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Abstract. It is shown that cascaded nonlinear optical frequency conversion
over an intermediate wavelength, subjected to dissipation, behaves similarly to
population transfer via a decaying state in a three-state non-Hermitian quantum
system. The intermediate dissipation leads to a fixed phase relationship between
the input signal wave and the wave at the target frequency, what finally stabilizes
both waves preventing any spatial oscillation of their powers. The cascaded
conversion acts as a stable wave splitter between the input and target waves,
the latter being nearly immune to power fluctuations of the pumps . A case
of a simultaneous cascade of the sum frequency generation (SFG) and the
difference frequency generation (DFG) processes is discussed as an example. A
possible implementation, based on aperiodically engineered quasi-phase-matching
in Lithium Niobate, is proposed.

Keywords: Nonlinear optics, Cascaded frequency conversion, Non-Hermitian quantum
systems, Dissipative media.
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1. Introduction

In recent decades, the important analogies existing
between quantum mechanics and various domains of
classical physics have emphasized the deep connection
between these two seemingly contradictory worlds
[1]. These analogies are fundamentally connected to
the comparable mathematical formalisms governing
several phenomena in both fields. Such links are
particularly strong with classical optics, which has
served as inspiration for several quantum physics
formulations. The study and exploitation of analogies
between quantum and optical physics is indeed an
intense field of research [2, 3] with applications in
various areas of photonics, including, among others,
waveguide optics [4, 5, 6], polarization optics [7, §]
and nonlinear optics [9, 10, 11, 12]. Some of the
latter are inspired by adiabatic techniques developed
for quantum population transfer, which includes
the celebrated Stimulated Raman Adiabatic Passage
(STIRAP) [13, 14, 15] as well as Rapid Adiabatic
Passage (RAP) [16, 17] or adiabatic elimination
techniques [18, 19]. Others are related to the robust
composite pulses approaches, initially developed in the
field of nuclear magnetic resonance [20, 21]. While
the above examples are related to Hermitian systems
that conserve the total energy, much attention has
been given recently also to open systems associated
to non-Hermitian Hamiltonians and their photonics
counterparts involving gain and/or loss. In this
context, systems exhibiting the so-called parity-time
(PT) symmetry and exceptional points provide new
and often counterintuitive ways to control the flow of
light [22, 23).

Nonlinear optical frequency conversion of second
order [24] in the so called undepleted pump approx-
imation is intrinsically related to population transfer
between coupled quantum states. Let us first consider
a three-wave mixing interaction involving waves at the
frequencies wy and ws (here with wy < wsy) and a pump
wave at frequency wpi. It can be easily shown [10, 25]
that the basic three-wave mixing processes of sum fre-
quency generation (SFG, w; + wp1 — we) and differ-
ence frequency generation (DFG, wy — wp1 — wi) are
analog to the process of inverting a two-state quan-
tum system (for SFG) and to the back-conversion pro-
cess to the ground state (for DFG), respectively. This
kind of analogy holds also in the case of an extension
to a two-step cascade of such processes (see Fig. 1,
target wave frequency ws; second pump wye ), if they
occur simultaneously and if the pumps are still unde-
pleted. However here the analogy is to a three-state
quantum system, such as a A-type system and not to a
two-state system, as depicted schematically in Fig. 2.
Indeed, cascaded second-order nonlinear optical pro-
cesses are quite often employed with the aim of effi-
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Figure 1. Two-step cascades of three-wave mixing nonlinear
optical frequency conversion processes. (a)SFG-SFG, (b) DFG-
DFG, (¢) DFG-SFG, and (d) SFG-DFG. The frequency wi
always corresponds to the input (signal) wave, while w3 is the
target wave frequency and wa the one of the intermediate wave.
wp1 and wp2 are the frequencies of first and second pump waves.
The intermediate wave is absorbed by the nonlinear crystal at a
rate a (cm™1).

ciently producing waves at specific frequencies (see for
instance [26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 306)).
In general, such processes are most useful to generate
wavelengths either near or far away from the one of
the input signal wave. The first case is often used in
connection with wavelength division multiplexing, for
instance for power redistribution and all-optical signal
processing within the telecom bands. The second is re-
quired whenever a direct conversion to the target wave-
length in one step is not possible due to lack of phase-
matching, or if such a conversion would require the
weaker and generally less efficient third order nonlin-
earity. Phase matching [24] corresponds to the neces-
sity to insure photon momentum conservation across
the nonlinear interaction. In the context of cascaded
processes, such as those depicted in Fig. 1, one ap-
proach consists in separating the two sub-processes, for
instance by using two distinct nonlinear optical crystals
so that the conversions get spatially separated. In this
case, the phase-matching condition can be adjusted in-
dependently in each of the crystals for the correspond-
ing sub-process. In the quantum picture of Fig. 2, this
solution is equivalent to avoiding any temporal over-
lap between the coupling of states 1); and 1o through
2,, and the coupling of states 12 and 13 through €.
The second approach is the one where all sub-processes
occur simultaneously, ¢.e. with temporal overlap in
quantum population transfer and with spatial overlap
in nonlinear optics. Therefore in this case phase match-
ing should be fulfilled for each of the cascaded processes
within a single nonlinear crystal. In the following, we
will consider only this simultaneous situation.

The present work adresses two-step cascaded
nonlinear optical interaction in the specific condition
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where the wave at the intermediate frequency wy
is being strongly dissipated in the medium. It is
shown that this situation is fully analogous to the
one encountered in a coupled non-Hermitian three-
state quantum system, in which the population is
decaying out of the system at the intermediate state 1),
which was discussed earlier by Vitanov and Stenholm
[37]. The dissipation is depicted in Figs. 1 and 2
by the spatial and temporal decay rates o and T'.
It is worth mentioning that the present case is also
analog to the recently discussed classical system of
three evanescently coupled waveguides that can act
as ultra-broadband beam splitter if the intermediate
waveguide is strongly dissipative [38]. Here we show
that the non-Hermitian nature of the interaction finally
leads to a stabilization of the powers in the input (w)
and target (w3) waves with no power left at the wave
at wy. The input and target waves acquire a fixed
phase relationship and, unlike in the common case in
absence of dissipation, they reach a stationary state
with no spatial variation of their amplitudes. The
system effectively acts as a power splitter between
the waves at the frequencies w; and ws, with the
splitting ratio being adjustable by the strengths of the
nonlinear coupling of the two sub-processes. The price
to pay is the loss of part of the initial photons at
w1 due to the dissipation at ws. This loss amounts
to half of the wi-photons if the maximum power at
ws is desired. However, significantly lower overall
losses are possible for a moderate decrease of this
power. Section 2.1 presents the general theoretical
aspects for the non-Hermitian three-level quantum
system of Fig. 2 under the simplifying assumption that
the Rabi frequencies characterizing the two coupling
mechanisms are constant in time. The corresponding
theory for a five-waves nonlinear interaction of the type
SFG-DFG with two pump waves being undepleted is
given in Sect. 2.2, the main results are illustrated using
normalized coordinates. Finally, a calculated example
for a cascaded nonlinear conversion in lithium niobate
(LiNbOg3) and an intermediate frequency in the near
ultraviolet is illustrated in Sect. 3. Here a quasi-phase-
matching (QPM) technique able to accommodate the
phase mismatch of both the SFG and DFG sub-
processes is exploited.

2. Theory

2.1. Decaying three-state quantum system

We first consider a three-state non-Hermitian quantum
system as the one depicted on the left side of Fig. 2,
where the intermediate level can decay out of the
system with a total decay rate I' > 0. It is assumed
that the direct transition between states 1 and 3
is electric-dipole forbidden. This kind of system was
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Figure 2. Coupled A-type three-state quantum system (left-
frame, states 11, 92, and 13) and the analogous classical case
of cascaded nonlinear frequency conversion (right-frame, wave
frequencies w1, w2 and w3). The quantum states are coupled via
the pump and the Stokes Rabi frequencies €2, and €2 associated
to the coupling fields, while the frequency conversion is driven by
the second-order susceptibility x(2 and the corresponding pump
wave amplitudes for the first (assumed here to be SFG) and the
second process (DFG). T' (s71) and a (cm™!) are the decaying
rate of 13 and the amplitude absorption constant of the wave at
wa, respectively.

discussed in detail in [37]. For the sake of simplicity,
here we summarize only the main features that can
be put in direct relation with the classical nonlinear
optical interaction discussed in the Section 2.2. The
overall wave function ¥ that describes the whole
system is a linear combination of the three states,

v=3 (0 (1

where the complex coeflicients c;(t) are the population
probability amplitudes of the jth state, with P;(t) =
¢; (t)2 being the probability of occupation of that state.
As mentioned above, states 1, and 1y are coupled by
a coherent field (for instance a laser field) of Rabi
frequency Q, (pump field), while states 1o and 3
are coupled by a Stokes field of Rabi frequency €.
As in [37], we consider the case where a detuning A
is allowed between the oscillation frequencies of the
pump and Stokes fields wp s and the corresponding
transition frequencies wp, and wy . However, this
detuning should be the same for both transitions, i.e.
A = wp, —wyp = Ws — Wp,s, S0 that the so called
two-photon resonance between states ; and 3 is
maintained.

In the rotating-wave approximation, under the
above conditions, the probability amplitudes of the
three states obey the Schrédinger-type equation [37],

d C1 0 Qp 0 C1
Za Co = Qp A — il QS C2 s (2)
C3 O QS 0 C3

where possible spontaneous emission transitions from
state 1o to state i1 or i3 has been neglected. A
significant role in the dynamics of a three-state system
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on two-photon resonance is played by the so-called
bright and dark states, that are superpositions of the
ground and the target states according to

b = sind(t)yy + cosV(t)vs , (3)
d = cosV(t) — sind(t)s, (4)
where the mixing angle ¥(t) is defined as
_ 00
tand(t) = &(t) . (5)

In view of the relation with the nonlinear optical case
treated below, one can take the simplifying assumption
that the Rabi frequencies 2, and €, and thus also
the angle ¥ are constant in time. For the nonlinear
interactions, discussed in Sect. 2.2, this will correspond
to a nonlinear coupling strength between the waves
being constant in space. In alternative to the base
used in Eq. (1), the wave function ¥ of the system can
be expressed also in a base containing the bright and
dark state b and d,

U = Cyp(t)b + Ca(t)y2 + Ca(t)d (6)

where the coefficients in the two bases transform
according to the matrix equation

y siny 0 cos?d c1
Cy | = 0 1 0 Co . (7)
Cy cosd 0 —sind c3

Here C}, and C depict the probability amplitudes for
the states b and d, respectively, and Co = co. In
the new coordinates and for a constant mixing angle,
Eq. (2) turns into the interesting form

a | Cv 0 Q 0 Ch
Z% Co | =] Q A—iT 0 Cy |, (8)
C, o o ol acy
where Qo = /Q2+ Q2 is the effective coupling.

Inspection of the above equation shows that the states
b and - are coupled, while the state d is completely
decoupled from the other two. Therefore, due to their
coupling, the states b and 5 continue to exchange
population. However, as a result of the decay of state
19, any population being initially in state b or in
state 1o will be lost after a long enough interaction
time. In contrast, any population being initially in the
dark state d will stay in this state during the whole
evolution of the system. As an example, a system
initially in state 11 corresponds to the initial conditions
c1(t=0) =1, Cp(t =0) = sin and Cy(t = 0) = cos .
Only this last amplitude does survive the evolution and
the back transformation to the base of the three states
gives for the final distribution ¢;(t = o0) = cos? 4,
c2(t = 00) = 0 and c3(t = 00) = —sind cosd. In this

case the final population in state 3 is maximized if
¥ = m/4 and thus Q, = Q;, leading to |c1(t = 00)|? =
lez(t = o0)|? = 1/4, the remaining 1/2 of the initial
population has been lost by the dissipation is state ).

2.2. Cascaded Nonlinear Frequency Generation in a
Dissipative Medium

The concept of the bright-dark states leading to
Eq. (8) can be applied also to the case of a two-step
cascaded nonlinear frequency generation system. To
well understand the mathematical formalism behind
this analogy, we discuss here specifically the case of
a SFG process followed by DFG, which corresponds
to the case of Fig. 1(d) and to the right panel in
Fig. 2. However, this analogy can be applied to all
the situations in Fig. 1, provided that the intermediate
wave at frequency ws is lossy.

We assume that three waves are initially injected
in the nonlinear medium, the input signal wave (at
frequency w1), and two intense pumps (wp1 and wpz),
with intensities I,; and Ips, respectively. By the
SFG process, the signal combines with the first pump
to create the intermediate wave at wy = wi + wp,.
Simultaneously, the wave at ws combines with the
second pump, by the process wz = wz—w,, , to generate
the target wave by DFG. Hereby, due to dispersion in
the nonlinear crystal, the momentum is generally not
conserved and the phase-mismatches for SFG (Akg)
and DFG (Akp) are given as

Akg =k +kp, — ko,
Akp =ks+ky, —ka

(9a)
(9b)

where kj = w;n;/c = 2mn;/\; are the wave-numbers
of the jth wave (j = 1,p1,2,p2 and 3) possessing a
vacuum wavelength A; and being associated to the
refractive index n; = n(w;). In order to study the
spatial evolutions of the number of photons associated
to each of the interacting waves, such a system can be
described by the symmetrized coupled wave equations
for collinear five-wave mixing in the slowly varying
envelope approximation [24, 39] as

. d O * —1 z

iA1= QsA; Ase Aksz (10a)
d ~ )

i Ay, = Qs A; Age1Aks= (10b)

d ~ ) ~ .
i Ay = QsA,, Are®Fs? 1 QpA,, Aze™ P (10c)

— iaA2 s
d ~ )
i Ap, = Qp A} Age~Akp2 (10d)
- d O * —1 z
i Ay =QpAj, Ase Akpz (10e)

Here the amplitudes A; are proportional to the light
electric fields amplitudes E; associated to each of
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Vnj/wiE;.
Importantly, their square module Aj2 is proportional
to the number of photons ®; in the jth wave.

the waves and are defined as A; =

The quantities ﬁs and 2p are symmetrized effective
nonlinear coupling coefficients for the SFG and DFG
processes, respectively,

~ d

Qg =258 [tz (11a)
C nlnmng

~ d

Qp = 29D #2908 (11b)

C nanp, N3 ’

The quantities ds = x® (w1, wp,;w2)/2 and dp =
X(Q)(wg,wp2;w;),) /2 are the effective second-order non-
linear coefficients for the type of interaction being
considered, with x(?) being the corresponding second-
order nonlinear susceptibility. In the above cou-
pled equations, a particular attention can be given to
Eq. (10c). The last term on the right-hand side de-
scribes the dissipation of the intermediate wave at ws,
while the first two terms show that this wave is ali-
mented on one side by the SFG process ws = wi + wp,
(first term), but also by the SFG process ws = w3 +wp,
(second term) as the back process of the DFG conver-
sion w3 = wp — wp,. The latter is described by the last
equation (10e). Similarly, Eq. (10a) describes the DFG
back process wi = wy — wp, .

In the following we assume that the two pumps
are undepleted, with their amplitudes largely exceeding
those of the three waves of interest (|Ap1p2| >
|A1],|A2], |As|). This condition cancels the second and
the fourth equations in (10), which can be reduced to
a system of three coupled equations

d .

iaAl = QgAsexpe AFsz (12a)
d . )

i Ay = QgA1eFs% 1 QpAzet®Fr? _ja Ay, (12b)
z
d )

ZaAS = QDAge_lAsz 5 (126)

where the coupling coefficients have been slightly
redefined and contain now the amplitudes of the pump
waves, g = QSApl and Qp = QpAp. It is
useful to substitute the amplitudes A; with the phase-
shifted amplitudes B; such that their modules are not
modified (4; = By), that is

Ai(z) = Bi(2) , (13)

Ay(z) = Bo(z)exp [iAksz] (13b)

As(z) = Bs(z) exp [—i (Akp — Akg) z] . (13c)

Equations (12) transform then into

Qs 0 By
z QS Aks — i QD BQ
Qp Aks — Akp Bs

(14)
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Figure 3. Expected stationary photon fluxes ®1(z — o0) (blue
dashed line, signal frequency) and ®3(z — oo) (red solid line,
target frequency) as a function of the overall photon losses 4.
The curves are normalized with respect to the initial photon
flux at the signal frequency (®1(z = 0) = 1).

By comparing with Eq. (2), it becomes evident that
when the last element of the matrix above tends
towards zero (Akg — Akp — 0), this system becomes
fully analog to the problem of the dissipating three-
state quantum system discussed in Sect. 2.1. The
condition Aks—Akp = 0 is equivalent to the quantum
two-photon resonance condition.

One can therefore follow the same steps as in
Sect. 2.1 and transform the vector B = [B1, Ba, B3]
containing the wave amplitudes into the bright-dark

basis € = [Cy, Ca,C4)T by undergoing the same
transformation as in Eq. (7),
Cy sind 0 cosd B;
G, |=] 0o 1 0 By |, (15)
Cyq cos’? 0 —sin?d Bs

this time with a mixing angle given as tand = Qg/Qp
(instead of Eq. (5)). In full analogy to (8), under this
coordinate transformation and for spatially constant

couplings Qg and Qp, Eq. (14) becomes
d Cy 0 Qo 0 Cyp
de CQ = QO A—ia 0 CQ 3 (16)
e 0 0 0 Cy

with Qo = /% + Q% and A = Akg = Akp. Again,
the dark state Cy = By cos?¥ — Bssint is completely
decoupled from the other two, which are still coupled to
each other. For a sufficiently long propagation distance
any photon population initially in the bright state Cj, or
in the state Co = By will be lost due to the absorption
constant «, while the population initially in the dark
state is maintained in that state.

" If, besides for the pump waves, only the signal
wave w; is present at the input we have at the position
z = 0 following initial conditions, A;(0) = B1(0) =1,
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AQ(O) = BQ(O) = 02(0) = 0 and A3(0) = Bg(O) = 0,
where for practical purposes the input wave amplitude
has been normalized to 1. This input field B =
[1,0,0]7 corresponds to a superposition of the bright
and dark states with projections given by

Cy(0) = sind , (17a)
Cy(0) = cos? . (17b)
The corresponding normalized powers ®, = C,? and

b, = Cd2 in the bright and dark states at z = 0 are
therefore

QQ
®,(0) = sin? = S =96, (18a)
Q% + 9%
QQ
®,4(0) = cos® ) = P —1-4. (18b)
0% + Q3

We keep in mind that the bright state decays due to the
non vanishing coupling to the dissipating intermediate
state, so that Cy(z — o0) = ®p(z — o0) = 0. This
permits to identify the quantity ¢ defined in Eq. (18a)
as the overall normalized photon loss of the two-step
cascaded frequency conversion.

On the other hand, the photons in the dark state
are maintained so that Cy(z — o0) = cosd and
®4(z — o0) = cos?d. By transforming back to the
initial basis of the three waves (w1, ws,ws) by means of
the inverse relation to (15) one obtains

Bi(z — o0) = cos? ¥ , (19a)
By (z — o0) =0, (19b)
Bs(z — 00) = —sind cos¥ . (19¢)

The corresponding normalized photon numbers at the
signal and target frequencies are therefore

) = 2 = (1—6)? 20
1(2%00)—((225_#79%)2:(—)’ (20a)
D3(z — 00) = il =0(1-9). (20b)

(% +0p)?
Therefore, thanks to the losses of the intermediate
wave, the two-step cascaded nonlinear optical process
acts as a power splitter between the input wave at
wy and the target wave at ws. The splitting ratio
and the conversion efficiency depend on the ratio of
the coupling coefficients g and p, and thus on
the overall photon losses of the system §. Figure 3
illustrates the normalized photon numbers at the input
and target wavelengths as a function of . As can be
easily recognized, the maximum number of photons at
w3 is obtained for § = 0.5, in which case the two waves
contain the same number of photons, each being 25%
of the initial number in the input wave.

The above stationary state is reached for a long
enough interaction length in the nonlinear crystal.
Given a certain crystal length L, it is useful to evaluate
the level of absorption « of the intermediate wave and

25

20-°

154
-

Figure 4. Normalized number of photons ®;(z = L) (a) and
®3(z = L) (b) as a function of the coupling-length product
QL and of the absorption-length product aL, as obtained by
numerical integration of Eq. (14). The coupling coefficients of
both processes are supposed equal, Q2 = Qg = Qp and both,
SFG and DFG, are supposed to be phase-matched (Akg =
Akp = 0). The color scale gives the number of photons
relative to those injected in the input wave (wi). The large
purple region on the top-right of both frames correspond to the
situation of interest in this work, while the power oscillations
on the abscissas correspond to the standard case of a vanishing
amplitude absorption constant at wa, (o = 0).

of the coupling of the two nonlinear processes required
to reasonably reach this steady-state. To do that we
assume, for the sake of simplicity, that phase matching
is fulfilled for both SFG and DFG (Aks = Akp = 0)
and that the coupling for the two sub-processes is
the same (Qs = Qp = Q). Figure 4 shows contour
plots of the relative number of photons ®;(L) and
®3(L) as a function of the products QL and oL, as
obtained by direct integration of Eq. (14) under the
above assumptions. Within the large purple region on
the top right of the two panels the final photon numbers
at both frequencies w; and ws are between 23% and
27% of the initially injected ones in the signal wave.
It can be recognized that an amplitude absorption
constant « of the order of 10/ L is largely sufficient to be
in this regime. At the same time the coupling constant
2 should be at least of the order of 5/L. Note that, in
the whole purple region, the number of photons at the
intermediate frequency ws is vanishing small. On the
other hand, the conditions on the abscissas of Fig. 4(a)



Non-Hermitian quantum-like cascaded nonlinear optical frequency conversion and splitting in dissipative media7

L. L. LR
N\ QL =10;eL =10 (a) ‘\ QL =20;eL =10 (b) i QL =30;aL =10 (©)
b 0.75r% 0.75r3- <
] [
~ [ ~ [
o 3 os ifis
'\," “‘/' NN e Il‘ \ ‘\" “‘/\‘\ N~
= 0.25[ /b A X, K AT TRt T e e e 0.25F /% & A //\,X'_;'T_T*LZ*1=~='~=-—----—
L, L.rs L
\ QL =10;aL =50 (d) \ QL =20;aL =50 (e) i QL =30;aL =50 )
0.75 \\ 0.750-% 0.75
~ . ~ \ ~ H
N N, N (Y N R
5 05 ~.\.\~. & 05r \ 5z 05 t
0.25 _.:_.__;:.:_':'_';:_':':_-:;-_‘.-\.- 025} ,‘:; 025" :(\
————————— /’ ,’I
P : . . 0.k . . . . . 0.LL . . . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1. 0. 0.2 0.4 0.6 0.8 1.
z/L z/L z/L

Figure 5. Spatial evolutions of the normalized photon fluxes ®1(z), ®2(z) and ®3(z) for a crystal length L and various values of
Q and « within the purple region of Fig. 4. The same conditions as in Fig. 4 are used. Top raw (a), (b), (¢): oL = 10; bottom raw
(d), (e), (f): L = 50. Left column (a), (d): QL = 10; central column (b), (e): QL = 20; right column (c), (f): QL = 30. All curves

reach a final state with ®1(L) ~ ®3(L) =~ 0.25.

and Fig. 4(b) correspond to the case o = 0, where the
intermediate wave would not be dissipated. In this
case one gets the expected spatial power oscillation
between signal and target wave (Rabi-like oscillations).
However, within these spatial transients, a significant
power can be also at the intermediate wave (not shown
in Fig. 4). In this specific case, a maximum of 50% of
the initial photons can be at frequency ws, what is
associated to QL values between the maxima and the
minima for the input and target waves, i.e. at positions
where the contour lines in Fig. 4 reach the abscissa.

It is interesting to look at the spatial evolution
towards the final stationary state within the optimum
purple regions of Fig. 4. Figure 5 illustrates the
quantities ®;(z) along the crystal for various points
on the (2L, aL) parameter plane, all belonging to the
purple region, thus leading to nearly the same final
state. The general feature is that both ®;(z) and
®3(z) show damped spatial oscillations before reaching
the steady state at the value 0.25. For a given value
of a an increase of ) increases the number and the
frequency of the oscillations. In contrast, for a given
value of €} an increase of « decreases the oscillations
and leads generally to a faster stabilization. For
sufficiently large « the system becomes overdamped
with no oscillations left. This behavior is similar to
what observed for several equivalent coupled systems
in classical or quantum physics [40].

It is useful to discuss the spatial evolution of the
relative phases of the three waves at wy, ws and ws.
We do this with the help of Fig. 6 which corresponds
to the case of Fig. 5(b). The reference phase for the
signal wave is fixed at (3(z) = 0 by our definition.
As can be seen, the generated target wave gets in anti-
phase to the signal, so that its phase assumes the value
(3(z) = 7 all along. In contrast, during the damped

oscillations the phase ( of the intermediate wave can
assume the values +m/2 or —w/2. In the second case
the target wave is being amplified at the expense of
the signal wave, in the first case it is the other way
round. This behavior is the result of the interplay
of the SFG and DFG processes for each of the two
cascaded conversions. For instance, in the sections
where the signal is being re-amplified (o = +/2), this
occurs by the DFG process wy —wp1 — wi. The relative
phase of ™ between the signal and target waves is valid
in the case of perfect phase matching discussed here. It
permits to understand better what is happening in the
stationary state, where only the so-called dark state
survives . Indeed, the intermediate wave is alimented
by both SFG processes wy = wi+wp, and wy = wz+wp,
as discussed earlier in connection to Eq. (10c). In
the stationary regime, these two processes are equally
strong but, being in anti-phase due to the phase (3 =
7, they lead to a perfect destructive interference at
the intermediate wave, which ends up being ”dark” .
This explains also the apparent paradox that, in the
stationary state, there are more photons in the target
wave than in the signal wave (®3 > ®1) whenever
the second nonlinear process is weaker than the first
(Qp < Qg), as seen in Fig. 3 for § > 0.5. This is
because the stationary state balance mentioned above
can be maintained only if a weaker coupling is counter-
balanced by a larger amplitude in the corresponding
source wave.

Finally, before addressing a concrete numerical
example, we would like to point out that the present
approach allows to reach a very stable intensity level
of the target wave. Indeed, the loss in the intermediate
wave has the effect of stabilizing the output target
wave intensities against power fluctuations of the two
pumps. Fluctuations of the pump intensities lead to
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Figure 6. Relative phases of the intermediate wave ((2(z),
purple solid line) and of the target wave ({3(z), black dashed
line) with respect to the phase of the signal wave (right-hand
scale). The evolution is for the same case as in Fig. 5(b). The
normalized photon fluxes ®(z) (left-hand scale) are reproduced
as well. The red dash-dotted curve, the green solid curve and
the blue dashed curve give ®1(z), ®2(2) and ®3(z), respectively.

variations of the coupling coefficients Qg and/or Qp
and thus of the normalized photon loss § in (18a).
However, as can be easily recognized in Fig. 3, a change
of § has only a little effect on the photon flux ®3 in
(20b) in the case where this flux is balanced to the one
of the signal wave (§ = 0.5). Under these conditions,
a fluctuation of one of the two pump intensities by 5%
with respect to the other would lead to a fluctuation
in the intensity of the wave at frequency ws by only
~ 0.06% of the maximum value. If the relative
fluctuation would be 10% the target wave fluctuation is
still less than 0.3%. In comparison, the corresponding
fluctuations in this last case in absence of dissipation
can exceed 50%.

3. Example for engineered lithium niobate

The above calculations were presented in a general
normalized way and were based on the assumption
that both processes, SFG and DFG in our case, are
phase-matched in the crystal of interest. In practice
such a phase matching is not easy to achieve. Even
though birefringent phase matching [24, 39] may be
possible for each of the two processes, it is very
unlikely to be able to achieve it for both processes in
a single configuration (propagation direction inside the
crystal and/or temperature). The same is true for the
standard quasi-phase-matching (QPM) method [24]
which entails splitting the crystal into small periodic
segments with alternating inversion of the sign of the
nonlinear coefficients dg and dp in (11), and thus also
of the signs of Qg and Qp in (12). Usually the QPM
method can address only a single nonlinear process, but
a modification aimed at a simultaneous phase matching
of both processes in cascade will be discussed below.
Our calculated example to illustrate possible

implementations of the concept is based on the LiNbOg
nonlinear crystal. This material is one of the most
used one in nonlinear optics. It combines reasonably
large nonlinearity with the ease of growth and with the
possibility of reversing the sign of the local nonlinearity
by electric-field induced ferroelectric domain reversal
[41]. We assume that the second-order nonlinear tensor
element driving both processes is the same and, by
neglecting its possible weak dispersion, we can take
do = ds == dD = d333 = 27 pm/V [41] The
nonlinear optical wave interaction is calculated over a
crystal length L = 20 mm and the phase mismatch
is calculated based on the values of the refractive
indices at the temperature 7' = 300 K. Because the
predominant absorption of such a crystal occurs in
the ultraviolet spectral range, the set of frequencies
is chosen such that the intermediate wave is in this
range. The chosen wavelengths of the five interacting
waves are

)\?32nm + )\18)(1)0nm — )\%19.5nm , (21&)

319.5nm 1064nm 456.6nm
A3 — LG\ : (21b)

where the first line gives the SFG and the second
line the DFG process. All the interacting waves are
supposed to be extraordinarily polarized (in direction
of the crystal z-axis), which justifies the use of the
largest nonlinear optical tensor element dsss.

As mentioned above, standard QPM generally ad-
dresses a single nonlinear optical frequency conversion
process at once. The idea is to compensate the pri-
mary phase-mismatch Akg (or Akp) with an addi-
tional wavevector Kg (or Kp) in order to fulfill the
following relationships

- 2
Aks = Akg + Ks = Akg +msAi =0, (22a)
S
- 2
Akp = Akp 4+ Kp = Akp +mDAi =0, (22b)
D

where mg and mp are the integer QPM orders, and Ag
and Ap are the QPM modulation periods for the SFG
and the DFG processes, respectively. Based on the
refractive index data in [42], for our set of interacting
wavelengths in LiNbOsg, one finds for the first-order
QPM periods, Ag = 1.06 yum and Ap = 1.18 pm at 300
K. In this material, the QPM structures are realized
by inversion of ferroelectric domains and for such short
periods the domain configuration lack a sufficient long-
time stability, it is therefore useful to use longer periods
by going to higher orders mg and mp. The use of
QPM implies a reduction of the effective nonlinearity
of the sample by a factor G, = (2/7m)sin (mn/2)
that depends on its order m. This form clearly shows
that only odd orders are of interest. The quantity G,
actually correspond to the Fourier coefficient of the
term with modulation wavevector |Akg| (or |[Akp|) in
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the Fourier series of the QPM square modulation with
period Ag (or Ap).

In order to be able to phase match simultaneously
both the SFG and the DFG processes one has
to structure the crystal in such a way that both
Fourier components |Akg| and |Akp| are present at
the same time and with similar amplitudes of their
coefficients. This kind of problem is not uncommon
and is encountered whenever the simultaneous phase-
matching of two distinct nonlinear processes is desired.
We may define the average phase mismatch at order m
as

— 1 Aks + Akp
k?n = 5 23
- 5 (23)
and the half-difference of the individual phase
mismatches as
Akg — Ak
Ak == 20D (24)

2

The simultaneous phase matching of both processes
can then be reached by using the aperiodic modulation
function §(z) of the sign of the nonlinear coefficient
defined as [43]

i(z) = d—z = sign [sin (kp,2) sin (Akz)], (25)
0
which is associated to a common reduction factor
_ 1 /2\°
G-t (2) -
m \ T

of the effective nonlinearity of SFG and DFG, which
are taken at the same order m. The quantity G,, is a
factor 2/m smaller than G,,, the case where only one of
the processes is addressed individually. It is important,
in this context, to leave the difference Ak at order 1 as
given in (24), this can be done because this quantity is
generally small.

As mentioned above, the maximum photon flux for
the target wave is found under the condition ¥ = 7/4
and thus Q2¢ = Qp. This allows to establish a specific
relationship for the ratio of the intensities of the pumps
I and 1,1 required to satisfy this condition,

Iz _ nmpansAs s

(27)

P ~ 9
Ipl Np1Mi A1 A

where the last approximation can be made in case of
weak refractive index dispersion in the spectral range
of the pumps and of the signal and target waves. In
our specific example p = 0.86 provided that a perfect
implementation of the aperiodic QPM structure given
in Eq. (25) can be achieved in practice.

The correct working of the aperiodic QPM
structuring for the simultaneous phase matching can be
verified by numerically integrating the initial coupled
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Figure 7. Calculated spatial evolution of the normalized
photon fluxes for the case of a two-step conversion in a LiNbO3
crystal subjected to an aperiodic domain structuring. In (a)
the domains are designed according to Eq. (25) while in (b)-
(d) they are corrected for a minimum domain size of 5 pm (see
text for details). The curves are obtained by a direct numerical
integration of Eq. (12) by conserving all phase mismatch terms
and switching the sign of the nonlinear coupling coefficients at
each domain boundary. Panels (a) and (b) give the normalized
photon fluxes for the signal wave (®1, red dashed-dotted curve),
the intermediate wave (P2, green dashed curve) and the target
wave (®3, blue solid curve) over a distance L = 20 mm and for
a = 0.5 mm~! and thus aL = 10. The uncorrected coupling-
length product Q2L = 18.5 corresponds to pump intensities
Ip1 =1 GW/cm? and I,2 = 0.69 GW/cm? in (a) or Ip2 = 0.69
GW/cm? in (b), see text. Panel (c) shows ®3(z) for the same
coupling strength as in (b) but for three values of the absorption
given in the inset. Panel (d) gives again ®3(z) for aL = 10 with
three values of the coupling. For the brown dotted curve, both
pump wave intensities are reduced by a factor 4 with respect
to cases (b) and (c), while for the black dashed curve they are
reduced by half. The solid blue curve is identical in the three
corrected panels (b) to (d).

equations (12) while keeping the mismatch terms Akg
and Akp in the exponentials and switching the sign of
the nonlinear coefficients Qs and Q p at each domain
boundary, what is shown in Fig. 7. The first panel,
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Fig. 7(a), shows the photon flux evolution for the waves
w1, we and ws for our example within a 20 mm long
aperiodic structured LiNbOg crystal. The structuring
is supposed to be by domain reversal following Eq. (25)
at the order m = 9. The value of QL = 18.5 (Q =
0.925 mm~!) corresponds to the nonlinear coupling
coefficient Qg for SFG within each individual domain
multiplied by the nominal reduction factor G, in (26)
for pump intensity I, = 1 GW/cm?, i.e. Q= QgsG,p,.
Figure 7(a) is for Iyo = pl,; = 0.86 GW/cm? and
shows that the aperiodic structuring works well and
give results fully consistent with the ideal normalized
case discussed in Sect. 2.2 (see for instance Fig. 5(b)).

However, the aperiodic structuring according to
(25) contains also some domains which are very short
and, as a consequence, are generally unstable in
LiNbOg3 under normal experimental conditions. To
face this problem one can set a lower limit for the
domain size and perform a correction of the structure.
This consist in flipping any domain smaller than a
minimum value so that these domains are merged with
the two adjacent ones. In our calculations, we have
chosen a (conservative) minimum value of 5 ym, which
is well consistent with available commercial LiNbOs3
QPM products. Note that the correction procedure
of the aperiodic design is performed sequentially from
the entrance to the output of the structure. Panels
(b), (c) and (d) in Fig. 7 present this corrected case.
It is worth noting that the corrections favors slightly
the DFG process over SFG. This is because the chance
of making a correction on DFG is somewhat lower due
to the smaller phase mismatch in our example. This
has the consequence that the balance of the effective
nonlinearities (25% of photons at the signal and target
wave) is obtained for a ratio Ips/I,1 ~ 0.69 being
used for Fig. 7(b-d). This is smaller than the value
of p calculated with (27) and used for Fig. 7(a). It
can be recognized that the results obtained with the
corrected structure (Fig. 7(b)) and the uncorrected
one (Fig. 7(a)) are very similar. The lower oscillation
spatial frequency in Fig. 7(b) is associated to a decrease
of the effective nonlinearity below the value Q2L = 18.5,
as a result of the correction process, the latter being
calculated in absence of any corrections. We have also
verified that, in presence of the aperiodic structuring,
at the spatial steady state, the target and signal waves
still possess a fixed phase relationship. The phase
difference, though, differs from the value of 7 found for
perfect phase matching (see Fig. 6). This is the result
of the additional effective phase shifts associated on
one hand to the QPM process and, on the other hand,
to the domain correction. Nevertheless, the destructive
interference, discussed in Sect. 2.2, of the steady-state
contributions of signal and target waves to the wave at
frequency wy is still at work.

The curves in Fig. 7(a-b) are for an amplitude
absorption constant o = 0.5 mm™*!, which is actually a
bit smaller than the one expected for our configuration.
The wavelength Ay = 319.5 nm of the intermediate
wave corresponds closely to the ultraviolet band edge
cut-off A, for congruently grown LiNbOgs. Indeed,
according to Refs. [41, 44] this cut-off, defined at an
intensity absorption constant level 2a¢ = 20 cm™!
(¢ =1mm™1), is at A, = 320 nm. The corresponding
situation (oL = 20) for the evolution of the target
wave flux ®3(z) is shown as black dashed line in
Fig. 7(c). The latter also shows the case (oL = 5)
which would occur if the wavelength A would have
been chosen a few nanometers longer. Figure 7(c)
reproduces well the behavior expected under variation
of the absorption constant already predicted in Fig. 5.
The same expected equivalence can be seen also for the
case of Fig. 7(d) that shows the effect of diminishing
the coupling strength by a decrease of the intensities of
both pump waves with respect to the case of Fig. 7(b).
We can therefore conclude, that our example, involving
the full integration of the initial coupled equations in
an aperiodically engineered crystal, entirely confirms
the predictions put forward in Sect. 2.2.

4. Conclusion

We have shown that cascaded nonlinear optical fre-
quency conversion with dissipation at the intermediate
frequency and quantum population transfer via a de-
caying state in a three-state coupled system behave
similarly. The nonlinear optical system essentially acts
as a stable, adjustable and partially lossy wave split-
ter between the input signal wave and the wave at the
target wavelength. The splitting ratio is tunable by
the coupling strengths associated to the two cascaded
sub-processes. Among the possible configurations, we
have treated specifically the one of a cascaded SFG-
DFG conversion process. As an example, it was shown
that a QPM-type aperiodic structure with corrections
for too short domains can serve for a realistic imple-
mentation in LiNbOg3, with the intermediate dissipat-
ing wave being in the ultraviolet. However, the concept
can be applied to several other materials, such as for
instance aperiodically poled KTiOPO, (KTP) [45, 46],
and to other processes, such as DFG-SFG, SFG-SFG,
or DFG-DFG, provided that the intermediate wave is
sufficiently absorbed. The required dissipation level to
reach the spatially stable output regime in terms of
the amplitude absorption constant a was shown to be
of the order 5 — 10 over the length of the nonlinear
medium.

The present approach may be useful to split an
input wave into two waves of different wavelengths,
with stable relative intensities, or to reach a very stable
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intensity level of the target wave, with highly reduced
fluctuations, as compared to the fluctuations of the
pump waves. It is also worth mentioning that the
approach presented here works independently on the
initial intensity of the input wave. The concept can
therefore be applied also in the case of single photon
or few photons input in the context of quantum optics.
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