3784

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 26, NO. 23, DECEMBER 1, 2008

Completely Capturing Light Pulses in a Few
Dynamically Tuned Microcavities

Clayton Ryan Otey, Michelle L. Povinelli, and Shanhui Fan, Senior Member, IEEE, Fellow, OSA

Abstract—We describe a dynamically tuned system capable of
capturing light pulses incident from a waveguide in a pair of mi-
crocavities. We use coupled mode theory to design a method for de-
termining how to tune the microcavity resonant frequencies. The
results show that pulses can be captured almost completely, with
arbitrarily small reflected power. We optimize the pulse capture
bandwidth by varying the cavity coupling constants and show that
the maximum bandwidth is comparable to the resonant-frequency
tuning range. Our system may be implemented using refractive-
index tuning in a 2-D silicon photonic crystal slab. Current tech-
nology would allow for capture of pulses with widths as low as
~100 ps, with a holding time limited only by cavity loss rates.

Index Terms—Coupled mode analysis, optical pulses, optical res-
onators, simulation, waveguides.

. INTRODUCTION

HE ability to stop light on chip has potential applications

in all-optical information processing, such as buffering,
and enhancement of nonlinear effects [1] for signal processing
[2]. In previous work, Yanik et al. have shown that dynamic
tuning processes are required for stopping light pulses [3], [4].
They designed a dynamic process for a photonic crystal system
of coupled microcavities that captures pulses by reversibly
compressing the system bandwidth. In their system the capture
process is independent of pulse shape. However, their design
necessitates the use of many microcavities [3] [9].

This initial theoretical work has motivated experiments with
simpler, more experimentally accessible systems containing
fewer resonators. Xu et al. used a pair of silicon ring resonators
with dynamically tuned resonance frequencies to capture and
delay portionsof pulses[10]. Tanakaetal. have also demonstrated
dynamic control of the Q factor of photonic crystal nanocavities
[11]. The question naturally arises as to whether these few-cavity
systems are capable of completely capturing pulses.

For macroscopic systems, it has been shown [12] that light
pulses can be completely captured in a single resonator. Arbi-
trarily long pulses can be captured without re ection by tuning
the re ectivity of one of the cavity mirrors. However, such a
tuning mechanism is typically not available in on-chip devices,
where one generally tunes the cavity resonant frequency instead.

In this paper, we show that resonant frequency tuning can be
used to completely transfer a pulse from an input waveguide into
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a few cavities, capturing the pulse without re ection. Essential
to the scheme is the existence of a dark state decoupled from
the waveguide, and a tuning process that transfers energy from
the waveguide into the dark state. In Section Il, we provide a
numerical demonstration of pulse capture. We then employ a
time-reversal argument to recast the pulse capture problem as a
pulse release problem. We show that by tuning just one cavity,
only chirped pulses may be captured or released, whereas by
antisymmetricaly tuning two cavities, unchirped pulses may be
captured or released.

In Section I, we describe how to determine the tuning
process required to capture a pulse of a given shape with
negligible re ection. General features of the dynamics in
the adiabatic (slow tuning/long pulse) and nonadiabatic (fast
tuning/short pulse) limits are discussed in Section V. Section V
shows how the system parameters may be designed to optimize
the pulse bandwidth. We conclude with a brief description of a
buffer design and practical considerations for the experimental
implementation of the pulse capture system.

Il. DEMONSTRATION

We rst numerically demonstrate the complete capture of a
light pulse in a system of a few cavities using coupled mode
theory. Speci cally, we consider three cavities with resonant
frequencies wg, w1, and wo, coupled to each other with cou-
pling constant 3 and to a waveguide with coupling constant -.
The system is shown schematically in Fig. 1. Incomplete pulse
capture in similar systems has previously been described in [13].
For ease of simulation, we initially assume that the waveguide is
a coupled resonator optical waveguide (CROW) [14], [15] with
inter-cavity coupling constant «, shown schematically in Fig. 2.
The three-cavity system is coupled to the CROW with coupling
constant 6. In Section 1V we will argue that the relevant dy-
namics are independent of the details of the CROW design, and
we will explore the dynamics in a more general setting.

Assuming that the @ of the cavities is suf ciently large, we
may accurately model the CROW-coupled system with the
following equations for the complex eld amplitudes in each
cavity:

d
% =iwoap + ifa1 + iflaz + idaz
d
% = iw (t)ay + iBag
d
% =iwsy(t)az + ifag
—= =iwgag + idag + ica
7t 0a3 0 4
day, . ) .
= WG + 10, —1 + 100,11, m=4...M. (1)
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Fig. 1. Three-cavity system coupled to a waveguide with coupling constant .

Fig. 2. Three-cavity system coupled to a CROW with coupling constant . The
three-cavity system coupling constantis , and the CROW inter-cavity coupling
constant is

Loss terms (e.g., radiation losses) are ignored in the theory.
Section VI contains a brief discussion of the effect of loss. For
now we state that loss does not prevent the capture of pulses
without re ection. We assume that the amplitudes are normal-
ized such that the energy in cavity m is |a,,|?. The energy in the
three-cavity system is

U = |ao|® + |ax|* + |az/*. 2

It can be shown that the total energy is conserved by (1). The
dynamic tuning process is completely speci ed by the tuning
curves wy (t) and w (). We will examine the system s behavior
by numerically integrating (1) for different tuning curves.

We assume an input pulse that is Gaussian in time, de ned to
have eld amplitude

t2

a(t) = e 207 ¢ (3)

where ¢ is the phase of the pulse. For an unchirped Gaussian
pulse, ¢(t) = wot + ¢o for some constant ¢o. The width
T = 3a/8% is chosen from the optimization process, detailed
in Section V. The corresponding intensity in the waveguide is

I(t) = vge” 72 (4)

where v, is the waveguide group velocity.

We rst consider the pulse dynamics in the static (untuned)
system, where Aw; = w; — wp = 0 and Aws = ws — wg = 0,
as shown in Fig. 3(a). Fig. 3(b) shows the amplitude in a CROW
cavity far from the three-cavity system. The plot shows the in-
cident pulse as well as are ected pulse of the same magnitude.
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Fig. 3(c) shows the energy U of the three-cavity system. The
energy increases as the pulse reaches the cavities and then de-
creases as the pulse is re ected in the opposite direction.

We next consider the pulse dynamics in the dynamically
tuned system. Fig. 3(d) (f) show how proper tuning of wq
and wo, results in the near complete capture of the input pulse.
Speci cally, we set Awo(t) = —Aw (t) and determine Aw (¢)
as described later in the text, resulting in the tuning curve
shown in Fig. 3(d). Fig. 3(e) shows the amplitude in a CROW
cavity near the input. The incident pulse is the same as in
Fig. 3(b), but the re ected pulse is absent. The re ected energy
is less than 0.01% of the incident energy. Fig. 3(f) shows that
the energy of the pulse is almost completely transferred to the
three-cavity system. Importantly, energy transfer occurs despite
the fact that the spatial extent of the pulse is much larger than
the three-cavity system.

The capture process may be understood as the time reversal
of the pulse release process shown in Fig. 3(g) (i). In the release
process, the system is initialized with energy stored in the three-
cavity system. In Fig. 3(g), the time reverse of the tuning curve
in Fig. 3(d) is used. This results in the release of a Gaussian pulse
[Fig. 3(h)] that is the time reverse of the pulse that was captured
in Fig. 3(d) (f), and the near complete transfer of energy from
the three-cavity system to the waveguide [Fig. 3(i)]. The release
process is more straightforward to study numerically than the
capture process, and we will devote most of the remainder of
this paper to pulse release, bearing in mind that the results will
also apply to the time-reversed pulse capture process.

The most important feature of a pulse capturing/releasing
system is that it must end/begin in a state that is decoupled from
the waveguide, which we refer to as the dark state. Capturing
light in a dark state has been discussed previously in [4], [10],
[11]. The dark state has equal magnitude, opposite sign ampli-
tudes in cavities 1 and 2 and does not leak energy into the wave-
guide, that is,

ap = — a1
am =0 m#1,2 (5)
satisfy
d|a,| _
o = (6)

forall m in (1). It should be noted that the dark state has in nite
lifetime only if the waveguide and cavities are lossless. In the
pulse release process, initializing the system in the dark state and
tuning wy and w» away from wy allows for a controlled leakage
of energy into the waveguide. The particular shape of the output
pulse depends on the shape of the tuning curves.

In the dynamic process considered in Fig. 3, we enforced the
constraint that Aws(t) = —Aws(t). If instead only one side
cavity is tuned, the output pulse is chirped. Fig. 4(a) shows
the magnitude of a pulse generated in this manner with the de-
tuning speci ed in Fig. 4(b). Note the amplitude pro le is still
Gaussian. However, Fig. 4(c) shows that the instantaneous fre-
quency d¢/dt of the pulse scales with the detuning. The time
reversed tuning scheme thus allows only for the capture of a
pulse with identical chirping. In contrast, when both side cavi-
ties are tuned with Aws = —Awy, the instantaneous frequency
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Fig. 3. The temporal behavior of the system shown in Fig. 2 for three different tuning schemes. The system parameters are 2 and . There

are 5000 CROW cavities. (a), (d), (9) The tuning curve
1,and 2. (a) (c) Aninput pulse with

2. (b), (e), (h) The amplitude at cavity 1250. (c), (f), (i) The total energy U stored in cavities 0,
2 isre ected when no tuning is performed. (d) (f) The same pulse is completely absorbed and there is no re ected

pulse when the tuning is optimized. (g) (i) The time reverse of (d) (f). The system begins in a stable dark state of the three-cavity system and the time-reversed

tuning curve generates a Gaussian pulse.
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Fig. 4. Generationof a 2 chirped Gaussian pulse by tuning a single
side cavity. (a) The magnitude of the eld amplitude probed at cavity 0. (b) The

tuning curve for cavity 1. (c) The instantaneous frequency of the pulse, probed
at cavity 0.

is xed at wg and the time reversed process allows for the cap-
ture of an unchirped pulse. This scheme is used in the remainder
of the paper.

I1l. METHODS

Here, we present a method for determining the optimal tuning
curve for pulse capture and release, given the shape of the input
pulse. For a given set of system parameters «, [, §, and wy,
we wish to determine the detuning curve Aw; (t) = —Aws(t)
such that the pulse intensity 7(¢) in the waveguide has a given
shape in the pulse release process. By conservation of energy,
1(t) is simply related to the change in energy in the three-cavity
system:

dUu

Let ¢; be a particular time in the evolution, and t; = ¢; + At.
The parameter At is some multiple of the integration time step.
Integrating (7) over a time interval [¢;, 7] gives

ty

[ 1wyt ==, Witr) - U ). ®)
ti
The left-hand side of (8) is known from the given pulse shape.
The right side of (8) depends on the value of Aw (t) in the time

interval At through (1) and (2). In the time interval in question
Awi (t) is approximated by

Awi(t) = Awi(t;) + (t — t) Awi () 9

where Aw/ denotes the time derivative of Aw;. We choose trial
values for Aw/(¢;) and numerically integrate (1) in the interval

Authorized licensed use limited to: Stanford University. Downloaded on February 16, 2009 at 23:44 from IEEE Xplore. Restrictions apply.



OTEY etal.: COMPLETELY CAPTURING LIGHT PULSES IN A FEW DYNAMICALLY TUNED MICROCAVITIES

using (9) for the detuning. Each trial yields some change inv,U,
which can be compared with the left side of (8) to determine the
error for the trials. Given these trial values and errors, we apply
Newton s method to determine successive trials until the error
falls below some threshold. The nal value of Awj(¢;) is used
to advance the system to ¢; + At/S, where S is a smoothing
parameter. Typically we set S equal to 50 and A¢ = 1/4. In
this manner we determine the entire tuning curve. The tuning
curve will depend on the shape of the output pulse. This method
works for arbitrarily shaped pulses (not just Gaussian pulses),
provided the instantaneous frequency is constant. It may be the
case that at some time step, Newton s method fails to converge,
in which case the desired pulse cannot be released and we call
1(t) unfeasible. We will discuss the feasible solution space in
Section V, but rst we will simplify the system and discuss the
dynamics in detail.

IV. DYNAMICS

Above, we have demonstrated pulse capture and release for
a particular choice of system parameters and pulse width. This
section is devoted to classifying and understanding the different
regimes of dynamic behavior observed for various pulse widths
T and system parameters 3, v. In Section IV-A we will simplify
the system under consideration to make an analytical study fea-
sible. In Section IV-B, we will use this framework to develop an
adiabatic approximation in which the dynamics are described
in a particularly simple manner. We derive conditions for the
validity of the adiabatic approximation which correspond to the
weak waveguide coupling, low bandwidth limit. In Section IV-C
we will explore what happens when higher bandwidth pulses are
released and the adiabatic approximation breaks down.

A. Reduced Equations of Motion

Thus far we have considered the particular case of three cav-
ities coupled to a CROW. In practice many other varieties of
waveguide may be used. Therefore, we are interested in the
physical aspects of the pulse release system that are indepen-
dent of the particular choice of waveguide. A simpli ed model
of our system is shown in Fig. 1. The cavity system is coupled
to an external waveguide mode with a coupling constant +.

The system in Fig. 1 is described by a symmetric, non-Her-
mitian 3 x 3 matrix,

wot+ivy B B

C = 16} w; O (10)
B 0 wy
where
da; .
d_tj = 1Cjmam. (11)

Summation over repeated indexes is implied. Note that the
waveguide coupling constant v shows up as an effective loss in
cavity 0. We may eliminate the dependence on wq by de ning
amplitudes

A (t) = exp(—iwot)am(t). (12)
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We may also de ne a dimensionless time 7 = ~t. Using the
relations Aw; = wy; — wg and Aws = —Awq, (10) and (11)

become
A
D =Dy + =D,
¥
i 28 00 0
Yy Y A
=[2 0 0|+=2(01 o (13)
5 9 0 T \o 0 -1
&
and
dA;, .
d—TJ = iDjm A (14)

It is easy to see from the form of D that the dynamics will de-
pend only on the dimensionless ratios 3/~ and Aw; /~ and the
dimensionless pulsewidth 7.

B. Adiabatic Dynamics

We will show that in the adiabatic limit, the system is de-
scribed by the evolution of a single state that continuously
evolves from the initial dark state. We follow a treatment
of the adiabatic approximation commonly made in quantum
mechanics with a Hermitian system matrix [16]. We will rst
derive a simple condition for the validity of the adiabatic
approximation in the limit where the three-cavity system
is weakly coupled to the waveguide. Although our system
is non-Hermitian, we nd that the results are similar to the
Hermitian case. We will then describe how the dynamics are
simpli ed when this adiabatic condition is satis ed.

We begin by diagonalizing D at each time 7:

D= SASL. (15)

The 7 dependence is suppressed for clarity. Here S is the matrix
of eigenvectors, and A = diag(\), k = 0...2 is the eigen-
value matrix of D. The eigenvectors are de ned up to an ar-
bitrary scaling factor. We project the amplitudes A,, onto the
time-dependent basis of instantaneous eigenstates

Henceforth, the &£ = 0 eigenstate will refer to the eigenstate that
evolves from the initial dark state, and the k& # 0 eigenstates will
refer to the other initially unoccupied states. We now introduce
the evolution operator W de ned by

(1)

By differentiating with respect to —, we nd that
aw ds
— =i(A-S"t— =i(A-T 1
o = ( S dT) W =i( W (18)
where I' = S=1dS/dr. The T matrix is nondiagonal and cou-
ples the instantaneous eigenstates. The form of T" can be sim-
pli ed by xing the scale of the eigenstates such that the time
derivative of the jth eigenstate has no j component

(S*ﬁ) =0
dr /) j;

(19)
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No summation is implied in (19). This condition can always
be met, provided S is nonsingular. We may then apply time
independent perturbation theory to D with a perturbation éw D1,
yielding an exact value for the time derivative of the eigenstates.
This allows us to write I" as

L /Y)(STIDiS)
Tjp = { ( )Ak]. » JFE (20)
0, ji=k
where
)\kj = )\k — )\]’. (21)

The adiabatic approximation consists of ignoring T, so that an
eigenstate of D(0) at time 0 evolves, in time 7, to the corre-
sponding eigenstate of D(7), with a change in amplitude and
phase due to the A term alone.

In order to determine the region of validity for the adiabatic
approximation, we rst isolate the effect of I" by introducing W,
the solution of (18) in the absence of I'

W _ v 22)
dr
with formal solution
W(T) = exp /A(T’)dT' (23)
0
Now de ne
X =w'w (24)
which satis es
ﬂ =4i['X (25)
dr
where
C=w-Tw. (26)

In integral form, with appropriate initial conditions, (25) be-
comes

X(r)=1 +i/f(T')X(T')dT'.
0

(27)

This equation provides a perturbative solution for X (7). To de-
termine the condition for validity of the adiabatic approxima-
tion, we solve (27) to rst order in I to obtain

X(r)~1 —f—i/f‘(r')dr'.
0

(28)
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If the system is initially in eigenstate 0, i.e., V4 (0) = 6o, then
(23), (24), (26), and (28) yield, for & # 0,

T

Vi(T) = dexp L/ Ap(T)dr!
0

!
T T

X /I‘ko(T') exp i//\ok(T”)dT” dr’ (29)
0 0

and fork = 0

Vo(T) = exp L/ Ao(T)dr'’
0

(30)

Thus far, we have made no reference to the form of the dy-
namics, and (29) and (30) hold for any system, Hermitian or
not. The system under consideration is non-Hermitian, but it
is instructive to consider the weak waveguide coupling limit
B/~ — oo in which case the system is Hermitian. In this case,
S is unitary and the scale of the eigenvectors is constant. A mea-
sure of error introduced by the adiabatic approximation is given,
to rst order, by the ratio x of the amplitude in a state & # 0 to
the amplitude in the state £ = 0

T

K = |exp i/)\kg(T')d’r/
0

!
T T

X/Fko(T')eXp i//\Ok(T”)dT” dr'|. (31)

0 0

The condition for validity of the approximation can now be
written as x < 1 for all £ # 0.

We can simplify this condition further. By examining the
characteristic equation for D for arbitrary Aw;/~, we can
bound Ao from below by 3/~. We may also bound the nu-
merator of 'y in (20) from above by 2(dAw; /dr)/~, as S is
unitary and so the maximum magnitude of any matrix entry of
Sor S~' = Stis 1. Using these bounds, and noting that A is
real, we have from (20) and (31)

T

dAwl 1
Kk < /2 = ﬁdT’

(32)
0

sothatasuf cient condition for validity of the adiabatic approx-
imation, in the Hermitian case, is

Awlmx 1

3 < 5"

We nd empirically that, for long pulses with 47" > 1, the
tuning curve Awy (7) that is generated using (7) (9) always sat-
is es the condition of (33). Thus, narrow-bandwidth pulses can
be captured using adiabatic dynamics, provided we work with

(33)
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Fig. 5. The evolution of the eigenstate descended from the dark state, with
system parameters , . (a) The tuning curve (dashed line)
and the amplitude of the generated pulse, probed at cavity 0 (solid line). (b) The
magnitude of the amplitude in the eigenstate, o .(c) Thereal partof o,
corresponding to the eigenfrequency. (d) The imaginary part of , proportional
to the leakage rate.

systems with 3/~ > 1 so that the Hermitian assumption is ap-
propriate.

The dynamics in the adiabatic regime can be described with
a single time-dependent eigenvalue Ao(7). The I" term in (18)
can be ignored, and we have

Mo _ ino(r)Vh.
dr
All of the energy U of the system is contained in this single
adiabatically evolving state. The dynamics are similar to those
for macroscopic mirror, single-cavity pulse capture [12]. The
difference is in the method of controlling the leakage rate of the
cavity.

Fig. 5 illustrates the dynamics for a typical adiabatic pulse
release, with 5/ = 10 and vyT' = 100. Fig. 5(a) shows the
tuning curve (dashed line) and the resulting output pulse (solid
line). The tuning increases monotonically until most of the pulse
energy has been released, at which point it decreases to zero.
Fig. 5(b) shows the magnitude of the amplitude in the dark state,
which decreases monotonically with time. In the adiabatic ap-
proximation, this quantity is equal to the square root of the en-
ergy in the three-cavity system. Fig. 5(c) shows the real part of
Ao. We see this value is always zero. As a result, the instan-
taneous frequency of the output pulse is xed at wq. Fig. 5(d)
shows the imaginary part of )y, which is proportional to the
leakage rate of the eigenstate into the waveguide, .. The leakage
rate increases for most of the pulse release time and then de-
creases to zero.

The tuning curve for adiabatic pulse release may be deter-
mined in a simple manner as follows. It can be shown that for
small Aw, /3 we have

n/y = 2Im(No/7) = (Awy/B)2.

(34)

(35)
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The intensity I(7) of the output pulse is proportional to 1/~
times the energy U (7) remaining in the system. U () is related
to I(r) by (7). Thus, u/~v is xed by I(7) alone, and we can
determine Aws () from p/~ and (35), without resorting to the
numerical methods of Section IlI.

If ~ is of the same order as 3, we can no longer analytically
derive a condition analogous to (33) for the validity of the adi-
abatic approximation. In particular, the eigenvalues are not real
and S is not unitary or nonsingular, so it is dif cult to set useful
analytic bounds on I". However, we nd numerically that the
bounds we discovered in the Hermitian case actually hold for
the non-Hermitian system as well, provided §/v = 0.5. Adia-
batic behavior, in which a single state dominates the process, is
observed for even lower 3/~ provided 7" is suf ciently large.
The condition (33), although derived under the assumption that
the system is Hermitian, is adequate for predicting this behavior.

C. Nonadiabatic Dynamics

For many applications, it is useful to maximize the bandwidth
of the captured pulse. However, for large bandwidth (small 77,
the adiabatic approximation breaks down, and the pulse dy-
namics no longer satisfy (33). Several subtleties emerge in the
study of the instantaneous eigensystem of D in the nonadiabatic
case. First, we can no longer ignore coupling between eigen-
states. The initial dark state will transfer energy to the other two
eigenstates through the I" term in (18). These other eigenstates
will in general have different frequencies and decay rates. Fur-
thermore, as D is non-Hermitian, the eigenvector matrix S is
nonunitary and the total energy in the system

U=ATA=Vvistsv £Vviv. (36)
The cross terms of ST.S prevent us from interpreting the indi-
vidual |V|? as energies. This also implies that the imaginary
parts of the eigenvalues are not strictly proportional to energy
leakage rates from the corresponding eigenstates.

There is another nonadiabatic regime distinct from the small
~T" regime, which occurs when the non-Hermitivity of D be-
comes important. Speci cally, when /v < 0.385, there exists
acritical value of Aw /~ atwhich S becomes singular, ' — oo,
and the adiabatic approximation breaks down. For certain values
of T, the solution for Aw; /~ crosses this critical point. The
k = 0 eigenstate becomes indistinguishable from one of the
k # 0 eigenstates. The frequencies of these two states (i.e., the
real part of the eigenvalues of C'in (10) split symmetrically from
wo, While the frequency of the third eigenstate remains xed at
wg. In other cases the frequencies begin symmetrically split, and
diverge or reconverge during the tuning process, depending on
the value of 3/7.

We demonstrate the behavior of the system in the two nona-
diabatic regimes. Fig. 6 illustrates the typical behavior of the
system in the high-bandwidth (small v7") regime. The example
shows a system with 3/ = 0.43 releasing a pulse of width
~T = 3. Fig. 5 shows the tuning curve (dashed line) and re-
leased pulse (solid line). Fig. 6(b) (d) show the magnitude of
the amplitudes in the eigenstates (V}.), the real part of the eigen-
values, and the imaginary part of the eigenvalues, respectively.
In (b) (d), the solid line corresponds to the k& = 0 eigenstate.
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Fig. 6. Nonadiabatic evolution of the three eigenstates in the small regime.
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the amplitude of the generated pulse, probed at cavity 0 (solid line). (b) The
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responding to the eigenfrequency. (d) The imaginary part of .

We see in Fig. 6(b) that signi cant amplitude accumulates in
all three eigenstates over the course of the tuning process. In
Fig. 6(c), we observe that the & = 0 state is centered at wq, while
the other two states have symmetrically split frequencies. The
symmetrically split states have identical imaginary parts of their
eigenvalues, as seen in Fig. 6(d). This implies that the output
will have xed instantaneous frequency wg, which is a general
property enforced by the anti-symmetric detuning of cavities 1
and 2. The oscillation in the detuning curve in Fig. 6(a) may
be understood as a result of a beating phenemonon introduced
by having two states contributing at frequencies split symmetri-
cally from wy.

Fig. 7 demonstrates the behavior of the system in the second
nonadiabatic regime, where the non-Hermitivity of the system
matrix place a particularly important role. Fig. 7(a) shows the
tuning curve and released pulse for 3/y = 0.35 < 0.385 and
~T = 8. Since ~T is larger than in the system illustrated by
Fig. 6, one might expect the behavior to be more like the adia-
batic case. In particular, one might expect less amplitude in the
k # 0 states relative to the amplitude in the £ = 0 state. In-
stead, more amplitude accumulates in one of the k& # 0 states.
Fig. 7(b) shows the eigenstate amplitudes. One of the k& # 0
states grows in amplitude to equal the £ = 0 state, and both am-
plitudes diverge near vt = 40. The divergence occurs because
the eigenstates are no longer linearly independent, which occurs
as .S becomes singular and I' — oco. This behavior is unique
to non-Hermitian systems. In such systems, the eigenstates are
not orthogonal, so the modal amplitudes do not correspond to
energies. Despite this divergence in modal amplitude, the en-
ergy does not diverge, and in fact follows the same trajectory
as in Fig. 3. At the time of the divergence, the real parts of the
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Fig. 7. The nonadiabatic evolution of the three eigenstates in the small

regime. The system parameters are . (a) The tuning curve
(dashed line) and the amplitude of the generated pulse probed at cavity 0 (solid
line). (b) The magnitude of the amplitude in the eigenstates, . (c) The real
part of 4, corresponding to the eigenfrequency. (d) The imaginary partof .

eigenstate frequencies split, as shown in Fig. 7(c). At slightly
later times, both amplitudes are equal. Another divergence is
observed in the amplitudes near vt ~ 55, where the split fre-
quencies reconverge. Fig. 7(d) shows the imaginary parts of the
eigenvalues. During the time that the real parts of the eigen-
values are split, the imaginary parts of the eigenvalues of the
split states are equal, again xing the instantaneous frequency
of the output pulse at wy.

V. BANDWIDTH OPTIMIZATION

Having characterized the dynamics of the system, we now de-
termine the attainable pulse bandwidth, given some maximum
available detuning. For each value of 3/ and each feasible
output pulsewidth 7", de ne a gure of merit

B 1/(4T)

F = =
Awy, . /Y

Ao (37)

max

where B = 1/T is the bandwidth of the output pulse, and
Auwy_ isthe peak detuning. De ning a peak detuning requires
care, as the detuning required to generate a perfect Gaussian
pulse will diverge as ¢ — oo. There are several ways to address
this issue. One could choose a time period of interest during
which any deviation from a Gaussian amplitude is considered
unacceptable. Outside this region one could clamp the detuning
and allow for distortion of the pulse. The problem with this
method is that the peak detuning is very sensitive to the arbi-
trary region chosen. Furthermore, it is dif cult to quantify the
error introduced. In our approach, we eliminate the divergence
in the detuning by allowing some small fraction of the energy
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