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We study theoretically the interaction between two photons in a nonlinear cavity. The photons are
absorbed into the cavity by an effective tuning of its input/output coupling via external control of
a coupling to a second, strongly output-coupled cavity mode. Such “dynamically coupled” cavities,
which can be implemented using bulk x® and x® nonlinearities, enable incoming photon wave
packets to be absorbed into the cavity with high fidelity when the duration of the control is similar
to that of the wave packets. Further, this configuration can be used to avoid limitations in the
photon-photon interaction time set by the delay-bandwidth product of passive cavities, and enables
the elimination of wave packet distortions caused by dispersive cavity transmission and reflection.
We consider three kinds of nonlinearities, those arising from x® and x‘® materials and that due
to an interaction with a two-level emitter. To analyze the input and output of few-photon wave
packets we use a Schrodinger-picture formalism in which travelling-wave fields are discretized into
infinitesimal time-bins. We suggest that dynamically coupled cavities provide a very useful tool for
improving the performance of quantum devices relying on cavity-enhanced light-matter interactions

such as single-photon sources and atom-like quantum memories with photon interfaces.

As an

example, we present simulation results showing that high fidelity two-qubit entangling gates may
be constructed using any of the considered nonlinear interactions.

I. INTRODUCTION

Photons make excellent flying qubits due to the low de-
coherence and loss associated with their transport over
standard telecommunication fibers. It therefore seems
unavoidable that they will play a key role as carriers of
quantum information for secure communication networks
and distributed quantum computing [1]. The lack of di-
rect interactions between photons makes it very challeng-
ing to perform universal quantum information processing
using photonic qubits. Indirect interactions may be me-
diated by materials with optical nonlinearities but these
are usually very weak at optical frequencies. Neverthe-
less, progress in the design and fabrication of nanocavities
with very small mode volumes and very large lifetimes [2—
6] has reduced the optical energy required to observe non-
linear interactions close to the single-photon level. To
fully exploit the enhanced light-matter interaction inside
the cavity, it is necessary for the entire energy of an in-
coming wave packet to reside in the cavity throughout
its lifetime. However, delay-bandwidth trade-offs [7] put
bounds on the energy from an incoming wave packet that
can reside inside a passive cavity throughout its lifetime.
For instance, a rising exponential wave packet may be
absorbed completely into a cavity, but only for an in-
finitesimal time, such that the average energy is smaller
than the total incoming energy. The delay-bandwidth
limit may be broken using active controls to modify the
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cavity-waveguide coupling at a timescale smaller than the
wave packet temporal width. Such dynamically coupled
cavities have been demonstrated in photonic crystals [8]
and ring resonators [9]. These demonstrations used short
optical pump pulses to generate electric charge carriers
in the semiconductor material forming the cavities. The
free carrier absorption loss associated with this method
degrades the intrinsic quality factor, @)1, which motivates
the search for an alternative approach.

Here, we use a method to achieve dynamic coupling
that is based on the parametric nonlinearity of cavity
materials (x(?) or x(®) and therefore avoids loss. Two
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FIG. 1. (a) Ring resonator with a Mach-Zehnder interferome-
ter coupling region for frequency dependent cavity-waveguide
coupling rate. (b) Spectra of the incoming photon wave
packet (top), cavity modes a (oscillating at w,) and b (os-
cillating at wp) coupled via external control fields (center),
and cavity-waveguide coupling rate (bottom).

strong optical control fields may couple two cavity modes
via so-called Bragg-scattering four-wave-mixing (FWM)
in x(®)-materials [10-12] and a single control field may



do the same in a x(® material [5, 13], as illustrated
with arrows in Fig. 1b. Matching the path-length imbal-
ance of the Mach-Zehnder interferometer coupling region
(see Fig. 1a) to the round-trip length of the ring causes
destructive interference at wy, (no coupling) and construc-
tive interference at w, (maximal coupling), see Fig. 1b.
External control over the coupling between modes a and
b therefore introduces a time-dependent effective cou-
pling between mode b and the waveguide [12, 14]. In
other words, photons may be loaded in and out of mode
b via the strongly coupled mode, a, due to their time-
dependent mutual coupling. We note that this method
has also been proposed to implement so-called quantum
pulse gates [15].

We succinctly review a Schrodinger-picture, discrete-
time formalism for treating input and output from optical
cavities (equivalent to the well-known Heisenberg-picture
input/output formalism [16-18]), and show how it can be
used to treat the input/output of one- and two-photon
wave packets into and out of dynamically coupled nonlin-
ear cavities. We suggest that dynamically coupled cavi-
ties would be useful for a range of quantum applications
relying on cavity-enhanced light-matter interaction, and
specifically use the formalism to calculate the fidelity of
two-qubit gates for travelling-wave photons.

The method we develop here for treating the effect of
localized systems on few-photon wave packets is not the
first. The basic formalism for this scattering problem
for Markovian systems is input-output theory [16, 17].
While scattering of one or two photons from sufficiently
simple systems can be solved analytically [19-29], pre-
vious numerical methods can be divided into two types.
The most direct is essentially a brute-force approach in
which the field is discretized and the full state of the sys-
tem and field is simulated [30-32]. The second method,
derived from input-output theory for general systems by
Shi et al. [33] and Trivadi et al. [34], involves calculating
the “scattering matrix” (or Green’s function/impulse re-
sponse) that maps delta-function input wave packets to
output wave packets. For an N-photon wave-packet the
scattering “matrix” is a function of 2/N-variables, and for
a given input the output is calculated by integrating it
over the input wave packet. This method is more numer-
ically efficient than the brute-force method because the
scattering matrix can be determined by solving the equa-
tions of motion of the system alone [33, 34]. The method
we present here is somewhat more efficient numerically
than the above method. We derive equations of motion
that are driven by the input wave-packet(s), and the so-
lutions of these for a set of shifted times gives the output
wave packet(s). This requires a similar amount of numer-
ical overhead as the calculation of the scattering matrix,
and thus avoids the final step of integrating the scatter-
ing matrix over the input wave packet(s) to determine the
output. Our equations are derived from a Schrodinger-
picture version of input-output theory, and correspond
to a diagram that describes the various “pathways” that
photons can take by being absorbed and emitted from

the system. They thus provide a more detailed under-
standing of the dynamics of the scattering process than
previous methods. The disadvantage of our method is
that more work is required to derive the equations of mo-
tion than for the scattering method. We also note that
if one wishes to calculate the output for a large number
of different inputs, there will be a point at which it will
be more efficient to calculate the scattering matrix. Fi-
nally we note that Baragiola et al. have derived master
equations describing the evolution of Markovian systems
driven by N-photon wave packets, although they did not
provide a method to obtain the output wave-packets.

This article is organized as follows: Section II describes
the discrete-time formalism and Section I1I elucidates the
Hamiltonians that describe our nonlinear cavity modes.
In Section IV we consider the linear regime and examine
the dynamics of the cavity modes under the controlled
coupling. In Section V we present analytic solutions for
the control fields required to absorb and emit wave pack-
ets with predefined shapes and consider a specific exam-
ple in which the wave packets are Gaussian. Section VI
contains a description of three types of nonlinear inter-
actions, x(®, x®, and two-level emitters (TLEs), and
considers their application to controlled-phase (c-phase)
gates. Finally, we conclude with a discussion of the limi-
tations of our model and suggest other quantum applica-
tions that could benefit from dynamically coupled cavi-
ties.

II. DISCRETE-TIME FORMALISM

In our analysis of the dynamics of photons scatter-
ing off a system driven by external control fields we dis-
cretize the traveling-wave field into time-bins of duration
At as illustrated in Fig. 2 [35-37]. The time-axis may
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FIG. 2. Illustration of the discrete time formalism. The time-
axis for the travelling-wave field is divided into discrete bins
and time evolution is modeled by shifting the time-axis from
left to right. The system interacts with one time bin at a time,
modelling a point-interaction with the field as is standard in
the input/output formalism for quantum systems.

be thought of as a conveyor belt and time evolution cor-
responds to dragging this conveyor belt past the fixed
system one bin at a time. The discretization involves



introducing new field operators

W(ty) = w(kAt) = with [, @] = 6, (1)

gl

where w(t;) is the continuous-time annihilation opera-
tor that removes a photon from the waveguide at time
t, = kAt. The operator wy is the discrete-time counter-
part of w(t;) that removes a photon from the k™ time-
bin. The factor of 1/v/At allows w0 (t3) to have the canon-
ical commutation relation, [w(t;), W' (tx)]=6(t; — tx), as
At — 0.

For a single-photon input with a wave packet described
by &n(t), the continuous and discrete descriptions are

tN N
in) = / dtn () (0)0) ~ S VAIERDL0),  (2)
k=1

to

in which LZN & ()| = 1 so the state is normalized,

&M = &n(tg), and |0) denotes the vacuum state of the
waveguide. At any time step, n, (see Fig. 2) a photon in
bin k is referred to as an input photon if k& > n and we
write the corresponding state of the field as w, [0) =|14).
Similarly, if £ < n the photon is referred to as an output
photon and we denote the corresponding state of the field
by |1x). A system consisting of M cavity modes is de-
scribed by a state |’¢sys> zq/jnanb...nM (t)|na>‘nb> ce |nM>a
where e.g. n, is the number of photons in mode a (oscil-
lating at w,), see Fig. 1.

We use the Schrédinger-picture to derive equations of
motion for the time-dependent state coefficients. The
unitary time evolution operator describing one time step
from ¢, to t, in Fig. 2 is

oo

A i 1 i~ m
such that the updated state is
|1/}n> = ﬁnw)nfl% (4)

with H,, being the Hamiltonian describing the system
and its interaction with the waveguide at time-step n. In
the next section we explain the model used to describe
the system and its interaction with the waveguide and
additional loss channels.

III. MODEL

A model for the complete system consists of a specifica-
tion of the Hamiltonian in Eq. (3). It is assumed that the
interaction between the system and waveguide occurs at
a singular spatial point, which corresponds to interaction
only with bin n at time ¢,. It is therefore convenient to

think of N different Hamiltonians, H,,, each acting only
during the n** time step.

In our analysis, the system in Fig. 2 contains up to
three cavity modes and one TLE. Only mode a is cou-
pled to the waveguide in order to load and unload pho-
tons into and out of mode b (oscillating at wy), see Fig. 1.
Our choice of cavity mode configurations is motivated
by the type of photon-photon interaction and applica-
tion (c-phase gate) that we are considering. For a x®
nonlinearity, we consider the photon-number dependent
phase acquired by the field in mode b through self phase
modulation. For a x® nonlinearity, we consider an addi-
tional mode, ¢ (oscillating at w.=2wy), which is coupled
to mode b through second-harmonic-generation (SHG).
Two photons loaded into mode b acquire a m-phase shift
by undergoing one Rabi oscillation (turning into one pho-
ton in mode ¢ and back to two photons in mode b). A
single photon in mode b does not acquire any phase be-
cause SHG requires at least two photons. For a TLE,
we again consider a third mode (oscillating at w, with
|we —wp| # |wp —wa|), which is coupled to the TLE.
In this case, the acquired phase of the field in mode ¢
is photon-number dependent since the resonance experi-
ences an energy-shift proportional to v/ng for n photons
and a TLE-cavity coupling rate, g.

The self-energy terms of the system Hamiltonian in
a rotating frame (also know as the interaction picture,
see Appendix A) are

Hy = hé,a a+ hapb'o + hé.éle + hoe6.,  (5)

where a, 13, and ¢ annihilate a photon from mode a, b,
and ¢. The operator 6, =|e)(e|, with |e) being the excited
state of a TLE coupled to mode c¢. The detunings, d,,, are
used to account for discrepancies between energy levels of
the system and the incoming photons and control fields
as described in Appendix A.

Coupling between the waveguide and mode a is de-
scribed by the Hamiltonian [36]

I_Lclav—wg _ Zh\/Z(dTwn — &’UA)L), (6)

where v is the coupling rate.

As mentioned above, a dynamic cavity-waveguide cou-
pling is established by coupling two cavity modes, one
strongly coupled and one decoupled from the waveg-
uide, via nonlinear interactions driven by external control
fields. In materials with a third order nonlinearity, x(®,
the coupling Hamiltonian is

™= = h (plpaa®h + plpdla),  (7)
The operators p; and po annihilate photons from two
pump modes far detuned from modes a, b, and ¢. The

pump fields are treated classically by taking expectation
values and making the substitution [38]

X3(P3P1) = X305 (tn)ar (£) = Altn), (8)



where «,, is the eigenvalue of the annihilation operator
Prn and A(ty) is the complex-valued control field. With
the classical control field, Eq. (7) reads

Freav—eav _ h(A;aT b+ AnET&), 9)

which now describes a linear coupling between modes a
and b driven by the time-dependent control field, A(¢).
Note that in the case of a TLE nonlinearity, we intro-
duce a second control field, II(¢) that couples modes b
and ¢ using pump modes p; and another mode p3, see Ap-
pendix A.

For x® materials, we must also include the cross-phase
modulation caused by the pump fields on modes a, b, and
¢ described by the Hamiltonian

2
XM — s > o (a7 + 570+ éTe) -
m=1
25|An|(am+z§*z§+éfé), (10)

where we have assumed x3 (ﬁ;m} = X3 @J{ﬁl) = Ayl
which means that the optical energy in each pump mode
is identical at all times.

In a x® material the cavity-cavity coupling arises from
the Hamiltonian

= = s (pla'h + pb'a) (11)
Again, we describe it classically by

X204p(tn):An- (12)

The coupling Hamiltonian expressed in terms of the
classical control field is therefore given by Eq. (9) for
both second- and third-order nonlinear materials. There
is no cross-phase modulation term in the Hamiltonian
for a x® material (unless a DC electric field is applied),
so the contribution from Eq. (10) should be omitted in
that case.

X2(P) =

The Hamiltonian describing the three different types
of nonlinear materials are

Hxpy+Hspu = hys [dT&BTI; + IA)TIA)éTé} +

hf%j(q*q—l)ch (133)
Hsne = hixe (éET bt + et ISE) (13b)
ﬁTLE = h(géfff_ + g*é&+). (13C>

Eq. (13a) describes cross- (XPM) and self-phase modu-
lation (SPM) in materials with a third-order nonlinear-
ity (note that ¢ € {a,b,é}). Eq. (13b) describes second-
harmonic-generation (SHG) in materials with second-
order nonlinearities. Eq. (13c) describes the interaction

between photons in mode ¢ and a two-level emitter, where
g is the coupling rate, 6_ =|g)(e|, and &y =|e)(g|, where
lg) and |e) are the ground and excited state of the TLE.
Note that not all possible combinations of modes are con-
sidered in Eq. (13), but only those included in the pro-
tocols for photon-photon interactions that we consider
here.

IV. LINEAR DYNAMICS

In this section we derive equations of motion including
only the linear dynamics. We start with the simplest case
of one photon coupling to one cavity mode to build intu-
ition about the derivation procedure. Then, we consider
one photon coupling to a cavity with two modes, and fi-
nally two photons coupling to a cavity with two modes.
Having derived equations of motion when the Hamilto-
nian is linear, it is fairly straight forward to add nonlinear
interactions and make the appropriate additions to the
equations, which we do in Section VI.

A. One Cavity Mode - One Photon

Let us begin by considering a single input photon cou-
pling to one cavity mode. The relevant terms of the
Hamiltonian are

(1) — Al T — gt
HWY = hé,a CH_ZFL”At(a Wy, — aw ) (14)

Keeping only terms to first order in At, the corresponding
time-evolution operator is

T 1§ 4 \/7At(d%n - aw;) -

%Atawan ol —id,Atata.  (15)
Note that we omitted the term ~/2Ataa’w] v, because
it results in terms proportional to At3/2 when acting on

states with the photon in the waveguide. The state at
time step n is

|¢n) = Zs VAHO)[15) +

k=n-+1

D GUVAH0) L) + i (n)[1)[0).  (16)
k=1

The states |0)|1x) and |0)|1;) correspond to an empty
cavity and a photon in bin k£ on the input (k > n) and
output (k < n) side, respectively. The state correspond-
ing to a photon in the cavity has the coefficient ;(n).
In Appendix B we derive the equation of motion for 11 (¢)
and the input-output relation connecting £t (t) to & (¢)



(17a)
(17b)

Gr(t) = = (i6a + 3 )¥1(8) + V()
gout (t) = gin(t) - ﬁ¢1 (t>

These equations have the same form as those derived
classically using arguments of energy conservation and
time-reversal symmetry [39]. They also have the same
form as the Heisenberg equations of motion of the usual
input-output formalism [40].

B. Loss

At this stage we consider the effect of loss through cou-
pling of the system to a heat bath at zero temperature. It
may be conveniently modeled using an additional waveg-
uide with a vacuum input. If the annihilation operator
that removes a photon from the bath at time ¢,, is lAn, then
the time-evolution operator has the additional terms

Olos =3 [\/'yLAt(chZn —git) - %Atqfqini;], (18)

q

where ¢ represents all the cavity modes (we assume they
have identical loss rates, vz). If we ignore all states of
the loss channel except the vacuum, Eq. (18) shows that
a term, —m~r /2, is added to all decay terms (with m
photons in the cavity mode), such that the decay term
in Eq. (17a) would have the coefficient —(y+~r)/2. We
therefore define the total coupling rate, I'=~+~.. If we
kept track of the state of the heat bath, B, the complete
state after time evolution is

|©) = 100)|05) + |01)[15) +

where |ng) is a Fock state of the bath with n photons
and A is the total number of incident photons. Our
calculation only considers the state without loss, |out) =
|60), which is not normalized as seen from Eq. (19). The
density operator is p = |©)(0| and the reduced density
operator is found by tracing out the bath

Zw . (20)

If |po) is the desired output state, the state fidelity is
defined as [41]

10N NB),  (19)

N
ps = Troam [p] = > (ms|plms) =

mp=0

N
Fo = (polpslio) = [poltbout)” + Y [(nol0n)|*.  (21)

n=1

If we denote the unnormalised (no-loss) output state (the
output state that we calculate) when there are N input
photons by [¢y)), and define the “A-photon state fi-
delity” by

(polven) = v/ Bve™, (22)

then F) is a lower bound on the fidelity, Fs, as seen
from Eq. (21).
The one- and two-photon output states are given by

) / Bt (1) (1)[0) (23a)

tn
[Yout) / / At dtnEout (tm, tn) 0 (tm )01 (2,,)]0), (23b)

so that the overlaps in Eq. (22) are
tn
(Holtoue) = fout(t)ﬁu(t)*dt (24)
M0|w(()2u)t / fout myt )gu(tN)*fu(tM)*dtmdtna (25)
to Jto

where we have assumed that |ug) for two-photon inputs
is a separable state with a wave packet, £, (¢).

If it is known that all input photons were present in
the output state (such knowledge could be obtained by
detection), it corresponds to projecting the state |©) onto
the zero-loss subspace

6P> — (|OB><OB|)‘®> _ |¢Out>|05> ) (26)

V(©1005)080)10) 1/ {Wousltrone)

The probability of losing at least one photon is Pj, =
1— <1/Jout|¢out>~ If we define the projected state of the
considered system as the re-normalized state, |p) =
[Yout)/ <T/Jout|¢out>, it may be understood as the output
state conditioned on the knowledge that no photons were
lost. We may then define the conditional fidelity

1

Fo= ) = =5 B ()

Eq. (27) may be interpreted using Baye’s rule, P(A|B)=
P(A,B)/P(B), where A means ”¢, and & have the
same shape” and B means "no photons were lost”. F
is useful because it determines the visibility of quantum
interference between output photons and other photons
that did not scatter off a dynamically coupled cavity.

Since the calculation of |thoys) leads to a lower bound
on the fidelity of output states, we simply include the loss
term proportional to 7y, in all the equations of motion in
the following sections.

C. Two Cavity Modes - One Photon

For two cavity modes and a x(®) material, the Hamil-
tonian describing the linear dynamics is

_ btoring 2 (ata. — ant
= hd,ata+noybTb+in At( Wy, aw)+

h(A;aTi) + Aniﬂa) + 2K A (afa + zSTzS). (28)



The corresponding time-evolution operator is
7@ 4 7At<€ﬂwn - &w;) -
2 Atal iy — iAt (Analh+Anbia) —
iAE(S, + 2|An|)aTa — iAL(S, + 2[A,])bTD. (29)
Note that we have omitted the loss terms from Eq. (18),

but we will include them in the equations of motion be-
low. The state at time step n is

[¥n) = j{j VA 00)[15) +—j£j§z“tv/“woonlk>

k=n+1

+ wlo(n)|10>|@> + 01(n)|01)[0),  (30)

where |01) =10,)|15) is the state with one photon in mode
b. In Appendix C we derive the equations of motion for
the coeflicients 119(t) and o1(¢) along with the input-
output relation

P19 = — (i5a + g + i2|A\)¢10 — iNPo1 + /éin (31a)
Po1 = *(icsb + W?L + Z‘2|A\)1/101 — iAo (31b)
fout = gin - \ﬁlﬁm- (310)

Note that we have not explicitly written the time depen-
dence of the functions in Eq. (31).

D. Two Cavity Modes - Two Identical Photons

The analysis becomes significantly more complicated
for two input photons so we find it beneficial to map
out all the different paths they may take from input to
output and the different types of states generated in the
process, see Fig. 3. Let us go through the layers of the
map from left to right and write down the dynamical
equations governing the Schrédinger coefficients of the
states in each layer. The first layer only contains the
input state

N N
o) = V2 ) Y €GN AL00)[1;15). (32)

J=1k>j

Note that the summation over k starts at j in Eq. (32)
so that the indistinguishable states |1;1%) and |1,1;) are
only counted once in the summations. In Appendix D
we prove that the factor of \/2 ensures that the state is
normalized when the integral of |&,(¢)|? equals 1. We
note that derivations of all the equations of motion for
coeflicients of the Schrédinger picture state in this section
may be found in Appendix D.

One of the two photons in layer 1 may be absorbed
giving rise to states in layer 2 with one photon in mode

102)|0)
@)
11)[0)——{01)[1m)
O $)

|01>‘1k) |01>‘1m>_"00>|1m1n>
O

><I10>1m>—>00>|1m1n>
‘00> | ]-m ]-n,>
|00>\1k1m><

0> | 1m,>_"00> | 1,, 1”>

@)
|01)[1,)

00)[1;1%)

—

100) 141 )7’|OO>‘1mln>
N 00 11,)

@)

001

FIG. 3. Map of states generated with two cavity modes and
two input photons and paths from input to output. Green
arrows represent absorption of a photon into mode a. Red
arrows represent emission into the waveguide in bin m. Blue
arrows represent a photon passing by the system without in-
teracting in time bin m. Black arrows indicate the interaction
between modes a and b driven by the external control fields.
There are five vertical layers going from left to right.

a or b. The dynamical equations for the coefficients cor-
responding to these states are

. r
(0 == (10a+5+i20A1 )03 — iU +V2y TG (33)

2 = (zéb—i— +z2|A\) @ A, (33b)
where we use the superscript (2) to signify that the driv-
ing term in Eq. (33a) originates from two input pho-
tons, which is why it contains a factor of V2 relative
to Eq. (31a). A convenient feature of the map in Fig. 3 is
that the couplings represented by black arrows turn up in
the equations of motion as coupling terms proportional
to the control field, A(t), and therefore serves to check
whether all the dynamics is included.

The state [00)|151,,) in layer 2 originates from direct
passage of one of the input photons at time t,,, while in
layer 3 it originates from absorption and subsequent emis-
sion. If the photon remaining on the input side is later
absorbed, it gives rise to states |10)|1,,) and |01)|1,,) in
layer 3 or 4. The dynamical equations for the coefficients
corresponding to these states are

8t 1) = — (18 5 +02A D] 43 (s ) —
IN Y, (Ems t) + A (t) (34a)
8 (b ) == (104 22 +32I A )65 (b t) -

A (tm, 1), (34D)

where the superscript (1) signifies that Eq. (34a) is
driven by a single input photon. The coefficients v



and (] are functions of two times, ¢,
tial time at which the state |00)|1x1,,) was created, and
t > t,,, describing the subsequent evolution of the coeffi-
cients. The initial condition of Eq. (34) is ¥{y (tm, tm)=

01 (tm, tm) =0 since the system is in state |00) at time
tom.

States in layer 3 with two photons in the system have
coeflicients with the following equations of motion

Yoo = — (120, +T + i4|A| )20 —
V2N Y11 + /2900 & (35a)
i = 7(¢(5a+5b) + +i4|A\)1/)11 -
iV2[ Ao+ Ntz | + VTG € (35D)
P2 =— (120 + 1 +i4|A|) o2 —iV2A81;. (35¢)

The initial conditions are 120(0) =111(0) =1p2(0)=0
There are other paths leading to the states |10)|1,,)
and |01)|1,,) than those described by the dynamics
in Eq. (34). It could either be from absorption of the
first photon followed by direct passage of the second pho-
ton or emission from mode a while the state is |20)|0) or
[11)]0). We use different coefficients for the state origi-
nating from these paths because their dynamical equa-
tions do not contain driving terms from input photons

being the ini-

i.(0 - r . 0
(8 (s ) = = (105 + 21A) )50 (b, 1)
AN (s ) (368)
7.(0 - ) - 0
(b 1) = = (804 222 + 2N )6 (b, t)

ZA() (0)( nut)- (36b)

There are two sets of initial conditions for Eq. (36) de-
pending on whether the dynamics originated from the
formation of state |10)|1,,) or |01)|1,,) at time ¢,,. If
the photon started in mode a, the initial condition is

0 (tm, ) =1 and w(o)( ,tm) = 0, and we define
Ay = wlO and Ag; = 1{y. If the photon started in
mode b, the initial condition is ¥{) (tm,tm) = 0 and

0L (tmy tm) =1, and we define Big = 1\ and By = 97 .

Fig. 3 reveals that there are 8 distinct paths from
input to output so the coefficient of the output state,
|00)|1,,1,), should contain 8 terms

gout(tmat) 7 ¢11( )BIO(tmat) +

V29120 (tm) Aro(tm ) — VUG (Em)E(t
VUG (tm)E(E )Alo( 1) — VAo (t
71/1(2)( ) (1)(”“ )"'\[f( ) ()

V)R] ()], (37)

where we omitted the subscript of &, for brevity. The
first term in Eq. (37) corresponds to the upper path

m)B1o(tm,t) —
m)§(t) +

in Fig. 3, the second term to the path immediately be-
low, and so forth. Note that t,, < ¢ in Eq. (37) and
Eout (tm, t) = Eout(t, b)) follows from the indistinguisha-
bility of the photons. To calculate the output state
in Eq. (37), we solve the above equations of motion for N
different initial conditions corresponding to all the time
bins in Fig. 2.

V. ABSORBING AND EMITTING WAVE
PACKETS VIA DYNAMIC COUPLING

In this section we find analytic solutions for the control
fields that allow absorption and emission of wave packets
with known shapes. We consider a specific example of
Gaussian wave packets and show by numerical integra-
tion of Eq. (31) that the fidelity of the absorption and
emission process approaches unity very rapidly as the
ratio between the cavity-waveguide coupling, v, and the
wave packet bandwidth, g, increases.

A. Absorption

For the absorption process, the initial condition
of Eq. (31) is 1/)10(250) = w01(t0) = 0. We use a sub-
script ¢ (for in) on the control function, A;(¢). The
goal is to determine A;(¢) such that a single incoming
photon with wave packet &, (t) is absorbed into cav-
ity mode b. Since A; is complex-valued, we write it as
Ai(t) = |Ai(t)] explio;(t)]. In Appendix E we find the
solution for a material with a third-order nonlinearity

)] = filtle 7 (33)
|§in(t)|\/2ft0fi (s)ds — 4|&n(t)[Perrt
di(t) = —pt — 2 t |A;i(s)|ds — arg(&in) +
_1( fisin(0;) — gi cos(0;)
tan (fi cos(0;) + g; sin(6;) >’ (38b)
where

fi)) = (T2 = Ga®) ) Gne™ (399)
gi(t) = =2|Ai(1)||&n (1) P! (39Db)
0:(t) = 1 _9®) 4 (39¢)

t ft fi(2)dz

Note that we have assumed that &;,, does not have a time
dependent phase, such that f; and g; are real functions.
It is straight forward to generalize this to chirped pulses
with time dependent phases by re-defining f; and g;. We
also assumed §, =0 above.



In the case of a material with a second-order nonlinear-
ity there is no cross-phase modulation from the control
field, so ¢g; =0 and the solution reduces to

[Ai(t)] = |fi(t)|6:% (40a)
(/20 fu(s)ds
¢i(t) = —opt — arg(&in), (40b)

with f;(t) still given by Eq. (39a).

B. Emission

Without any driving field, the equations of motion are
found by setting &, =0 in Eq. (31)

2/}10 = ( — g — i2|AO|)'€[J10 — i‘Ao|€_i¢o¢01 (418.)
’(/.101 = (— ’77L — Z’Q‘Ao')w()l — i|A0|€i¢°w10 (41b)
fout = 7\/’?1#10' (410)

Note that we use the subscript o (for out) on the control
function in Eq. (41). The initial condition is ¢10(to) =0
and state |01)|0)) has the complex amplitude 11 (¢9). The
goal is to determine |A,(t)| and ¢,(t) such that &out(?)
equals some desired wave packet, £(t). The solution is
found in Appendix F

ayrt

[fole™ =

el ()2 —2 ] fols)ds —afg et
(42a)

[Ao(t)]

Po(t) = —0pt =2 [ |Ao(s)|ds — arg(§) +

to

- fo COS(HO) — Yo Sin(ao)
tan™ (—fo sin(6,) — g, cos(6,) ) , (42D)

where
ult) = (€0 +€0)ety et (430)
go(t) = =2|A, (1) |€ (1) 2™ (43b)
_ ! 90(5) s c
90(t) - /tO'YW)Ol(O)P _ thifo<2')dzd . (43 )

Again, we assumed 6§, =0.

The solution simplifies in the case of a material with a
second-order nonlinearity

1Ao(t)] = fole” ¥ - (44a)
|§|\/7|1/)01(t0)|2 —2[, fo(s)ds
bo(t) = —Oyt — arg(€) — =, (44b)

2

with f,(t) still given by Eq. (43a).

We note that the solutions found in this section corre-
spond to the amplitude and phase of control fields inside
the cavity. In Appendix G we derive expressions for the
control fields in the waveguide giving rise to these desired
cavity-fields.

C. Gaussian Wave Packet

We consider an example of a Gaussian wave packet to
investigate how well our absorption and emission tech-
nique works. The Gaussian wave packet of the input
field is defined as

G(t) = Q(IHf))‘l‘exp(_21n(2)t22), (45)

7 7

where |G(t)|? has a full temporal width at half maximum
(FWHM) of 75, spectral width of Qg =4In(2)/7, and in-
tegrates to 1 (over the infinite interval from —oo to o).
The input states are characterized by the wave packet
&n(t)=G(t — T;) and the ideal output state is character-
ized by a simple time-translation

tn
Gout) = [ atg(e =Ty @), (a0
to

where T, =T;+7T and T is the storage time. The duration
of the entire interaction process, ty =1, +7,, is divided
into three time intervals denoted absorption, t € [0, 27;],
storage, t € [2T;, T, —1,], and emission, t € [T, — 7o, tx].
Practically, wave packets must have a finite duration and
our choice of absorption interval causes a discontinuous
jump in &, from &,(07) =0 to &,(017) =G(—T;). The
field in cavity mode a takes a finite time to build up
sufficiently to cause complete destructive interference
with the part of the incoming wave packet that did not
interact with the cavity. It is therefore impossible to
perfectly absorb a wave packet of finite length, but the
probability that the photon passes by the cavity without
interacting, Ppass, becomes negligible for relatively small
values of the ratio /g as seen below. The problem of
absorbing a wave packet of finite length is reflected in the
solutions for the control fields in Eqgs. (38a) and (42a),
which become imaginary when the terms under the
square root in the denominators are negative. As
explained in Appendix F 1, we use smoothing functions
to avoid divergences and ensure the control functions
are zero outside the absorption and emission intervals.
The smoothing functions in Eq. (F24) are parametrized
by the on/off duration, 7e.

Fig. 4 shows an example of the absorption, storage,
and emission of a single photon in a Gaussian wave
packet. The control field is given by A = A; + A, since
the storage time, T, is chosen large enough to avoid
overlap between the absorption and emission intervals,
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FIG. 4. Plots of the solution to Eq. (31) along with
the input/output Gaussians and the control field found
in Egs. (38a) and (42a). Parameters: v/Qg = 30, v /Qg =
5x1073, Te =1, To /7 =4.08, T /75 =9.

T > T;+71,. Note that the control field responsible for
emission is different from a simple time-inversion of the
control field responsible for absorption. This is because
the presence of loss breaks the time-reversal symmetry
of the equations of motion in Eq. (31).

In the presence of loss, it is possible to emit a wave
packet with the desired shape but reduced amplitude,
Sout (1) = /NG (t — T.,), where 7 is a real number smaller
than 1. Note, however, that this is only true in the emis-
sion interval, t € [T, — 7o, ty], since &oui(t) generally has
some small contribution from the absorption interval due
to imperfect absorption. The probability that the photon
passes by the cavity without being absorbed is

2T;
Ppass = / |£out (t)|2dt (47)

to

The probability of a successful storage process is equal to
7 in the limit Pp.s — 0. The maximum possible value of
n can be found by inserting £ =,/7G into the denominator
of Eq. (42a) and ensuring that the terms under the square
root are positive for all ¢. For the Gaussian in Eq. (45),
we have

Fa=2 [ piti = e[ (T2 69

and we therefore choose 7 as

= WWO}TO)P (1-e). (49)

The value of the small parameter, €,, is optimized by
minimizing |1o1(ty)|?, which is the probability that an
absorbed photon remains in mode b after the emission
interval. Finite values of Py, limits the achievable over-
lap of the output wave packet with a desired shape, which
is seen by calculating the conditional fidelity in Eq. (27)
using &oue =+/NG(t—1;) in the emission interval

2
’ gout To)*dt n
= , 50
|£out( )‘th ( )

-Ppass +77

where we changed the lower integration limit from t¢g
to T, — 7o in the numerator since G(t—1T,) ~ 0 outside
the emission interval. We also divided the integration
of |éout|? into intervals [0,27;] and [T, — 7, ty] since
|€out ()] =~ 0 in the storage interval. Fig. 5 shows a
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FIG. 5. Degradation of conditional fidelity in the limit of
large loss. Parameters: v/Q¢ =30, 7e =75.

plot of the conditional fidelity using &,. calculated
from Eq. (31) along with the approximation in Eq. (50).
It also shows that F; — 1— B, in the limit where
B.s < n and n ~ 1, which is seen from a Taylor
expansion of Eq. (50), F1 ~1/(1+4 Bass/n) & 1 — Boass/7-
It is important to note that Fig. 5 clearly illus-
trates that very small error in the conditional fidelity is
possible even in the case of an efficiency well below unity.

The value of Pp.ss only depends on the ratio 7v/Qg
and Fig. 6 plots the dependence for both second- and
third-order nonlinear materials. It is seen that P,
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FIG. 6. Ppass as a function of y/Qg for x? and x® materials.

Parameters: v, =0, e =175.

falls off faster for y(?) materials due to the absence of
cross-phase modulation. In Appendix E1 we derive
expressions suggesting that a five times larger coupling
rate, 7, is needed for a x(3) material, which agrees well
with the result in Fig. 6. Importantly, Fig. 6 shows that
P,ass approaches zero extremely fast as the ratio v/Qg
increases.

VI. NONLINEAR DYNAMICS

In this section we consider three types of nonlinear-
ities that mediate photon-photon interactions and de-



scribe the necessary extensions to the equations of mo-
tion in Section IV to account for them. Since we have a
particular interest in two-qubit logic gates for quantum
information processing, we consider cavity configurations
enabling a c-phase gate. Note that we envision a configu-
ration where two identical cavities are placed in between
two 50/50 beam-splitters that convert the two-qubit state
|11) into 1/v/2(]02)+]20)) [42, 43]. In this case, the phase
¥y, in Eq. (22) is important in that ¥5—21¢; =7 is required
for the gate transformation [00) — |00), |10) — |10},
|01) — |01), |11) — —|11). For a more complete analysis
of gate performance we refer to Ref. [44].

We start by considering a material with a third-order
nonlinearity, then we describe second-order nonlineari-
ties, and finally interactions with a two-level emitter. In
all numerical examples we use the Gaussian input wave
packet in Eq. (45).

A. Material with a Third-order Nonlinearity

Only modes a and b are needed in the case of a x® ma-
terial. The Hamiltonian corresponding to photon-photon
interactions is

(ata—1)ata+ (bTo—1)bTd
4

H o) =hys [a*aiﬁm } (51)

The corresponding unitary time-evolution operator is

Ux(s) = —iAthfA)TlA)&Td —
z&Atxg (67— 1) + (ata—1)ata]  (52)

Only states with two photons in the system are affected,
so that

. 1
Ui |20) = —ixs At (2 1)2120) = —Z—At|2o> (53a)

U, |11) = —ix3At|11) (53b)

. 1
Uy|02) = _iX3AtZ(2 —1)2/02) = —Z—At|02> (53c)

The equations of motion for the corresponding coeffi-
cients in Eq. (35) are therefore modified as

oo = _(125 T3 +z4\A|)¢20—zfA Y1 +
V276 (54a)

Ui = —(i(éa +6y) + 7;% +ixs +i4|A|)z/)11 -
iV Mo+ Xtz |+ TG i (54D)

%z:—(¢25b+7L+¢73+¢4|A|)woz ~ VAP, (5de)

It is seen from Eq. (54c) that the amplitude of the state
|02) acquires a phase proportional to xs3/2, which the
amplitude of the state |01) in Eq. (31b) does not. By
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a careful choice of storage time, T, one may achieve the
condition AY = 99 — 2¢9; = 7, where 9,, is the phase
in Eq. (22). Fig. 7 plots the phase difference as a func-
tion of storage time for a range of different nonlinear cou-
pling coefficients, x3. It shows how the phase condition,

3

Phase Difference [r]

0
100

© ©
®© ©
I I

97 -

Fidelity [%]

96

10! 10? 10°
Storage Time [7g]

FIG. 7. Nonlinear phase difference, AY, and fidelity, F», as a
function of storage time for different values of the nonlinear
coupling rate, xs, ranging from 0.01Qg (blue) to 0.5Q¢ (red).
The black line shows the fidelity corresponding to Ad = 7.
Parameters: v/Qg =30, 7./Q=10"", 7o =15.

AY = 7w, may be met using a smaller nonlinearity and
larger storage time (blue curve) or a larger nonlinearity
and smaller storage time (red curve). Fig. 7 also plots
the corresponding fidelity, F», which appears to reach an
optimum for T'/7; ~ 100. The fidelity degrades when
increasing x3 because the solutions for the control fields
were found assuming a single photon input and photon-
photon interactions during the absorption and emission
process renders the control fields sub-optimal. The fi-
delity also degrades if x3 is decreased too much because
losses increase with increased storage time.

B. Material with a Second-order Nonlinearity

For materials exhibiting a x® nonlinearity, we ex-
plore the process of second-harmonic-generation where
we = 2wp. With the introduction of mode ¢, the system
states are written as |nanbnc> with n,, ny, and n, repre-
senting the number of photons in each mode. The Hamil-
tonian describing the interaction is given in Eq. (13b).
The corresponding unitary time-evolution operator is

Usng = —ix2At (éBTlST + éTBIS). (55)

From Eq. (55) we see that it only causes a coupling be-
tween states |020) and |001)

Usic|020) = —ix2AtV/2]001)
Usug|001) = —ix2Aty/2]020).

(56a)
(56b)



The equations of motion for coefficients corresponding to
two photons in the system are then

Wa00 = —(i204+T") 1200 —iV2N Y110+ /270 pEm (57a)

; . '+ .
P10 = —(l(5a+5b)+ 27L)¢110 — iV2Atha00 —

V2K 020 + VG ToEm  (5TH)
Po20 = — (1204 +71) Y020 —iV2A110—iV2x20001 (57c)

Yoo1 = — (i5c + 77L>?/1001 — iv/2x2%020- (57d)

It is the fact that SHG requires two input photons that
enables the phase condition A¥ =7 to be fulfilled. To
understand why, consider the case in which the storage
time is adjusted such that a single Rabi oscillation be-
tween states |020) and |001) occur. An example is shown
in Fig. 8. Occupation probabilities of the system states
are found in Appendix D and plotted as a function of
time in Fig. 8a. It shows how the photons are transferred
from state |020) to |001) and back via SHG. The phase
of 1g20(t) jumps by 7 as its amplitude becomes zero in
the middle of the storage interval (red curve in Fig. 8b).
The phase of 191 (t) (blue curve in Fig. 8b) remains con-
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FIG. 8. (a) Occupation probabilities of system states as a

function of time. (b) Phase of the coefficient corresponding
to state |01) (blue) and |020) (red). (c) Error measured as
the absolute distance from a Gaussian, |&out () — /G (t—10)|
(blue) and [&out(tm,1o)+nG (tm —T15)G(0)| (red). Parameters:
v/Qe=6Q¢, 7./Qg=1.5x10"%, 7o =175, n=0.9963.

stant since a single photon cannot undergo SHG. The
relevant phase difference, A, is therefore seen to be ex-
actly 7. Fig. 8c shows the error in the output wave packet
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for both single- and two-photon inputs. Only a negligi-
ble error is observed for the single-photon input whereas
the two-photon error is more pronounced leading to a
fidelity of Fp =99.1% for this example. Similar to the
case of a x(® material, the fidelity of two-photon outputs
are degraded by the photon-photon interaction occurring
during the absorption and emission process, which is not
accounted for in the solution of the control fields.

C. Interaction with a Two-Level Emitter

We investigate the use of atom-like two-level emitters
because their nonlinearity is much stronger than the non-
resonant nonlinearities considered above. To ensure com-
plete absorption of incoming photons, the TLE should
not be coupled to mode b since we expect the nonlinear
interaction during absorption and emission to be pro-
hibitively strong. Instead, we use a tertiary mode, c,
with w.—wp # wp—w,, which ensures that modes b and ¢
are not coupled via the control field A(t). We envision a
control scheme where a first control pulse, A;(t), is used
to absorb incoming photons into mode b. Subsequently,
a second control pulse, II(t), couples modes b and c. Fi-
nally, a third control pulse, A,(t), couples the photons
back into the waveguide through mode a. The first and
last stage of this control protocol is therefore still de-
scribed by the equations of motion in Section IV D. With
the introduction of cavity mode ¢ and the TLE, states
with two photons in the system are: |100)|e), [010)|e),
[001)[€), [200)]g), [020)]g), |002)|g), [110)|g), |101)|g),
and |011)]g).

During the second stage of the protocol, mode a
is empty so we introduce new coefficients, ¢, n.q(t)
and @p,n.c(t), corresponding to states |Onpn.)|g) and
|Onpne)le). The dynamics is governed by the following
equations of motion

Pa0g = —(120y +yL +ixs+i4|T1]) pa0g —iv2IT* p11, (58a)
Pr1g = —[i(6 + 0c) + 71 +ixs + 14| 11y —

V20 gy — iv/2IT" Gozg — igdioe (58b)
boog = — (120, + vr +ixs + i4|TI|) poag —

iV2Ip11y — iV2g¢01e (58¢)

b10e = —(i(5b+5e) + WTM + i2|H|)¢1Oe -
ill" o1e — 19" d114 (58d)

Pore = *(i(5c+5e) + e ; oy i2IH\)¢01e -

tllp10e — Z‘\/§Q*¢02g. (58e)

Note that the dynamics is also changed for single-photon



inputs, which have the following equations of motion
M . PYL . . *
br0g = *(151; to5 12|H|>¢1Og —ill"go14
borg = *(i5c+%+i2|ﬂ|>¢01g*in¢wg*i9¢00e (59b)

éOOe = _(Z’(Se + %)qSOOe - i9*¢019'

(59a)

(59c¢)

Many interesting properties of the nonlinear inter-
action may be investigated using Eqgs. (58) and (59)
but here we again consider the implementation of
a c-phase gate. With the protocol described above,
the conditions for a successful gate operation are:
1) The occupation probability of mode b must equal
one for both single- and two-photon inputs after the
application of II(t). 2) The phase difference must
be arg[paog(Tm1)] — 2arg[p104(Tmr)] = m, where II(t) is
non-zero only in the interval ¢t € [27;, T;]. We numeri-
cally optimize the control function II(¢) to fulfill these

conditions. An example of the resulting dynamics is
1 ‘ ;
— |¢104(t)|
a
£ — |20, (1) (&)
B II(¢
205 \\—md 1
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FIG. 9. Time evolution of the second stage of the control
protocol. (a) Probability that all incoming photons occupy
mode b for one- (blue) and two-photon (red) inputs. The
control function is also plotted (scaled to a maximum of 1).
(b) Phase difference arg[¢paoq (t—27;)]—2 arg[d104(t—21;)] as a
function of time. Parameters: ~;, =0.

shown in Fig. 9. It shows how the conditions above may
be met using a control function plotted in Fig. 9a.

Here, we considered the host crystal containing the
TLE to be a third-order nonlinear material. The optical
control fields would not interact with the TLE as they
would be very far off-resonant. However, it would be in-
teresting to consider the TLE coupled to mode b and let-
ting II(¢) be a strong electrical field that causes a detun-
ing between the TLE and mode b during absorption and
emission via an AC Stark shift of the TLE transition en-
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ergy. This would reduce the effective nonlinear coupling
between the photons during absorption and emission and
could potentially eliminate the need for mode c.

Note that the three-stage control protocol avoids any
error due to nonlinear interactions between the photons
during absorption and emission. The fidelity of a c-phase
gate with a TLE nonlinearity is therefore only limited by
loss when no decoherence mechanisms are included in the
model. A similar extension of the control protocol could
be applied to the case of second-order nonlinearities by
introducing a fourth mode, ', coupled to mode ¢ via
SHG. The second control field, II(t), coupling modes b
and b’ would then effectively turn on the nonlinearity af-
ter the photons were coupled into mode b. Alternatively,
letting II(¢) be an electric field that induces a x® coef-
ficient in a material with a third-order nonlinearity [45]
would constitute an equivalent method to the AC stark
shift of a TLE.

VII. DISCUSSION

Our simulation results illustrate that, within the limi-
tations of our model, it is possible to absorb and emit
photons with Gaussian wave packets into- and out of
a dynamically coupled cavity. We also show that high
fidelity c-phase gates may be implemented using such
structures with three different types of nonlinearity.
These fidelities were obtained while excluding certain
sources of error from our analysis including noise-photons
being injected from the loss channel, decoherence of the
TLE, and higher-order nonlinear effects.

We analyzed the interaction with two-level emitters in
the context of two-qubit gates, but we expect dynami-
cally coupled cavities to provide performance improve-
ments in other applications as well. For instance, perfect
state transfer between photonic qubits and solid-state
matter qubits has been proposed using classical control
fields coupling the energy levels of the matter qubit [46].
There is a strong analogy between that method and dy-
namically coupled cavities, however, we expect it to be
easier to engineer the photonic- rather than the atomic
degrees of freedom in practical implementations.
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Appendix A: Rotating Frame

The Hamiltonian of the three cavity modes, four pump fields, and the TLE is H, where

W = waaTa + wbbTb + wccTc + wppr + wlpJ{pl + nggpg + wgpgpg + Wb, +1 Alt (aTwn — awl) +

Mz

i+ X2 (p1ah + pb'a) + xa (plpaath+ plinbla) + xa (plpeble + plines). (A1)
k=1
(Since we wish merely to provide an example, we have left out the cross-phase modulation, self-phase modulation,

and second harmonic generation from the Hamiltonian.) We wish to move into the interaction picture, placing the
evolution generated by the Hamiltonian Hy into the operators, where

N
== = wyala + (wp — 0)bYb + (we —0.)¢T¢ + webs + wyp'p + wiplp1 + waphpa + wsplps + wu Y Wiy, (A2)
k=1

Under this Hamiltonian the evolution of the operators is obtained merely by multlplymg them by time-dependent
exponentials. Denoting the interaction-picture operators by upper case letters, we have A = ge—iwwt B = beﬂ(‘*’ﬁ;b)t
C = te MWt 3 = ge el P = pe~int P; = pie~ it (j = 1,2,3), Wk = e Wul Smce we have removed
this “rotating” evolutlon from the state of the system we refer to the interaction plcture as being in a “rotating
frame”.

The evolution of the state of the system is now given by an effective interaction Hamiltonian, usually referred to as

the “interaction Hamiltonian in the interaction picture”, which is given by
Hi(t) = U(H — Hy)Ut (A3)

in which U = e~iHot/h Since the right-hand side of the above equation is merely the Hamiltonian H - H, evolved
in the interaction picture, we obtain Hi(t) merely by replacing the Schrédinger picture operators in H — Hy with

their interaction picture counterparts given above. While in general H’I(t) will be time-dependent, if we choose the
detuning parameters, d, through d., to account for the detunings between the various modes and the TLE, we obtain
a time-independent interaction picture Hamiltonian, namely

H,o. = hd,ata + ﬁ&bbTb + ho.ete + ho.6, + ihy | —— At (aTwn —aw ) + hxg( ath +ﬁ3Td) +

hixs (ﬁ}ﬁgfﬂz} + ﬁgpliﬁa) + hixs (ﬂﬁgiﬁé + pgpléfz}). (A4)

For the scenario in which the nonlinearity is provided by the TLE, the various detunings are chosen to satisfy

6(1 = W — Wy

o = 0r+0a

de = O+ 0p . .

5. = we —w, TLE nonlinearity . (A5)
or = (wo —w1) — (W — wp)

on = (ws - wl) - (wb - wc)

Here we have chosen J, to remove the oscillating exponential factor in the FWM term corresponding to the control
field A(t):
P;Pléui = ﬁ;ﬁllﬁd exp [(wg —w1) +wp — 0 — (W — 6a)] =
0 = (w2 —w1) — (Wa — wp) + 64 = 07 + a, (A6)

where we have defined §5, which describes energy mismatch in the FWM process that couples modes a and b. Similarly,
we choose ¢, to remove any exponential factor on the FWM term corresponding to the control field II(¢)

PgPlCTB psplchexp [( ws —wi) — (wp — %) + (we — 56)] =
de = (w3 —w1) — (Wp — we) + 0 = 011 + I, (A7)
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where we defined 7, which describes energy mismatch in the FWM process that couples modes b and c.

In a x®) material, where there is no control field II(), we instead define the detunings as

5a = Wq — We

0y = O0A+0a @ .

Se = we — 2wy x'%) material, (A8)
dr = wp — (wp — wa)

where J. now describes energy mismatch in the second harmonic generation process.

Appendix B: Dynamics with One Cavity Mode and One Input Photon

Before the dynamics begins, the state is
N
o) = Y &MVAL0)[1x), (B1)
k=1

where [0)|1)) is the state with one photon in bin k& and no photons in the system. The state after each time step is
found using the time evolution operator

|’(/}n+1> = Un+1|wn> <B2)
After the first time step, the state is therefore

Y1) = Zf VAL 0)[14) + VAL 0) 1) + FEAL[1)[0). (B3)

We define the Schrédinger coefficient corresponding to the photon being in the cavity mode as 1)1 (1)= \ﬁﬂ“At. Note
that we split the summation over k into input states, n > k, and output states, k& < n, for which we use boldface
notation. After the second step, the state is

1h2) = Zﬁ VAL 0)|14) +Z§ VAL|0)[1x) — A1 (1)VAL0)[12) +

[(1 - st = S A on (1) + yaER AL ) 10), - (B4)

where the third term corresponds to a photon being emitted by the cavity into bin 2 on the output side. The fourth
term contains a contribution from the identity operator, a detuning term, a decay term, as well as a feeding term
corresponding to absorption of a photon from the waveguide in bin 2. Rewriting Eq. (B4) as

62) Za VAHO0) L) + € VAHO) L) + [ — A1 (1) VAL L) + v (2)]1)]0) (B5)

lets us identify the update rules

I .
Gi(n+1) = () + [( =00 — 5 )valn) + VAER A = (B6)
1) — r -
D00 _ (g, 4 2 () + AR (B7)
Gt =60 —i(n - 1). (B8)
We may now take the continuum limit, At — 0, to obtain the equation of motion and input-output relation

. r
di(t) = (=0 = 5 )¥1(0) + () (B9a)
Sout () = &in(t) — v (D). (B9b)

Note that we used 11 (n—1) — ¥1(n) and &2, — & in the continuum limit, so all functions are evaluated at the
same time in Eq. (B9).
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Appendix C: Dynamics with Two Cavity Modes and One Input Photon

Before the dynamics begins, the state is
N
o) = Y & VAL00)[1), (C1)
k=1

where |00) is the state with no photons in either mode a or b. After step one, the state is

(1) = |0} + VA& AL[10)]0) = J1ho) + ¥10(1)[10)]0), (C2)

where we defined the amplitude for the state with one photon in mode a and no photons in mode b, 1. After step
two, the state is

o) = Zf VAL 00)[ 1) — v/Ftb10(1)VAL00)[11) + [ ;“—ﬁwm<1>}@|00>|12> +
[(1—1'5@&— gAt—i2|A2|At>w10( ) + (/e At}\10)|®> —iAothro(1)AL[01)]0) =
Zf VA00)[11) +Z£;;“F\00>|1k>+wm\10>|®>+wm|01>|®>. (C3)
After step three, the state is
3
[3) = Z«s’“@mw1k>+;£2“t@|00>|1k>+[(1—i6bAt—72LAt—i2AsAt)wm(z)—mgwm(z)m}|01>|®>+

[(1—i§am— gAt—i2|A3|At)1pm(1) — iNSo1 (2) AL + D At}|10>|®). (C4)

Eq. (C4) contains all the possible dynamics and we can use it to read off the update rules

Dol t D= 91008) _ (g, — 3 — 2l bro(m) — A5 athn (o) + A8 (©5)
Youln + 2; Youln) _ ( —i6p — ’%L - i2\/\n+1\)¢01(n) — iAn1110(n) (C6)
& =& = V(- 1). (C7)
In the continuum limit, we have the ODEs and input-output relation
dio(t) = — (z’éa + g + z'2|A(t)\)wlo(n) — A P01 (1) + V() (C8a)
dou (1) = — (30 + 2 + 2] )0 (8) = IA(E10(8) (C8b)
Sout(t) = &in(t) — VYP10(1)- (C8c)

Appendix D: Dynamics with Two Cavity Modes and Two Input Photons

For identical input photons, the input state is

o) = fZngg PAL00)|1,15). (D1)

j=1k>j

Let us show that the state in Eq. (D1) is normalized. In the continuum limit, it corresponds to

) = /2 " dt; /tN Atk (t5)€(t)]00)]1511), (D2)
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where we omitted the in superscripts. Let us calculate its norm

tn T tn tN
(Y|v) =2/t dt} /t dtk/t dt; /t At () ()€ (te )€ (1) (15]15) (13 [ 1) = (D3a)

(] = 2 / el [ anlete)|* =2 / i)’ / dtele (e’ - / e = o)

J

(wlo) =2 [ ) anfeon)?[1 - / nle(w)f’] =22 / S T (D30)

to

<w|w>—2—2/ dat &t ->E<tj>=2—2/tmdt]d‘j(1"%))—2—[<T>—E<0>]=2—<1—0>=1, (D3d)

where E(t;) =[¢(t;)].
To begin with, we follow the dynamics of states with one photon in the system and one photon on the input side
[n) = 55 ( Zg VAH10)[15) + 47 (n Zg VAHOL)[15) + (D4)
k>n k>n

The superscript (2) signifies that the equation of motion for w(2>( ) is driven by two photons on the input side. As
in Appendices B and C we follow the evolution of these states through the first time steps in order to identify the
update rules. After the first step, we have

1) = V2E" fAth VAL[10)[1;) + i ( Zf VAH10)]15) + (D5)
k>1 k>1

After step 2, we have

i) = [(17i5aAtngt71'2|A2|At> @(1) + v2er fAt}ZS VAH10)[15) —

k>2

N3 (1 Zg VAL 01)[1;) + P& ( Zg VAL10) 1) + 2 (2 Zg VAL 0D [1g) + ... (D6)

k>2 k>2 k>2

After step 3, all the possible interactions linking v{7 and v are included

i) = [ (1= idart —At—22|A3|At> (2) + VaEr FAL - ingug (2)A1] Zg VAH10)[1;,) +

k>3

[(1-@&- LA — 2| A3 | A YR (2) — i3 (2) At] Zg VAL O [1g) + ... (D7)

k>3
From Eq. (D7) we identify the equations of motion in the continuum limit
. ) T )
B(0) = = (100 = 5 + 2IAB]) B @) — AU () + V2o () (DSa)
052 (1) = = (0 — 2 + i2lA@) )07 (1) — AR 0. (DSb)

Next, we consider states with two photons in the system

|thn) = 120()[20)|0) + h11(n)[11)[0) + Y02(n)|02)|0) + ... (D9)

These states first appear after step 2

[¥2) = /2915 (1€ At]20)[0) + 7067 (1€ AHIL)[0) + ... = 120(2)[20)[0) + D12 (2)11)[0) + ..., (D10)
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where the factor of v/2 in the first term comes from a' acting on |10). After step 3, we have

I3) = Kl—i26aAt—PAt—i4|A3|At)w20( ) — V2L (2) AL+ 2 (2) \Fm}po V@) +

[(1—¢(5a+5b)m—”%At—mmgmt)wu( 2)—iV2At A3 (2) + VUL (2 )ggﬂm}umm -
iV2A3111(2)At|02)[0) + ... (D11)

After step 4, all the dynamics describing the states with two photons in the system is present

oa) = [(1 = 200 A¢ — TAL = 4] Ag| At )i (3) — iVEA U (3)AL + {7 (3)€ /298] 20)[0) +
T4z

(1004 0) A+ 2 At—id|Aa| A )1 (3) =iV 28 (Aaon (3)+ Ajtbon (3) )+ (B)ER VAL [11)10) +
[(1 26, — L AL — z'4|A4|At) oa(3) — i\/§A4z/)11(3)} 02)[0) +... (D12)

We identify the equations of motion in the continuum limit

Poo(t) = — (1200 + T + 34| A(t)] )20 (t) — iV2A(E) P11 () + /2995 (£)&in (t) (D13a)
dua(t) = — (80 + ) + 2% A e (1) — iVIA(on0 (1) — iVEAW) Yoo () + FUE (D6m(t)  (DI3D)
Po2(t) = — (120, + vz + i4|A)|)1ho2(t) — iV2A ()11 (t). (D13c)

Next, we consider states with one photon on the input- and one on the output side. There are two paths resulting
in this state (see Fig. 3). One, a photon is emitted into the waveguide from the system while the other photon remains
on the input side. Two, one of the two input photons passes by the system without interacting. If this occurs in bin
m, the contribution to the state is

) = | = VAR (m) + V2L ]Zé BAH00) |1k L) + . .. = thoo(m Zg D AL00) 15 L) + ... (D14)

k>m k>m

If the photon remaining on the input side is absorbed, it gives rise to states with one photon in the system and one
on the output side

6} = oo (m) (457 (m, m)VAH10) 1) + 053 () VAHOL) L) + .. (D15)

where we factored out 190(m) to obtain equations of motion for ¥y (£, t) and ¥} (tm,t) that are similar to Eq. (D8).
These amplitudes are functions of two times, where ¢,,, describes the tlme the dynamics was initialized by the formation
of the state |1;1,,). The superscript (1) 31gn1ﬁes that the equations of motion for 1\ (£, t) and 1§} (tm, t) are driven
by one photon on the input side. Let us again follow the evolution of Eq. (D15) for a fevv time steps to determme the
equations of motion for 1\ (tm,t) and ¥¢; (tm,t). At step n + 1, we have

[Vnt1) _ (1 - idart - —At—z2|An+1|At) (5 (m,m) — i hor (m, m)AE + FER AL VATI0)[ 1) +
Yoo (m)

[(ywbmf% t712|An+1|At> m(m,n)fiAnleo(m,n)At}\/At|01>|1m>+... -
O (m, 4+ DVAL10Y 1) + 8 (m, 1+ DVAL01)[1,) + ... (D16)

From Eq. (D16) we obtain the equations of motion
(D : r . 1) : 9
(0 (tmst) = = (100 + 5 + 2IAQ) 015 (b £) = IAD U (b 8) + /i) (D17)
6t 1) = — (i + 22 4+ 220A0) ) ot 1) — AV (1 1) (D17b)

Comparing Egs. (D8) and (D17) we see that there is an additional factor of v/2 on the driving term ,/7&p ()
in Eq. (D8) because it is driven by two photons as opposed to one in Eq. (D17). The initial condition for Eq. (D17)
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is 3G (tm, tm) =0 and () (tm, tm) =0 because the system started out in the state [00) in Eq. (D14).
Finally, we need to consider states with one photon in the system and one photon on the output side
[¥n) = 15 (m, n)VAH10) 1) + 467 (m, n) VAHO1)[ 1) + (D18)
There are four different paths leading to this state. One (Two), a photon is emitted into the waveguide while the

state of the system is |20) (|]11)). Three (Four), the photon on the input side passes by the system without interacting
while the system is in the state |10) (|01)). If this occurs in bin m, the contribution to the state is

[m) = [ = V/2720(m) + 55 (m)€ia | VAHL0) 1) + | = vFo11(m) + 03 (m)ein | VAHOL) L) + .. =
O (m, m)VAL[10)[1,,,) + 57 (m, )@|o1>\1m>+... (D19)

At time t,,+1, the state is

[Yma1) = [(1 — 0, At — —At—22|Am+1|At) 10 (m,m) — A}, 5y (m,m) }\/WA [10)]1,,,)
[(1 — iy AL~ TZAL - 22\Am+1|At) ©) (m, m) — i1 (m, m)At] VAAL01)[1,) +
O (m, m+1)VAL10)|1,,) + 87 (m, m+1)VA01)[1,,) + ... (D20)

From Eq. (D20) we identify the equations of motion

. r
(9 1) = — (184 5+ 1200 )05t 1) — AU (1 1) (D21a)
5 (tns ) = = (16 + 22+ 22AW] ) 945 (b £) = TN (b ). (D21b)
Eq. (D21) must be solved for two sets of initial conditions corresponding to the first O (tm,tm) = 1 and
10
0L (tms tm) = 0) and second (Y5 (tm,tm) =0 and ¥ (tm,tm) = 1) term in Eq. (D18), respectively. We introduce

functions A19(tm,t), Ao1(tm,t), Bio(tm,t), and Boi(tm,t), Where A correspond to 1 with the first initial condition
and B correspond to ¥® with the second initial condition.

The final step is to identify all terms of the output state using Fig. 3 and the derivations above. From Eq. (D14)
we have the contributions

Eout (b £) = =AU (bms ) | = VAV () + V2 (tm)| + - (D22)

where the first factor is the probability amplitude for decay from state |10) into the waveguide at time ¢, and the
terms in brackets are the two contributions to the probability amplitude of a photon entering the waveguide at time
tm. From Eq. (D19) we have the contributions

Eouttmst) = =v/FA10 by )] = V2720 (tm) + V53 (bm)éin (t)| —
VABu0(tms )| = VA1 (tn) + U8 (b )Ein (t) | + - (D23)

The remaining contributions to the output state come from both photons passing by the system without interacting
and decay from system state |10) followed by the second input photon passing by the system

Eont (tms 1) = [\/igm(tm) St )} Emlt) + ... (D24)

If we define the output state as

N N
[Yout) = /t dt,m, /t At out (tm, )01 ()07 (2)]0), (D25)



19

then the output wave packet is

Eout (tm, t) = &in(tm)&in(t) + % V29920 (tm) A10(Em) ) + Y8011 (Em) Bro(tm 1) = VA5G (tn)&in (Em) Aro (tm, 1) —
\/?w((fl)(tm)fin(tm)BIO(tma )+W(2)( m) (1)( ms ) \/>w(2) fm \/7£m (D t) y tm < T (DQG)

and Eout(tm, 1) = Eout(t, tm). The factor of 1/4/2 comes from the fact that the integrals in Eq. (D25) span the entire
time interval, whereas the terms in Egs. (D22)-(D24) were derived using the definition in Eq. (D1), where each
two-photon field state appears only once in the summations.

The probability of finding the system in a state with n, photons in mode a and n; photons in mode b at time ¢, is
found from the expectation value

N N
Pnanb (tn) = <'¢n‘ (Inanb> (nanb| ®ﬁﬁeld) ‘wn> = Z |<1j1k|<nanb|¢n>|2, with IA[ﬁeld = Z |1j1k><1j1k|- (D27)
J,k=1 J,k=1

It is instructive to use Fig. 3 to keep track off all paths when evaluating the overlap (1,1%|(nqns|¢n). For ng=mny=0,
we see that there are contributions from the two paths leading to states with one photon on the input- and one on
the output side as well as contributions from both photons being on the input or output side. The first contribution
may be identified from Eq. (D14)

N n 2
[(00jo0)[* >~ }:([ vﬁWm()+vﬁ$ﬂ§:€?ﬁﬂh4wMJm0 =
j’ k=1'm=1 k>m
Z Z V) + Ve S era (| Z At| = AR K + Vg Z Atlen]®, (D28)
k'=13'=1 k>E' k'=1

where the summation over m from 1 to n was included because the photon on the output side could be in any bin
between 1 and n. The contribution from both photons being on the input side is

N
(0000} [* = 7 atfem|® 37 At (1Lt L) = 3 At D Ale|’

7 k'=1m'>n m>n j'>n k'>n

. (D29)

Similarly, the contribution from the output state is
1(00]00)|* Z Z ZAtAt| out 21 [ Lo L) = Z ZAtAt| out |- (D30)
7' k'=1m'=1m=1 m’=1m=1

Adding the contributions from Egs. (D28) - (D30) and taking the continuum limit, we get

POO / (|\/>€m m (2) ‘/ 1n |d8 dt + / |§1n |dt / / gout msS ’detm (Dgl)
to Jto

There are 7 different paths leading to the system state |10) and the probability is

(2)( )fln( m)Alo( m>s n) +77[}(2)( m)gin( )Blo( ms L) -

2

\/ 1/)20 AlO m; ) f@bll( )Blo( ma ) fw(Z)( ) (1)( ) + \fgln( m) (1)( tn) dtm' (D32)
Similarly, the probability of the system state |01) is

Por(tn) = |1y (t n)|2/N|§i“(s)|2ds—|—/n

V27020 (tm) Aot (s tn) — VA1 (Em) Bot (s tn) — VAL (Em )50 (Ems tn) + V26 (tm )OS (tm mfﬁw (D33)

The probability distributions for states with two photons in the system are simply

Pao(tn) = |th20(tn 2, Pii(tn) = [t11(tn 27 Poa(tn) = |tbo2(t | (D34)

Pio(tn) = |1hi0 (¢ n)|2/tN|£i“(s)|2ds+/n

to

(2)( )gm( m)AOI(t ) + ¢(2)( m)fin(tm)BOI(tnutn) -
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Appendix E: Absorption of Photon Wavepacket

We write the control function as A(t) = |A(t)|expli¢(t)] and our goal is to determine the amplitude, |A(t)|, and
phase, ¢(t), such that an incoming photon in the wave packet &, (¢) is fully absorbed into mode b. The equations of
motion are written in Eq. (C8), but we repeat them here for easy reference

¢w@):—(wa+g+JMA@M)mM®—ﬂA@wamwm@%+J%@) (Ela)
Jou(t) = — (i + 1= +2]AM)] ) Yor () = iIA Q)€ Oeiro 1) (E1b)
Cout(t) = &£(1) = v7¥10(D)- (Elc)

Note that we have omitted the subscript of &, () in Eq. (E1) for notational convenience. Absorbing the incoming
pulse implies £t =0 and therefore 1190 =§;,//7. Substituting this into Eq. (E1b) and re-arranging terms yields

d —i , —i ¢ ,
e Ne— Q@0 Q® — Z 1A (1)1 ¢Oe() = t) = —eQ® [ e=QB)A(s)[e)¢(s)ds, E2
3 (B (079000 = ZLAOIPOED) = don 1) = T2 | UIA)IeOg() (2)
where we defined the functions

Q) = =iP(t) = (id + 2 )t P(t) =2 [ |A(s)]ds. (E3)

to

Substituting 10 =¢//7 into Eq. (Ela) yields

O (1) — é00) — i (50 + 20A0] &) = MBI 0 (). (E4)
Multiplying Eq. (E4) by &(t)*exp(y.t) and defining real functions f; and g;, we find
Jill) + igi(t) = |A(B)|e™ Oty el =10t H )1 / it GO () g (), (E5)
with
£ = (F575€0) - éw)serer! (E6)
9:(t) = — (3 +21A@) [P, (E6b)

Note that Eq. (E6a) assumes an input wavepacket without chirp, 4 [arg £(t)]=0. The RHS of Eq. (E5) can be written
as

t

o) @) [ [ot6) + ino)]ds = 2) [ w)as 440 [ uo)as +i(e0) [vids ) [ wo)as), w0

where
o(t) = [A]E(t)] exp(yzt/2) cos[p(t) + oyt + P(t) + arg()] (E8a)
y(t) = [A@)[IE(#)| exp(yrt/2) sin[o(t) + ot + P(t) + arg(€)]. (E8b)
By defining the functions
X(t) = /t z(s)ds = R(t) cos [G(t)], Y(t) = /t y(s)ds = R(t) sin[&(t)], (E9)

Eq. (E5) can be split into real and imaginary parts

fi=XX+YY, gi=XY -YX. (E10)
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Using the definition in Eq. (E9), we have

fi = XX +YY = [Rcos(f) — Rsin(0)f] Rcos(d) + [Rsin(f) + Rcos()0|Rsin(f) = RR = 5%(}32), (E11)
which has the solution
t
R(t) = 1/2/ fi(s)ds. (E12)
to
Similarly,
gi = XY —YX = [Rcos(9) — Rsin(0)0] Rsin(0) — [Rsin(0) + Rcos(0)f] R cos(0) = —R?0. (E13)
Using the result in Eq. (E12), the solution for 6 is
1" gis)
o(t :—f/sids. E14
( ) 2 toftofi(z)dz ( )

To find the solution for |[A(t)| we evaluate z2 + y* =|A|?|€]? exp(yrt) using the results above

IAPIEPe ™ = X2+ Y2 = [RCOS(Q) - Rsin(9)9]2 + [Rsin(9) + RCOS(@)Q}2 = R*>+ R%0* =

Inserting the definition of g; from Eq. (E6b) yields

1
APIE exp(r2t) = 5= [ (8 + 20A1) " exp(ut) el + 2] =
28, fefteret £ /B~ H e\ /12 (Fi — 2lefPernt) + a2l Fietre
IA()] = 3 Sy ,  (E16)
202 [F; — 2/¢[2eret]
where F;(t) is the anti-derivative of f;(¢). If 6, =0, the solution is
) —yLt/2
A = i)l ! (B17)

V2IE()] F = 2E@0)Peret

Knowing |A(t)| means g; is a known function and z and y may be evaluated using 6 from Eq. (E14). Then, the phase
¢ is
y(t)

o(t) = —0pt — Q/t |A(s)|ds — arg(€) + tan™! <x(t)> (E18)

To obtain x and y, note that

z=X = Rcos(d) — Rsin(h)f = ficos(6) + g: sin(0) (E19)

\/2 [ fi

y =Y = Rsin(f) + Rcos()f = fisin(0) = g: COS(H). (E20)

2[fi

1. When Does a Solution Exist?

From Egs. (E6a) and (E16) it is seen that |A(t)| is only a real finite function if (assuming ¢ is real and there is no
loss, v, =0)

J (L2 (6)ds ~€()E(s) s — 260 >0 =

to

%/52(s)ds—/ 1i(52(s))ds—252(t) >0 = @) <% t0§2(s)ds. (E21)
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A general identity holds for inequalities of the type in Eq. (E21) [47]

at) < But) = u(t) < ula)exp ( / 5(8)(18). (E22)
Comparing Eq. (E22) to Eq. (E21) shows that
u(t) < u(0) exp (%t), u(t) = /to £2(s)ds. (E23)

Since u(0) should equal zero, we see that this cannot be fulfilled. If =0 is excluded from the interval over which the
solution must be valid, then 4(0") can be made arbitrarily small and Eq. (E23) provides a bound on what the rising
edge of the wave packet can look like. However, since u(7T)=1 in order for the input quantum state to be normalized,
we see that the wave packet length increases as u(07) decreases. In physical terms, a finite length wave packet cannot
be fully absorbed into a resonator without letting the coupling rate, ~, tend to infinity, if only for an infinitely short
time. This is because the exponential decay out of the resonator only asymptotically approaches a state where the
entire cavity population has coupled into the waveguide.

We note that if there is no cross-phase modulation from the control fields, the decay rate v/5 in Eq. (E23) would
instead be v, suggesting that the same absorption efficiency could be achieved with a cavity mode having a 5 times
smaller linewidth.

Appendix F: Emission of Photon Wavepacket

The goal of this section is to derive a control field, A, such that the output wave packet, &y, is given by some
desired function, . In this case, the driving term, &, = 0, and the initial condition is that 11¢(0) = 0 while the
Schrodinger coefficient corresponding to state |01) has some finite value, 191 (0). The equations of motion are

dro(t) = (8 + 5 + 2IAO1) b10(t) — AW~ on (1) (Fla)
dou(t) = = (i + 2= +2IA®)] ) bor () — A D)€ Dep1o (1) (F1b)
£(t) = =70 (t)- (Flc)
Substituting 110=—¢/,/7 into Eq. (F1), we have
== (G 800, + 2D )€+ il T (F2)
. i
dont) = (18 + 22 2 hon + i (¥3)

Using the same functions P(¢) and Q(¢) as in Appendix E, Eq. (F3) can be solved

i9(1) o |
%(7/’01(’5)6762(0)662(0 = in(t) = o1 (t)e” M — 41 (0) = \Lﬁ \ |A(s)]e)¢(s)e P ds =
. t
o (8) = €2 |44 0) + % [A($)]e e (s)e A ds] (F4)
to

Comparing Egs. (F4) and (F2) we see that
o

\Zﬁ t IA(s)|e*D¢(s5)e= Q) ds]. (F5)

E(0)+ 5E0) + (5 + 2AADNEED) = AW /7690 [0r(0) +
Multiplying both sides by —&* exp[yrt] yields
— (€0 + 50 )etre™ — (5. + 2AAD) (e =

t
_Z'|A(t)|e—iaﬁ(t)g(t)*e(—i6b+%L)te—iP(t) [¢01(0)ﬁ+/ i|A(s)|ei¢(s)§(s)e(i5b+%)seip(s)ds} (F6)
to
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Let us assume that g1 (0) is complex-valued with a phase 8y. Then, Eq. (F6) can be rewritten as
t
LHS = —i|A(t)]e Mg (t) e 10t )teiP 1) [|¢01(0)|ewoﬁ+ / i|A(5)|ei¢(5)§(s)e(wb+%)SeiP(s)ds}
to
t
LHS xe~ % = ~i|A(]e~ Og(0) e+ e PO [ 0)] /7 + [ ilA(s)Je ((s)e M)elrt 5Pl
to

LHS = —i|A(D]e~ ) ((1)'e™) e+ e [y (0)[y7 + / iIA(5) 00 (6(s)e %) 0t e,
(F7)

Eq. (F7) may be written as

= fo +igo = (x — iy) (C + /tt [=(s) + iy(s)]ds) =

e[o+ /t:x@)ds} ty /t;ycs)ds +z’<x /t:y<s>ds e /t:w<s>ds}), (FS)

where
= [¥01(0)|v/y (F9a)
x = —|A@)[[E(t)] exp(yrt/2) sin[¢(t) + ot + P(t) + arg(§) — o] (F9b)
y = [A@)]IE )l exp(yrt/2) cos[p(t) + dpt + P(t) + arg(€) — by (F9c)
o = () + 560 )etyen (F9)
9o = —(0a + 2IA( DGR (Fe)
Let us define the functions
Xit)y=0C +/t z(s)ds = R(t) cos[0(t)], Y(t)= /t y(s)ds = R(t)sin[6(t)]. (F10)
Equating real and imaginary parts of Eq. (F8) yields
—folt) = XOX () + Y)Y (1),  go(t) = XE)Y () = V()X (8), (F11)

where z(t)= X (t) and y(t)=Y (t). Using the definition in Eq. (F10), we have

—fo=XX+YY = [R cos(f) — Rsin(@)é]Rcos(@) + [R sin(6) + Rcos(@)é]Rsin(@) = RR = %% (RQ) =

t
R(t)* — R(0)* = —/ 2f,(s)ds. (F12)
to
Since R?=X? +Y?, we have R(0)2=C? and therefore
t
R(t)=/C?—2 fo(s)ds). (F13)
to
Similarly,
= XY -YX = [Rcos(@) - Rsin(Q)Q]Rsin(H) - [R sin(6) + Rcos(ﬂ)é]Rcos(@) = —R?. (F14)

Using the result in Eq. (F13) and the initial condition #(0) =0, the solution for 6 is

_ ! 90(5) s
o(t) = ez thsofo(z)dzd ) (F15)
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To find the solution for |A(t)| we evaluate x2 + y* =|A|?|¢]? exp(yrt) using the results above

. . . . . . . . 2 2
IAPIEPe = X2+Y? = [Rcos(0) —Rsin(9)9]2 + [Rsin(0) +Rcos(0)9]2 = R*+ R%0*? = Mc (F16)
Inserting the definition of g, from Eq. (F9e) yields
1 2
2142 4 2
APIEl exp(2) = gz (B +21A1) " exp(ye)el + £2] =
26, |¢Pe27et £ \/e%tfz (C? = 2F, — 4e>111€2) + 6264(C? — 2F, ) e3nt
[A(t)] = e ! , (F17)
€[[C? —2F, — ag%en]
where F,(t) is the anti-derivative of f,(¢). If 6, =0, the solution is
folexp(—vrt/2 1
|A(t)|:\ | exp(—yLt/2) . — (F18)
€] V/C2% —2F, — 4]¢]2ert

Knowing |A(t)| means g, is a known function and z and y may be evaluated using 6 from Eq. (F15). Then, the phase

¢ is

o(t) = —opt — 2 t |A(s)|ds — arg(€) + 0 + tan™* (;QES) ) (F19)

To obtain x and y, note that

=X = Rcos(f) — Rsin()f = —fo c08(0) + go5in(6) (F20)

\/C?*=2[f,

Y=V = frsin(0) + Reos(8)d = —JoS0) = 9o cos(6) (F21)

Ve =21

1. Gaussian Wave Packet

The Gaussian wave packet is

) =Gt —T) = |2 <1n7(r2)>i exp (_zln(z)(tzTi)Z> : (F22)

Tg T

where |G(t)|? has a full width at half maximum (FWHM) temporal width 7, spectral width Qg = 4In(2)/7, and
integrates to 1 (over the infinite interval from —oo to 0o0). As discussed in Appendix E 1, it is not possible to fully
absorb this wave packet and this issue manifests in the denominator of Eq. (E16) being imaginary during the rising
edge of the Gaussian where

t
2 [ fi(s)ds — 4|&n(t)]?=F < 0. (F23)
to

|A| diverges at the cross-point determined by an equality in Eq. (F23). This is illustrated in Fig. 10 (blue curve). To
avoid divergences and keep |A| real, we multiply the solution in Eq. (E16) by smoothing functions

f(t) = HSi;(Z)@(HTQe)@(T;—t) —l—@(t—%) (F24)
£t = mg(z)@(tJr;e)@(T;—t) +@(—%—t) (F25)

where O is a step function that equals 1 for positive arguments and 0 for negative arguments. The smoothing functions
rise from 0 to 1 (f+) or fall from 1 to 0 (f}) in the interval t € [—7./2, 7¢/2] as half a period of the sine function.
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FIG. 10. Illustration of the solutions for |A;/,| along with the smoothing functions in Eq. (F24) that ensures well-behaved
control fields. Parameters: (a) v=30Qg, 72 =0, 7o =7. (b) 7L =10"°Qg.

Appendix G: Input Pump Fields for Absorption and Emission

The resonator modes that couple to the pump fields are identical and the Hamiltonian associated with those modes

is
5 2 1 2
=i 3 3 (1 W — DWW} ) + hxop|puhs + ) (Bhupm — 1) Bl (G1)
The temporal shape of the input pump functions can be found by considering their equations of motion

. L, . rlogf?
oq:(—?p—zxgp ;' +|a2|2})a1+,/7p 1 (G2a)
. r, as)?
(o = (—§—2X3[|a1|2+%})a2+,/% 2. (G2Db)

In Section IIT we assumed that |a;| = |az|, so we can write A = x3aia1 = |A|exp(id) = x372 expli(¢1 — ¢2)], where
a1 =714 exp(igy) and ag =r, exp(iga) with ¢=¢@1 — ¢2. The goal is to determine the complex-valued input fields, &
and &, such that Eq. (G2) yields the correct intra-cavity control fields a; and as. Let us write the pump fields in
polar form: &, =gq, exp(it),), and substitute into Eq. (G2)

oo = (ia + izj)nra)ew" = (— % — igxgrg)mew” + pdne™n. (G3)
Separating equations for the real and imaginary parts yields
T = —%ra + V/Vpn €08(Vn — n) (G4a)
o = Xt T s~ 6. (Gab)
Let us guess that ¢ =¢2=¢q and ¢ — ¢1 =— ()3 — ¢2). Since p=¢1 — @2, we have
=1 — o= \/’Tp% [Sin(% — ¢1) — sin(pp — ¢2)} = 2\/777% sin(y1 — ¢1) (G5)
Re-arranging Egs. (G4a) and (G5), we have
;(Taia%m) =tan(ys — ¢1), = 1 — ¢1 = arctan [;(mf‘%] (G6)

Using the identity cos[arctan(x)]=1/v/1 + 22, we find ¢ from Eq. (G4a)

. I
Tat 3 Ta

7"+Fpr—ﬁq ! = q= ! \/(r +Fpr)2+ < (G7)
e a la — P ) - T = [e7 o .
2 Jreiss) A
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Using the identity sinfarctan(x)]=xz/v1 + 22, we may insert Eq. (G6) into Eq. (G4b) to obtain

. 3 qgrl raq.S 1 3, ¢
1= =Xy Vo |5 =—5X3Ta T 5 (G8a)
2 Ta [2 (Ta+2p7‘0é):|\/1+i<. T“Fd) )2 2 2
Tot 5 Ta
PN NS
(bg = 2X3Ta 2. (GSb)
Integrating Eq. (G8), and inserting into Eq. (G6), we find
¢ t 1 o
Pi(t) = —é/ |[A(s)|ds + ¢) + arctan 7# (G9a)
2 Jo 2 2 (7o + F1a)
t 1 " ]
Ult) = —> / AGs)lds — 2D aretan| 20| (GOb)
2 Jo 2 2 (o + 37a)
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