resonant frequency of the
first atomic transition. As a result, there is no generic value
for the two-photon absorption coefficient « for rubidium va-
por and the coefficient cannot be determined from tabulated
values.

Instead, the rate R, of two-photon absorption was calcu-
lated from basic principles using quantum-mechanical
perturbation-theory and density operator techniques [10].
The atomic system of interest is illustrated in the “ladder”
diagram of Fig. 8. Rubidium vapor has three atomic levels
labeled 1-3, which correspond to the 5 ) 12 2P3/2, and
52D, states, respectively. As a result, the dipole selection
rules allow strong transitions between these three levels.
However, the frequencies of the two beams do not match the
resonant frequency of the transition from levels 1 and 2, as
illustrated in the figure. As a result, a single photon cannot be
absorbed.

But the sum of the two frequencies is chosen to match the
total change in the energy of the atom between levels 1 and
3 so that the absorption of two photons does conserve en-
ergy. The rate of two-photon absorption depends in part on
the difference & between the energy of photon 1 and the first
atomic transition. Energy need not be conserved over small
time intervals in quantum mechanics, and the first atomic
transition is referred to as a virtual quantum state.

Calculations involving the absorption of two photons in
this way can be performed using density operator techniques
[10]. If the rate of absorption is sufficiently small that the
initial state is not significantly depleted, as is expected to be
the case in the operation of these devices, then density op-
erator calculations give
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for the rate of two-photon absorption by a single atom. Here
q is the charge of an electron, r is the location of the electron
within an atom, E is the electric field operator at the location
of the atom, # is Planck’s constant divided by 27, and 7, is
the half width of atomic level 3 due to collisions and spon-
taneous emission. Equation (8) is consistent with the formula
for single-photon absorption given in Ref. [11] with the ef-
fective matrix element for two-photon absorption substituted
for that associated with single-photon absorption. It is also
consistent with the results of Ref. [4].

The matrix elements (j|r|i) are randomly distributed in
direction and are equal in magnitude to the dipole moment of
the associated atomic transition. The dipole moments can be
calculated from the tabulated lifetimes of the corresponding
atomic states, and their values are 2.23 X 1071° and 0.492
X 107!% m for the first and second transitions, respectively.

The magnitude of the electric field will be a function of
the position of each atom with respect to the center of the
toroidal resonator. For the purpose of these calculations, the
resonator was assumed to have a major diameter of D
=50 um and a minor diameter of d=0.35 um. To a first
approximation, the electric field distribution for a toroidal
resonator with d<<D is the same as that of a straight section
of optical fiber with the corresponding diameter and an index
of refraction of n=1 outside of the silica core. An exact
formula for the field of such a silica fiber has been given by
Tong et al. [12]. Min et al. [13] have given a perturbative
correction to the straight-fiber formulas for the case when the
ration of d to D cannot be neglected. In our case, d/D
=0.007 and we used only the first-order correction to the
straight-fiber fields.

The two-photon absorption rate was then calculated for a
total field energy corresponding to that of a single photon at
each frequency. The results of Eq. (8) were numerically in-
tegrated over all possible locations of an atom outside of the
microresonator using MATHEMATICA. The baseline case as-
sumed a uniform density p, of 10'* rubidium atoms per cubic
centimeter, a wavelength detuning As of 2.12 nm, and a
linewidth of 7,=3.14X 10%/s. This gave a two-photon ab-
sorption rate of R,,=9.41 X 108/s, where the subscript 0 re-
fers to the “baseline” parameters. A single-photon loss rate of
Ryp=1.12X10%/s was obtained under the same conditions.
Thus the two-photon absorption rate is larger than the single-
photon absorption rate even at single-photon intensities; the
ratio is even higher at classical intensities, as described
below.

For conditions different from the baseline parameters de-
scribed above, the two-photon and single-photon absorption
rates scale approximately as

2
p(o\ L
R2=_(_) Ry,
po\ 0/ Il

S\ 1
R1=£(_0> —Ry. 9)
po\ 6/ I

(8)

Here &, is the baseline detuning of 2.12 nm, /; and I, are the
intensities of the two beams inside the resonator, and /,, and
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I, are the intensities corresponding to a single photon in the
resonator. These relations will be used to perform a variety
of tradeoff studies below.

B. Effective two-photon absorption coefficient

The performance estimates for solid-state materials were
obtained using a two-photon absorption coefficient « with
units of cm/GW. For comparison purposes, the two-photon
absorption rate determined above can be converted to an ef-
fective value of « by calculating the effective cross-sectional
area A of the toroidal resonator mode structure. The calcu-
lated mode volume V of the toroidal resonator was 7.6
X 107! ¢cm?® and its circumference is 7D. This gives an ef-
fective area of

A=V/mD=4.83 X107 cm’. (10)

The average energy flux P, (in joules per second) corre-

sponding to a single photon circulating in the resonator is

given by its energy divided by the round-trip travel time At
around the toroid:

how

Pr=—. 11

= Ap (11)

The round-trip travel time is given by

D

Ar= .
C/I’Leff

(12)

Here c is the free-space speed of light and n.;=1.30 is the
effective index of refraction, which corresponds approxi-
mately to a weighted average of the index of refraction of
silica and n=1 outside of the core; the weighting factors
were based on the fraction of the energy in the evanescent
field outside the core. This gives Ar=6.81X 107! 5. The en-
ergy of a single photon at 778 nm is

h
hwzfzz.ssx 10719 7, (13)

Combining these three equations gives P;=3.74 X 107 W
=3.74X 107! GW for a single photon in the resonator.

The baseline two-photon absorption rate R, is related to
the baseline loss Ly per cm of travel by

R
Ly=—2=4.08 X 10 %/cm. (14)
c/neff

The effective value of the two-photon absorption coefficient
for the nominal conditions is then given by

L
ao=%A=5.27 X 10° cm/GW. (15)
f

The two-photon absorption coefficient for different values of
S and p scales the same way as in Eq. (2).

C. Other losses

The previous two sections described the calculation of the
rate of two-photon absorption, which is desired in order to
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enable the operation of logic and memory devices. There will
also be undesirable losses, however, due to a number of
mechanisms.

The linear losses due to single-photon absorption and
scattering were already mentioned above. A perturbation-
theory calculation similar to that for the two-photon absorp-
tion gives the following formula for the rate of single-photon
absorption by a single atom

_ 22fgr-E[1)?

= . 1

As before, the absorption rate for a single atom was inte-
grated over the volume outside of the core of the resonator
using the expressions for the electric field and a nominal
density of p,. This gave a baseline single-photon loss rate of
R10= 112 X 108

There will also be an intrinsic linear loss inside the reso-
nator due to its finite value of Q. Most of this loss will
probably be due to scattering from the imperfect surface of
the silica. In any event, the optimal design will probably
consist of adjusting the density of rubidium atoms to match
the intrinsic resonator loss to the single-photon loss due to
the atoms. For the purpose of these calculations, it was as-
sumed that the total Q of the cavity due to both sources of
loss was Q=5 X 107, which is a realistic figure for resonators
of this kind.

Finally, there will be a very small amount of nonlinear
loss due to the absorption of two photons with the same
frequency. Although this does not appear to conserve energy,
the upper atomic level 3 will have some spectral width due to
collisions or other damping effects. In essence, the collisions
make the energy of the upper level slightly uncertain so that
there is some probability to absorb two photons whose total
energy is off resonance. Including the effects of the spectral
width, Eq. (8) for the rate Rg of absorption of two photons
with the same frequency w; becomes

8/(3lgr - E[2)(2|gr - E[1)]?
RS= 52

« V2
[2fw, = (E5 - ENP+(hy)*

(17)

A similar expression exists for the absorption of two photons
of frequency w,. Figure 9 shows the ratio of the self two-
photon absorption rate Rg to the cross-two-photon absorption
rate R, as a function of the difference in the two wavelengths
in nm. It can be seen that the self two-photon absorption is a
factor of 107® smaller than the intended cross-two-photon
absorption for wavelength differences of 0.5 nm or more.
Since that condition is expected to be satisfied in actual ap-
plications, the absorption of two photons at the same fre-
quency can be completely neglected when using rubidium
vapor. That may not be the case, however, using solid-state
materials since their linewidths are much larger.

D. Required density and temperature

The baseline calculations described above were carried
out for an assumed density of py=10'* atoms per cubic cen-
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FIG. 9. Plot of the logarithm of the ratio of the self two-photon
absorption rate to the cross-two-photon absorption rate as a function
of the difference between the wavelengths of the two beams
(in nm).

timeter and a detuning of 2.12 nm. In rubidium vapor, this
detuning corresponds to ®;=w,, which is convenient in
some applications such as quantum computing. Here we
would like to operate at a smaller detuning in order to reduce
the required density and therefore the required temperature
of the rubidium cell. A larger difference between the two
wavelengths also reduces the self two-photon absorption, as
discussed above.

The vapor pressure P of rubidium (in torr) depends on the
temperature T (in kelvin) as given by the approximate for-
mula

log;o P = 15.882 53 — 4529.635/T + 0.000 586 63
X T =2.991 38logy(T). (18)

This can be converted to the density p of atoms per cubic
centimeter by using the ideal-gas law:

p=P X 9.63 X 10'%T. (19)

These two equations can be combined to calculate the tem-
perature required to produce a given density.

From the scaling dependence given in Eq. (2), it can be
seen that the nominal rate R,, of two-photon absorption can
be obtained at a lower density if the detuning is decreased
from the nominal value of 2.12 nm. Figure 10 shows a plot
of the required rubidium density (per cm?) as a function of
the detuning in nm, as calculated using Eq. (2). It can be seen
that densities of less than 10!! per cc will be required if the
detuning is less than 0.1 nm.

Equations (11) and (12) can be used to calculate the tem-
perature required to produce the rubidium density of Fig. 10.
Figure 11 plots the required temperature (in °C) as a function
of the detuning in nm. Although there are many tradeoffs to
be considered, it can be seen from Fig. 11 that a detuning of
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FIG. 10. Plot of the logarithm of the required rubidium density
p (in atoms/cc) as a function of the detuning in nm. This density
will give the nominal two-photon absorption coefficient of «a
=5.27X 105 cm/GW.

0.05 nm would allow operation at a temperature of 43 °C,
and this appears to be the optimal temperature for the opera-
tion of the device.

V. CALCULATION OF SWITCHING PERFORMANCE

As discussed in the main text, the potential performance
of these switching and memory devices can be characterized
by the amount of power that is transmitted into the wrong
output port, as well as the reduction in power that is trans-
mitted into the desired output port. In this section, the per-
formance of the devices will be determined after deriving
some of the basic relations characteristic of a toroidal reso-
nator.

200 —
—~~ =
O
2_ 160 —
o)
— .
>
2
© 120
o)
Q. 4
e
QL 50
©
q) -
=
35
)
— .
0 ' | ' | ' |
0 1 2 3

detuning (nm)

FIG. 11. Plot of the temperature (°C) required to achieve the
nominal rate of two-photon absorption as a function of the detuning
in nm.
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The magnitude of the electric field will be larger in the
resonator than in the incident waveguide by a factor of f,
which increases the rate of two-photon absorption. The fac-
tor f can be determined from Eq. (7), which relates the input
and output powers at frequency w;. At critical coupling and
assuming a negligible intensity at w,, approximately all of
the power will be transferred to the other waveguide so that
E|,=0. On resonance, the factor of exp(ik;L) will be unity
and, for a high-Q cavity, we can take 7=1 and neglect the
losses to a first approximation. Equation (7) then gives

E1A+iRE1R=O. (20)
Solving for the factor f gives
Ewl> 1
f=i2Es = (21)
El> R

The value of R required for critical coupling can be re-
lated to the loss in the cavity by inserting the solution for Ep
from Eq. (6) into Eq. (7) for E},:

R
EiA:():ElA+iR|:il _yL:|e_yLE1A. (22)

Here the two-photon absorption has once again been as-
sumed to be negligible for a small intensity at w, and we
have used T=1. Solving this equation for R gives the ap-
proximate result that

R=1\L (23)

for critical coupling. Inserting this value of R into Eq. (21)
gives

1
=—. 24
f v (24)
The value of y can be related to the Q of the cavity by using
the definition

0=2m"> 3)
= 7TEd,
where E; is the energy stored in the cavity and E, is the
energy dissipated per optical cycle. The loss dissipated per
cycle is equal to the loss experienced in traveling a distance
of one wavelength inside the resonator so that

A
Ed = Es Y. (26)
ne
Here A is the wavelength in free space and n, is the effective

index of refraction in the toroid. Combining Egs. (25) and
(26) gives

2mn,
O=——. (27)
Ay
This can be solved for the linear loss factor y:
27n
= = 28
=0 (28)

Inserting this into Eq. (24) gives
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TABLE I. Nominal parameters used in the performance
analysis.

Resonator quality factor Q 5% 107
Major diameter of toroid D 50 um
Minor diameter of toroid d 0.35 um
Effective mode area A 4.83% 107 cm?
Effective index of refraction n, 1.30
Wavelength 1 \; 780 nm
Wavelength 2 \, 776 nm
Detuning in intermediate state 0.05 nm
Power enhancement factor f 30350
Density of rubidium vapor p 5.6Xx10'9/¢m3
Temperature of rubidium vapor T 43 C
Dipole moment of the first transition 0.23 nm
Dipole moment of the second transition 0.05 nm
Decay rate of upper level due to collisions 10°/s

2.13X 1073 /cm
527X 10° cm/GW

Equivalent single-photon loss rate y

Effective two-photon loss coefficient «

f= 22 (29)

- 2m,L’

Equation (29) can be used to determine the intensity en-
hancement factor from the usual parameters describing the
toroid.

An important parameter describing systems of this kind is
the incident power P, in the waveguide at which the single-
photon and two-photon loss rates are equal, assuming equal
intensities at each frequency. This condition is determined by
the requirement that

P )2
au = yfP,. (30)
A
Solving this equation gives
A
p=2. 31)
af

Some typical parameters for a toroidal resonator using
rubidium vapor as a two-photon absorption medium are
given in Table I. The value of the two-photon absorption
coefficient was obtained from a quantum-mechanical calcu-
lation as described in Sec. IV. With this choice of parameters,
the single-photon and two-photon absorption rates would be
equal at an intensity of P.=3.7X 1077 W. The ratio of the
two-photon absorption rate to the single-photon rate would
therefore be 10° at an intensity of P,=3.7X10™* W, which
was used in the quasistatic analysis of Sec. II.

Many other implementations of all-optical switches and
optical bistability have previously been demonstrated, as re-
viewed in Ref. [14]. Examples include Mach-Zehnder inter-
ferometers with a nonlinear phase shift produced by a Kerr
nonlinearity [14], ring resonators [15] whose frequency can
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be shifted [16,17], and free-carrier generation in quantum
wells [18]. Most of these devices operate with control pow-
ers in excess of 10 mW [14]. The two-photon absorption
approach described here has several potential advantages, in-
cluding a strong nonlinearity enhanced by the small mode
volume of the resonators. The lack of free-carrier generation
also reduces the power dissipated into the substrate. Our pre-
liminary estimates indicate that this approach may offer
high-speed switching rates at lower power levels than many
of the competing approaches.

VI. SUMMARY AND CONCLUSIONS

It has been shown that strong two-photon absorption can
be used to implement all-optical logic and memory devices
at classical intensities. The presence of a strong field inside a
resonator at one frequency can inhibit a second field at an-
other frequency from coupling into the resonator in the pres-
ence of a two-photon absorbing medium. This allows a beam
of light at one frequency to control the output path taken by
a second beam of light, which allows the implementation of
logic and memory operations.

These results suggest that the Zeno effect is actually a
possibility in any system described by a wave equation. Al-
though the quantum Zeno effect was originally suggested as
being based on frequent measurements, it was subsequently
shown that equivalent results could be obtained using any
form of dissipation or decoherence to suppress the growth of
certain probability amplitudes. Since dissipative effects, such
as strong two-photon absorption, can occur for classical
beams of light, it is possible to generalize our earlier work on
quantum logic gates based on the Zeno effect to classical
logic gates operating at high intensities.

As a practical matter, the implementation of classical
logic gates should be much easier than the implementation of
quantum logic gates for use in a quantum computer. There is
no need to keep the error rate in the devices sufficiently
small to meet the threshold for quantum error correction,
which greatly reduces the requirement on the operating pa-
rameters. In addition, the rate of two-photon absorption at
one frequency will be proportional to the intensity at a sec-
ond frequency; since the intensities are much higher in a
classical logic gate, the requirements on the operating param-
eters are further reduced.

As described in Secs. II and V, toroidal microcavities
combined with rubidium vapor should allow classical logic
gates of this kind to operate at relatively low intensities with
small error rates. These devices have the potential advan-
tages of low-intensity operation with fan out and reset capa-
bilities, which have not always the case for other approaches
to all-optical computing.
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