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Abstract:  In this paper we consider frequency transation enabled by
Bragg scattering, a four-wave mixing process. First we introduce the
theoretical background of the Green function formalism and the Schmidt
decomposition. Next the Green functions for the low-conversion regime
are derived perturbatively in the frequency domain, using the methods
developed for three-wave mixing, then transformed to the time domain.
These results are also derived and verified using an alternative time-domain
method, the results of which are more general. For the first time we include
the effects of convecting pumps, a more realistic assumption, and show that
separability and arbitrary reshaping is possible. This is confirmed numer-
ically for Gaussian pumps aswell as higher-order Hermite-Gaussian pumps.

© 2012 Optical Society of America

OCIS codes: (060.4370) Nonlinear optics, fibers; (190.4380) Nonlinear optics, four-wave
mixing; (270.5585) Quantum information and processing.
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1. Introduction

Asthe computational needs of the world keep increasing, quantum information (Ql) processing
is of increasing interest [1, 2]. A fundamental process in QI is Hong-Ou-Mandel interference
(HOM), in which two photons interfere through a quantum optical effect [3]. Originally HOM
interference was used to measure the delay between photons, but it has recently also been used
in a scheme for quantum computation using linear optics[4,5].

For quantum key distribution and continuous variable teleportation it has been shown that
inseparabl e three-mode entanglement is useful [6]. This has been demonstrated in optical crys-
tals using consecutive nonlinear optical interactions in resonance [6-9]. Recently it has been
demonstrated, theoretically and experimentally, that three-color tripartite entanglement is pos-
siblein an optical parametric oscillator across a wide frequency range [10, 11].

A reliable and noise-free process for the tranglation (frequency conversion without conjuga-
tion) of a quantum-state from one frequency to another is required for QI to be able to send
states from one quantum node to another [1, 2]. These states could be stored in quantum mem-
ories corresponding to wavel engths from 300-800 nm that need to be transmitted over atradi-
tional optical link with the low-loss windows in the range 1300-1600 nm [12-14]. It isimpor-
tant to note that this process does not violate the no-cloning theorem since the original stateis
destroyed in the process[15]. Quantum frequency conversion (QFC) wasfirst investigated using
three-wave mixing (TWM) in optical crystals where a strong pump p mitigates the conversion
from the signal sto the idler r, i.e. s <+ mp + m where 7j represents a photon at frequency
oj, j € {p,r,s}. The theoretical ground-work for QFC using TWM was presented in [16, 17]
and first demonstrated experimentally in [18]. This process has been used for higher-efficiency
single-photon detection using frequency up-conversion [19-21] and also for quantum networks
using frequency down-conversion [22]. It has been demonstrated theoretically that TWM al-
lows reshaping of pulses (i.e. from a continuous-wave to a short pulse and vice versa) when
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using spectral phase modulation and propagation [13] or using dispersion engineering [23].
This is an important result since the states emitted from current quantum memory units have
a pulse width many times larger than what is desired for traditional optical communication
links [13,14,24,25].

QFC isaso possible using non-degenerate four-wave mixing (FWM) in an optical -fiber [26].
It isin the form of Bragg scattering (BS), which is characterized by two strong pumps p and g
that interact with two sidebandsr and s such that 7, + 75 <+ g + . See Fig. 1 for the frequency
locations of the four fields. This process has been used classically to alow FC (frequency
conversion) over a wide frequency range [27—-29]. The advantages of BS are that it is tunable
[30], has low-noise transfer [31], and allows for very distant FC (more than 200 nm) [32, 33].
BS has also been used to FC single photons [34].

One advantage of QFC using four-wave mixing in optical fibers is that the emitted photon
wavepacket has a transverse distribution that is already mode-matched to existing transmission
fibers. Also it alows for a very broad bandwidth of conversion as well as coupling from the
visible to the telecom band and inter-telcom band conversion [26]. The quantum-noise proper-
ties of parametric amplification were considered in [35,36] and it has theoretically been shown
that BS alows for noiseless QFC [26]. BS has also been shown theoretically to allow HOM-
interference between photons of different colors [37, 38].

In this paper we describe the Green-function formalism for FC and the Schmidt decomposi-
tion in Section 2. The advantage of the Schmidt decomposition isthat it allows for an easy in-
terpretation of the results asit describes the natural modes of the process and the conversion be-
tween them. In Section 3 FC is solved in the perturbative regime, i.e. low energy-conversion ef-
ficiency. The low-efficiency regime allows simple analytic solutions, including the Schmidt de-
composition, which provide baseline theoretical results to which to compare higher-efficiency
results typically obtained numerically, where it is found that up to about 50 % efficiency the
exact numerical results bear high similarity to the perturbative ones [38]. The walk-off (pump
convection) between the pumpsisignored. In Section 4 convection of the pumpsisincluded and
the differences between the two models highlighted. In both cases the results are decomposed
and the Schmidt coefficients (mode-conversion efficiencies) and the Schmidt modes (input and
output modes) are related to physical parameters. the pump energy, pump width, fiber length
and the dispersion-induced sideband walk-off. We find that re-shaping is indeed possible using
BS, dueto the presence of the two pumps. Furthermore this process does not require dispersion
engineering or additional processing like what is required for TWM.

2. General formalism of FC

Freguency conversion using four-wave mixing (FWM) includes the two pumps p and q as well
as the two sidebands r and s, and comes in two different flavors: near and far conversion, see
Fig. 1. This processis governed by the coupled-mode equations (CMEsS) [26, 38]

(024 Brot)Ar =i Tog As; (o
(dz+ Bsdt)As = i YZqAr, 2

where 0, and o; are partial derivatives with respect to z and t respectively, 3; and s are the
group slownesses (inverse group speeds) of the idler and the signal respectively, while A(t,z)
and As(t, z) are the corresponding sideband amplitudes. Finally, ypq = YAp(t — Bs2)Aq(t — Br2)
which is based on the reasonable assumption that pump p co-propagates with sideband s and
pump g co-propagates with sideband r [38]. In the case where the four fields are co-polarized
and furthermore when the pumps fulfill the normalization condition [ |A;(t)|? dt = 1, we write
¥ = 2yk (EpEq)? where yk is the Kerr nonlinearity coefficient and Ej, j € {p,q}, are the
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Fig. 1. (a) The placement in the frequency spectrum of the two pumps p and q along with
the sidebands s and i for frequency conversion in the near-conversion regime. ay is the
zero-dispersion frequency. In this case the two pumps are closely spaced in frequency.
(b) lustration of frequency conversion in the far-conversion regime. Here the pumps are
farther from each other. Arrows pointing up denote creation of photons and arrows pointing
down destruction of photons.

pump energies. In the low-efficiency regime self-phase and cross-phase modulation are neg-
ligible. Intra-channel dispersion was also neglected which is a reasonable assumption for a
recent experiment [34, 38] and a wide variety of related experiments. The case with different
polarizations is considered in [35,39-41]. The effect of spontaneous Raman scattering (SRS)
is not modeled by Egs. (1) and (2). The effect of SRS is minimized for very small or very large
(> 13THz) frequency shifts. Very large frequency shifts were demonstrated in [32, 33]. As
shown in [42] SRS is weaker for cross-polarized signals than co-polarized signals, so utiliz-
ing vector BS might diminish the effect. In [34] SRS was minimized by having the pumps at
longer wavelengths than the sidebands, which meant that SRS was observed but FC was still
achievable.

Equations (1) and (2) also apply to quantum mechanical operators, where the classical fields
A are replaced with the mode operators &; [26, 34]. It is known that beam splitters do not add
excessnoise[43], and since FC by BS has mathematically equivalent input-output (10) relations
it does also not add excess noise [26]. The mode operators satisfy the boson commutation
relations

[4(1),4(t')] =0 and [a (t),a}(t')} = 8;8(t—1), )

withi, j € {r,s}, j isthe Kronecker deltaand 5(t —t’) isthe Dirac delta function. The CMEs
are valid in the so-called parametric approximation, in which the pumps are treated as strong
continuous fields, and for which quantum fluctuations are ignored. The weak sidebands, how-
ever, are treated quantum mechanically.

Using the Green-function formalism, it is possible to write the solution of the CMEs in the
1O form [37,38]

Aj(t,]) = zk:/_Zij(t,l;t’,O)Ak(t’,O) ' 4)

From this equation, the output of mode j at (t,!) is described by afunction G that represents
theinfluence of theinput-modek at (t’, 0). In our example with two sidebandsk € {r, s}, Eq. (4)
leads to

A = [ Gultt)AM) &'+ [ Gultit)AH) ©

wherethe short notation G (t;t") = Gjk(t,I;t’,0) hasbeenintroduced and witht andt’ as output
and input times respectively. Similarly, As is described by the shape of itself and sideband r at
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Fig. 2. A characteristic diagram for the generation of an idler from pulsed pumps for 5y =
—PBs. The solid diagonal lines show the influence from the signal at the input point (t’,0)
whereas the dashed lines show the domain that influences the output idler at (t,1) from the
time-dependent pumps.

the input of the fiber. Physically this means that G,(t;t’) and Gg(t;t") describe the influence
on the output at timet, from the input of the field itself at timet’, see Fig. 2. In a similar way,
the cross Green functions Gs(t;t") and G (t;t") concern the influence on one sideband at time
t, from the other sideband at the input at timet’.

It is convenient to introduce the singular val ue (Schmidt) decomposition of the Green’s func-
tions since it allows us to split the Green function into products of functions that depend only
on the input and output times at the cost of an infinite sum [44]. In general we write

G(t;t) = ¥ va() 47 “tn(t), ()

where the functions u, and v, are the Schmidt modes normalized with respect to the integral of
the absolute value squared. The normalized functions as well as the Schmidt coefficients )Lnl/ 2

are found from the integral eigenvalue equations
/ Ka (6t )WVo(t) dt’ = Anva(t), ™

| ettt ' = 2atin(t), ®)
with the kernels Kl(t,t/) = [G(t;t2)G* (t/;tz) dt, and Kz(t,t/) = [G(t1;1)G* (tl;t/) dt;. We re-
mind the reader that the first argument of the Green function corresponds to the output and
the second argument to the input. The physical interpretation of the Schmidt decomposition is
thus that it takes the input mode up, and converts it to the output mode v, with the probability
An [37,38]. In matrix notation, the preceding decomposition can be rewritten simply as [45]
G =VDUT, withV and U being (different) unitary matrices and D a diagonal matrix contain-
ing the non-negative square roots of the eigenvalues of the non-negative matrix GG' (which are
equal to the eigenvalues of G'G). LikewiseV containsin its columns the eigenvectors of GG'
and the columns of U the eigenvectors of GTG [46].
The properties of FC by BSis governed by the forward transformation matrix

Grr Grs
& & ©
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where each of the Green functions has an expansion of the form (6). The fact that QFC is
a unitary process, in the sense that quantum probability is conserved, leads to two important
conseguences. First the backward transformation matrix is simply the Hermitian conjugate of
the forward transformation matrix [37], which is not true for parametric amplification. Second,
the Schmidt decompositions of the constituent matrices are related through [12, 38]

[Grr Grs} -y { Ven(D) Tl () Ven(t)patign(t’) (10)
Gs Gs| 4| ~Vsn(OpaUin(t') Vsn(t)Tausa(t)]

where all four Green functions depend on the output time t and the input timet’. Furthermore
| 7|2 is the transmission (nonconversion) probability and |p|3 is the frequency conversion prob-
ability. We have the requirement |pn|? 4 |7n|> = 1 due to photon number conservation. The
symmetry of this expansion is clear. Conversion from one sideband is described by the same
input modes and, similarly, conversion to a sideband is described by identical output modes.
In the case with only one non-zero Schmidt coefficient we obtain mode-filtering, since a lot
of modes may be sent in, but only one is converted. Similarly for the case of many non-zero
Schmidt coefficients we have mode non-filtering in the sense that the output is the sum of many
inputs[38].

2.1. Thefrequency and time domains

Some aspects of the FC process are easier to model in the time domain, and others are easier
to model in the frequency domain. Thus this section considers the relations between the two
domains. The following analysisis based on the symmetric Fourier-transform

F{AL)} = (21) Y2 / " A®) expliot) d, (11)
FHA)} = (21) 12 / " A() exp(—iot) do. (12)
The Fourier-transform of functions of two variablesis defined in asimilar way. Considering the

input-output (10) equation, Eq. (5), ignoring the self-band interactions, and taking the Fourier-
transform with respect to o, yields

Arler) = /_i Grs(ort))As(t') dt’. (13)

A product inthetime-domain isthe inverse Fourier-transform of aconvolution in the frequency-
domain, so

Aor) = (21) 1 / /_ Z dt'doos /_ ': d0Grs(0r; 0s — 0)A @) exp(—iod)  (14)

We remind the reader of therelation, [~ exp(tiwt)dt = 27 6(w), from which the O relation
in the frequency-domain is obtained

Ar(wr) - /7 Grs(wr; _ws)As(ws) dws. (15)
Similarly, the signal Green function in the frequency domain is given as

A@9) = [ Galws~0nA(w) dor. (16)
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The Fourier transform of the Green function is given as
Grs(or; —ws) = (27r)’1/ Grs(t;t) exp(iot —imgt’) dtat’, a7)
Gis(t;t') = (27) 2 / Grs(@r; — ) Xp(—iot + i) dordos.  (18)

Another interesting aspect is the Fourier-transform of the Schmidt-decomposed Green func-
tions. Suppose that the time-domain Green function has the Schmidt-decomposition

Grs(t;t') Z A AU (), (19)
and when using Egs. (17) and (19) gives
Grs(t0r; — 2/11/2/ texpliot) (27) Y2 dt

x [ " [un() expliods)]* (2m) Y2, (20)

where we have exchanged the order of the sum and the integral which is alowed since the
sum by definition is convergent. This form shows that the Fourier transform of the Schmidt
decomposition of the Green function involves only the Fourier-transform of the individual input
and output modes

Grs(@r; —0s) = 3 A’ V(@)U (@) (21)
n=0
We aso note from Parseval’s identity that if the eigenfunctions are normalized in the time-

domain they are also normalized in the frequency-domain [47]. The Schmidt coefficients, ),nl/ 2

are naturally identical in the two domains. In the special case where u,(t) are real the relation
u:(w) = u(—w) holds. A similar result exists when going from the frequency-domain to the
time-domain. That is the Fourier transform of the Green function is the sum of products of the
Fourier transform of the Schmidt modes. This is an important result that is used extensively
through the remainder of this paper.

3. Stationary pumps

To gain physical insight we start by solving the FC problem in the low-conversion regime while
assuming that the pumps do not convect rel ative to one another in the moving frame propagating
at the average group slowness of the sidebands. This is a simplified model of FWM, since
in most cases the pumps walk-off with respect to each other. However it is representative of
TWM, because one pump is always stationary. One may simply choose the frame of reference
to propagate with the pump. First we derive the equations in the frequency-domain, since this
is the standard approach and afterwards we present an alternative derivation.
By Fourier transforming Egs. (1) and (2) with respect tot and t’ one find that

A 0r,2) = 1B (@) A0, 2) +i (2m) /2 / wypq(wr — 0s,2)As(®s) dws, (22)
oA, 2) = iBs(@s)As( s, 2) +i (2) 12 A oa(0s— 0r, DA (o) dor. (23)
Introducing the transformed field Aj(wj,z) = Bj(wj,z) exp[iBj(w;)z simplifies the analysis.

Furthermore it is assumed that fj(wj) = J-(l) oj, thus neglecting group velocity dispersion and
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higher-order effects, i.e. J-(3) B j(4>, ..., whichisreasonable for a sufficiently short piece of fiber
and anarrow pulsein the frequency domain. Throughout the remainder of this paper the simpler

notation [31-(1) = B isused for the group slowness. These assumptions lead to the approximate
solutions [38]
| foo
Br(r,1) ~ i(zn)—l/z/O[ Toa (@1 — 06,2) exp(izeofs) (24)
x exp(—izofr)Bs(ws, 0) dwsdz,
where | isthe fiber length. A similar expression exists for the signal field. Using Egs. (15) and
(16), and inserting Bj = A; exp[—i3j (wj)Z], one finds the Green functions
[
Grs(0r; —ms) = i(27r)‘1/2/0ypq(wr— 0s,2)exp [iBi(| — 2) o +ifszws| dz, (25)
I, _ _
Gy (s —or) = i(27t)‘1/2/0ypq(wsf or,2)exp [iBs(| — 2)ws+ifrzey] dz (26)

3.1. Sandard analysis

The standard way to find the Green function is to consider a specific pump-shape and to carry
out the z-integral in the frequency-domain [48]. A typical pump-shape choice is two identical
Gaussian pumps. It is assumed that the pumps do not convect, thus we write them in the form

Ap(t) = Aq(t) = () *exp[—t?/(25)), (27)

where 19 is the root-mean-square width and where the pump-shapes are normalized. The
Fourier transform of yq(t) is

(@) = y(21) Y 2exp (—0%0?/2), (29)

with 6 = 19/+/2. The factor y(2rr)~1 is denoted 7 and includes the (27r)~%/2 in front of the
Green function. Inserting thisin the Green function and integrating with respect to z leads to

Grs(@r; —os) = iyl exp [iBrod —il8o/2— 0%(wr — ws)?/2] sinc[1&/2] (29)

with the walk-off parameter defined as 8o = By — Bsws. The next step is to approximate the
sinc with a Gaussian, sinc(x) ~ exp(—£&x?/2) with & ~ 0.3858. This valueis chosen so that the
sinc and the Gaussian have the same full-width-at-half-maximum (FWHM) [48]. All in al our
Green function attains the form

Grs(@r; —os) = iyl exp [il (Bror + Bsws) /2 — 02 (@ — ws)? /2 — (oro; — 0s0s)%/2], (30)

with aj = £Y/2B;1 /2. To discuss whether the Green function is separable in its two frequen-
cies the Schmidt decomposition is introduced in Eq. (108) of the Appendix. Since A is real
by definition we cast the Schmidt decomposition of the Green function under the Gaussian
approximation in the following form:

Grs(wr; *a)s) =i i eXp(||Br(Ur/2+ ilﬁS(DS/Z))Lr}/Z(Pn(Tr(Dr)(P:(TSCOS), (31)
n=0

where ¢y, is the nth orthonormal Hermite polynomial

9n(@x) = a®/?Hn(ax) exp[—(ax)?/2]/[n*/*(n12") ), (32)

#162929 - $15.00 USD  Received 13 Feb 2012; revised 16 Mar 2012; accepted 16 Mar 2012; published 26 Mar 2012
(C) 2012 OSA 9 April 2012 / Vol. 20, No. 8 / OPTICS EXPRESS 8375



and where H,, is the Hermite polynomial of order n. The square of the Schmidt coefficient (the
dilation factor) isin the form

n(l)?
An = (o)) (1—u?)u®. (33)
I'he dimensionless separability parameter is given as

[(6%+0?) (6% +ad)] Y2 _ Goys
02+ 040

= , (34)

where it is assumed without loss of generality that oys = o — o5 IS positive. The characteristic
timescales are

2., 2\ V4
12 [ O°+ 0

v (oo o2 (5 1% ) (@)

2., 2\ V4
_ - 120 + oG 36
= (olor—os) 2 (515 (@)

Formula (33) for the Schmidt coefficient is simplified by the identity
il 2 @7
s [(62+ o) (02 + 0d)]Y/2 + oons’

which follows from Egs. (34)—(36).

For many applications one is interested in separating the Green functions into functions
depending on only one of the frequencies, as frequency entanglement is undesired for some
guantum optical interference experiments [48, 49]. Separability has been studied extensively
for photon-pair generation using three-wave mixing [48,49], but not for FC. To achieve sep-
arability it is required that u = 0 and, with the aforementioned assumption that o4s > O, this
leads to the separability requirement oy 05 = — 2. In the co-propagating case (where the group
slownesses of the sidebands have the same sign) it is not possible to obtain separability since
o is real, whereas in the counter-propagating case (with different signs of the inverse group
velocities) it is possible to obtain separability for one specific length of the fiber. For u = 0, this
leads to considerably simpler parameters

m@l?
= 38
Ao (OCrOCs)l/ZOCrs7 (38)
7= (0% +of)"2, (39)
5= (0°+ ad)"?, (40)

where 4g isthe only non-zero squared Schmidt coefficient. Notice that this Schmidt coefficient
isindeed independent of the fiber length.
Itisinstructive to cast Eq. (31) in adlightly different way:

Grs(@r; —0s) =1 ¥ An’ 2V () U5 (@s), (42)
n=0

W|th Vn((l)r) = ¢n(Tr0)r) eXp('IBrwr/z) and Un(a)s) = ¢n(Tsws) exp(_”Bsws/Z) S'nce (O and
s correspond to the output and input frequencies respectively, we notice that 7, and s are
characteristic time scales.
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The time-domain Green function is found by Fourier transforming Eq. (30), see Appendix A
for the details. Theresultis

i 24 0 2V72 _ (52 1 (62 1 02)(T7)2
G(t:t) = iy p[—(d +a$)te —2(0” + aro)tt’ 4+ (07 + o) (1)

ex
ncél/zmrs‘ 2(coys)?

] @

where the retarded (or advanced) timesaret =t — Bl /2 andt’ =t + Bl /2.

According to the inverse of Eq. (21) the Fourier transform of the Schmidt decomposition is
simply the Fourier transform of the individual Schmidt modes and since .# 1 {f (aw)eib“’} =
fl(t—b)/a]/|al, Eq. (41) becomes

ultt) =1 3 id o (02 ) g (2, %

Ts

where the Schmidt modes remain normalized and the square of the Schmidt coefficients are
given in Eq. (33). This is the same decomposition we get by using Egs. (104)—107) to de-
compose Eqg. (42), thus confirming the results in Egs. (19) and (21). For the case in which
Br = —Bs theinput and output modes are shifted in phase by the factor | B w; /2 corresponding
to an interaction at the middle of the fiber which maximizes the interaction between the four
fields[38].

3.2. Alternative analysis

The standard analysis in the frequency domain is based on two reasonable, but nonetheless re-
stricting assumptions, i.e. similar Gaussian pumps and the approximation of the sinc-function
with a Gaussian. We now present an alternative analysis that enables deriving the Green func-
tions in the time-domain in the general case by interchanging the order of the frequency and
length integrals. Finally we also present a simpler and more physical derivation.

Considering the Fourier transform of Eq. (25) (for brevity we only show adetailed derivation
of Gys), whichiis

| oo
Grs(t:t)) = i(zn)*S/Z/O//_wypq(wr—ws,Z)
xexp|—i(t— Bl + Brz)or +i(t' + fsz) 05 dordwsdz. (44)

Using the substitution ), = @, — ws and the Fourier transform property .7~ { f (w)e?®} =
f(t—a) leadsto

o| oo
Gus(tit) =i(2m) 2 [ [ p(t— Pl + Prz. 2 exp iwos(t + Biz—t-+ Bl — )] doosdz. (45)
Carrying out the second frequency integral gives adeltafunction in z, thus we find

Brt' — Bslt = Brl] t' —t+ B
Brs T Brs

where H isthe Heaviside step-function, which ensures causality. Thisresult isvalid for arbitrary
pump shapes, and it does not approximate the way the system responds[beyond the perturbation
theory used to derive Eq. (25)]. The argument of g isacomplicated function of t and t’, but in
the following section we present a simple physical derivation of it.

Gro(t:t) = /1 T ( ) H + Bl H(t—t —BoL),  (46)
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3 (b)

Fig. 3. Characteristic diagrams for (a) idler generation from a pulsed signal and (b) gener-
ation of asignal from apulsed idler. The gray area shows the area of the high pump power
region. The upward and downward diagonal lines are the characteristics of theidler and the
signal respectively. The output idler (signal) at timet is generated by a collision with the
signal (idler) occurring at the point c.

3.2.1. Time-domain collision analysis

Due to the simplicity of the Green function in the time-domain, Eq. (46), we find the Green
functions directly, in the time domain, by using the method of characteristics [50]. In the low-
conversion regime, the presence of the idler has little effect on the signal. Hence, a signa
impulse that enters the fiber at timet’ remains an impulse as it convects through the fiber. The
part of the idler that exits the fiber at timet was generated by a collision of the idler pulse with
the signal at the point (tc, z:), wheret’ + Bszc =t — Br(I — z). Such acollision isillustrated in
Fig. 3a The collision distance and time are

Ze=[t'— (t—=BD)]/Brs, te=[Bt' —Bs(t —Bi)]/Brs, (47)

respectively. After the collision, the idler convects with constant amplitude. By integrating
Eq. (1) across the collision region, which isinfinitesimally thin, one finds that the cross Green
function is given approximately by

Grs(t;t') & [i 1pg(Z.te) /IBisl| H(t' + Bl —t) H(t —t" — Bs). (48)
For signal generation by a pulsed idler, the collision distance and time are
ze=[(t—Bd) —t']/Brs, te=[Br(t—Psl) = Bt)]/Brs, (49)

respectively, see Fig. 3b. By repeating the collision analysis described above, one obtains the
cross Green function

G (t,1) ~ [i palZeste) /| Brsl] HE' + Bl —t) H(t —t' — Bl (50)

3.3.  Comparing the time-domain and the frequency-domain results

The Green functions were found directly using the collision analysis, cf. Eq. (48). Notice that
the collision time may be evaluated from

Bt — Bs(t — Brl) = Br(t' + Bl /2) — Bs(t — Brl /2) = Brt” — Bet, (51)
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wheret; are the same retarded times as used in Eq. (42). Second, notice that

H(t —t' — Bsl ) H(t' + Bl —t) = rect[(t —ta)/(Brsl )] = rect[(t —t') /(Brs )], (52)
where the averagetime isty =t + (B + Bs)| /2 and the rectangle function [51] is
1, if x| <1/2;
rect(x) = ¢ 1/2, if x=+1/2; (53)
0, otherwise.

Thus, the Green function in Eq. (48) likewise only depends on the retarded times. The cou-
pling function is defined as ypq(t) = YAp(t)Ay(t) where both pump shapes are normalized. To
compare the Green functionsin Egs. (42) and (48) we pick

Ap()A(t) = exp[—t?/(207)] /(2r6%) /2. (54)
In other words the Green function is of the form
N iy (ﬁrt_/—ﬁst_)z t—t’
1)~ Gt |~ o | () ©

To compare thisresult with the frequency-domain result that was derived using the sinc approx-
imation, Eqg. (42), the rectangular function is approximated with the Gaussian

1)
| a2 %

where h and w arefitting parametersthat will be determined later. For reference, h = 1 produces
the correct peak height, whereash = [2/(nw)]¥/? ~ 1.28 produces the correct area. Aggregating
these results the Green function is approximated by

(02 + a2)t? — 2(0? + aros)tt’ + (02 + 0?)? (1)
2(c04s)?

Grs(t;t') ~ i7h exp [— . (57)

(2m)"20] Byl
where aj = wY/2p jl /2. Comparing Egs. (42) and (57) they have the same general shape and we
conclude that w = & and h = [2/(nw)]¥/2 ~ 1.28, which gives the same integral over the Gaus-
sian and the rectangle function in the time domain. This shows that the effect of approximating
the sinc with a Gaussian in the frequency-domain is equivalent to replacing the sharp bound-
aries from the rectangular function in the frequency-domain with a gradual effective boundary
from the Gaussian. Physically this means that the Green function will allow effects from the
input on the output from input and output times that are not allowed due to causality. Another
issue is that in the limit of long fibers the rectangular function is unity for amost all times, so
one hasto pick h = 1 to get the best resullts.

Since Eq. (57) is of the canonical form for the Schmidt decomposition of a Gaussian, see
Eqg. (104) in Appendix A, we notice that the square of the lowest-order Schmidt coefficient and
time scales (u; isused instead of 7; here not to confuse it with the pump-width) are in the form

(vhh)?w

= 58
Ao 4 (02 + 62)Y2(a2 + 062)Y2 4+ o4s0]’ (58)
_ L (rotyT 1 (59)
Hr= (ors0) 12 \ 02 + 02 T
1 o?+o2\" 1
nuS = 1/2 2 2 = (60)
(o4s0)Y2 \ 02+ 0 Ts
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where 7; are the characteristic frequency-scales found in the frequency-domain Schmidt de-
composition.
In the limit of short fibers 1 /T — 0 wefind that

Ao — (yhl)?w/(40?) = (vhlPw/(27%), (61)
1j = 1/ (04s0) M2 = 2% /(orsT) M2, (62)

The square of the Schmidt coefficient scales quadratically with the length and the characteristic
time-scal es are the geometric means of o;s and o, and increase with the square root of the fiber
length. In thislimit the separability coefficient (denoted t in the appendix) tendsto

u—1—ops/o, (63)

which is close to unity, in other words this leads to a large number of non-zero Schmidt coef-
ficients. In this limit of short fibers the sidebands experience approximately CW pumps when
the pump-width is much larger than the sideband-width. Notice that the duration of the lowest-
order Schmidt modes are much shorter than the pumps (it is the geometric mean of the transit
time and the pump width). Also for signal-to-idler generation a pulse that is an arbitrary su-
perposition of lower-order modes is converted without significant distortion, since the Schmidt
coefficients decrease slowly as u is close to unity.
For the other limit where 31 /7 — e wefind

Ao = (Yh)?/|B:Bs, (64)
ur — (os/ o) Y2/ (04s0) Y/, (65)
Hs — (O‘r/O‘S)l/Z/(arsG)l/z- (66)

The Schmidt coefficient tends to a constant, and the time-scales are now approximately the
geometric mean of o;s and ¢, and increase as the square root of the length. This is because
the pumps overlap throughout the entire fiber. As discussed before; in this limit it is more
reasonable to set h = 1 because the step-functions are almost equal to unity. The separability
coefficient tends to

U —1—ooys/|orosl, (67)

which isalso close to unity. Thus, we would expect many Schmidt modes and therefore a non-
separable Green function.

3.4. Numerical studies

Before we consider numerical studies of the various functions in this paper we discuss the
natural dimensionless parameters to use. The efficiency of conversion is quantified by the di-
mensionless parameter ¥ = y/ s, but this is not a parameter that is going to be varied since
we consider the low-conversion efficiency limit which puts a natural limit on the conversion
strength y < 1. The natural unit to measure timeinisin units of the pump-width and similarly
for the length parameter it is natural to use the pump-width divided by 3. For the remainder of
the paper it is assumed that §; = B = — s in the numerical studies, so s = 2f3.

To better understand the implications of the step-functions and the Gaussian approximation
several numerical studies were performed, see Fig. 4. In Figs. 4(a) and 4(b) the Green function
is plotted in the time-domain with and without the Gaussian approximation for a short fiber
B1/7 =1 and for the Gaussian approximation we choose h = 1.28. In this limit the Gaussian
approximation gives a qualitative answer, but it is only moderately accurate. In Figs. 4(c) and
4(d) the two Green functions are plotted with the normalized fiber-length set such that it should
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Fig. 4. Numerical studies of the Green function Gys. Inall theplots § = 1, y = 0.1. Thetwo
pumps are normalized Gaussians with a root-mean-square width T = 1. The white lines
denote the cut-off due to the step-functions, but they only apply to the Green functions
without the Gaussian approximation. For the approximate Green functions the height h =
1.28 was used. (a) The absolute value of the step-function Green function for gl /7 = 1,
i.e. the non-separable case. (b) The Green function with the Gaussian approximation for
Bl /T = 1. (c) The absolute value of Gy for 1 /7 = 2.2768, the case where it is expected
to be separable. The shape of the function implies that no separability is attainable. (d) The
Gaussian approximation for the separable fiber-length, and it isindeed seen to be separable.
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Fig. 5. (a) The Schmidt coefficients for the four plotsin Fig. 4. Diamonds and crosses are
for the separable and non-separable fiber length respectively with the Gaussian window
whereas squares and open circles are the Schmidt coefficients with the rectangle window
for the separable and non-separable length respectively. Notice that numerical study for
the separable fiber-length, shows that the Gaussian approximation leads to separability,
whereas the one with step-functions does not. (b) Thefirst two Schmidt modes. The dashed
curves are the Schmidt modes for the Gaussian Green function and the solid ones for the
step-function window. The black curves are the zeroth-order modes and the blue curvesthe
first-order modes. The normalized length of the fiber is one in this numerical study.

be separable. We remind the reader of the criterion for separability is oy 0 = — 62, thus giving
Bl/t = (2/w)/2 ~ 2.2768. By looking at the contour-plots it is clear that the Green function
with the Gaussian approximation is clearly separable whereas the step-function Green func-
tionisnot, asit is rotated with respect to the frequency axes. This hypothesisis confirmed in
Fig. 5(a) where the Schmidt coefficients for the four Green functions are plotted. The Schmidt
coefficients are determined by using the analytic form of the Green function for which the
Schmidt decomposition is performed numerically. It gives qualitatively the same Schmidt co-
efficients for the non-separable fiber-length. For the separable fiber-length we have only one
non-zero Schmidt coefficient with the Gaussian approximation, but several non-zero coeffi-
cients for the rectangular window. In Fig. 5(b) the first two Schmidt modes are compared for
the two Green functions for the non-separabl e fiber-length. Again the qualitative behavior isthe
same, but it is only moderately accurate. In conclusion, the time-domain collision analysis does
highlight new physics compared to the standard sinc/Gaussian approximation. The standard
criteria for separability was seen to be an artifact from the approximation of the step-function
with a Gaussian. Indeed for the non-convecting pumps the Green function is never completely
separable for Gaussian pumps since they depend only on t2 which includes both the input and
the output times. However, the first Schmidt coefficient is 36 times larger than the next one, so
the Green function is approximately separable.

Previoudly it was discussed that there was a discrepancy in the choice of the height of the
approximating Gaussian in the case of short and long fibers. In Fig. 6(a) the first ten Schmidt
coefficients are plotted for h = 1 and h = 1.28 for the Gaussian windows as well as the step-
index window for a long fiber B1/7. Notice that none of the Green functions are separable,
as discussed in the previous paragraph. Furthermore, neither of the Gaussian Green functions
accurately representsthe Green function with the rectangular window. Thisisbecause the Green
function is constant along the t —t’ contours, such that the Green function always has a finite
value at the cut-off lines. Figure 6(b) shows the two lowest-order Schmidt modes for this long
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Fig. 6. (a) A plot of the Schmidt coefficients for along fiber 1/t = 10. The crosses and
circles are the Schmidt coefficients for the Gaussian window for h=1 and h=1.28 re-
spectively. The diamonds are for the rectangular window. (b) The first two Schmidt modes.
The dashed curves are the Schmidt modes for the Gaussian window while the step-function
Schmidt modes are solid. Again the black curves are the zeroth-order modes and the blue
curves the first-order modes. Notice that since the Schmidt modes are normalized they are
identical for both heightsin the Gaussian approximation.

fiber. Notice that since the Schmidt modes are normalized they areidentical for the two different
heights for the Gaussian window. In this case there is alarge discrepancy between the Schmidt
modes of the two different windows, thus reaffirming that replacing the rectangular function
with the Gaussian is not always insignificant.

4. Convecting pumps

The results presented in the previous section gave physical insight into FC by BS. To improve
the accuracy of the model we have to include the walk-off between the pumps since they have
different group slownesses. As seen from Fig. 1, we treat the common case that the pumps
and sidebands are placed pairwise symmetrically around the zero-dispersion frequency, which
means that for closely and moderately spaced pumps and sidebands, pump p co-propagate with
the signal and likewise pump g co-propagates with the idler, because the group-slowness is
symmetrical around the zero-dispersion frequency. Thisapproximation isvalid for awiderange
of experimental parameters and throughout the paper we assume that this is the case [34, 38].
Even when this assumption is not completely accurate, Eq. (46) is still valid, so it is easy to
determine the accuracy of this approximation.
With the aforementioned assumption, the pumps are described by

Ao(zt) = Fplt — Bs(z—2)],
Aq(z,t) = Fqlt = Br(z—2)];
where F; are normalized shape-functions. The pumps intersect at the distance z in the fiber.

With this pump ansatz, our coupling function jpq in Grs depends on A, and Aq which are func-
tions of

(68)
(69)

(70)
(71)

ter — Bs(zer — z) =t' + Psz,
tor — Br(zer —2) =t —Br(I - z),
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respectively. Inserting these pumps in Eqg. (46) leads to

Grs(t;t') = iyAylt — Br(l — 2)]Ap[t’ + Bszi]
X Ht' + Bl —t)H(t —t' — Bdl), (72)

where y = y/|Brs|. This Green function is naturally separable, and the input and output Schmidt
modes are the shape functions of pumps p and g, respectively. Only the step-functions prevent
complete separability, but for asufficiently long fiber they are equal to unity for times of interest.

The other Green function was defined in Eq. (50) with the associated collision point defined
in Eq. (49). Using the collision distance and time we find that

tes— Bs(Zs —2z) =t — Bs(l — ), (73)
tes— Pr(zes—2z) =t'+ Bz, (74)
and, hence, that
Gy (t;t') = iyAs[t — Bs(l — 2)]Ag[t’ + Brz] (75)
X Ht' + Bl —t)H({t —t' — Bdl). (76)

Results (72) and (76) have remarkable consequences. For a sufficiently long fiber we have in
the case of signal-to-idler conversion that the natural input signal mode has the shape of pump
p whereas the output idler mode attains the shape of pump g. The two modes are centered on
Bs(l — z) and Byz respectively. For idler-to-signal conversion the natural input idler has the
shape of pump q and the output idler attains the shape of pump p. In both cases the input and
output Schmidt modes are timed to arrive at the intersection point of the pumps, since this will
be the point of maximal interaction.

4.1. Gaussian pumps of equal width

Assuming two Gaussian pumps with the same width and z = 1 /2, the Green function attains
the form

i o 2 l 2
XHA' + Bl —t)H({t —t' — Bdl). (77)

The consequences of thisresult are illustrated in Fig. 7. We notice that this function is clearly
separable for B/t = 3 and we confirm that the output mode, the first Schmidt mode for | = 3,
indeed is a copy of pump q centered on f1/2. It is difficult to conclude anything about the
higher-order Schmidt modes, but a consequence of the Sturm comparison theorem, [52], is that
the elgenfunctions of a Sturm-Liouville problem have a monotonically increasing number of
zeros . Since the Schmidt modes are eigenfunctions of the integral equations [cf. Egs. (97) and
(98)] we expect them to show the same behavior, which is confirmed by Fig. 7(d).

To check the hypothesis that the optimal interaction distance was half that of the fiber, a
numerical study was performed of the sgquare of the first two Schmidt coefficients Ag and A1
as a function of the interaction distance for two different fiber lengths. The result is seen in
Figure 8 which confirms that the strongest frequency conversionisat z =1 /2. An interesting
result isthat for the short fiber the first two Schmidt coefficients have maximaat z =1/2, which
shows that the two lowest-order Schmidt modes have the maximal conversion there. This result
was not replicated for the longer fiber, where the second Schmidt coefficient have minima at
z =1/2, but this is because the Green function is separable and changing z moves the Green
function in the (t,t’) plane leading to a cut-off due to the step-functions.
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Fig. 7. Numerical studies of the Green function Gs when including the convecting pumps.
In al the plots B; = 1 = —fs, ¥ = 0.1. The numerical study uses Gaussian pumps with
a root-mean sguare width 7 = 1. In (a) and (b) white lines denote the cut-off due to the
step-functions. (a) The absolute value of the Heaviside Green function for 1 /7 = 1. (b)
The Green function for g1/t = 3. (c) A plot of the Schmidt coefficients for the two fiber
lengths where the crosses are for the shorter length and the circles for 81 /7. For Bl /7 =3
the function is almost separable which is seen since we only have one dominating Schmidt
mode. (d) The two first output Schmidt modes for the two lengths. The solid curves are for
Bl /T =1 and the dashed ones for B1 /T = 3. The lowest-order Schmidt mode is plotted in
black and the next onein blue. For 1 /7 = 3 thefirst output mode corresponds to the shape
of pump q centered on 31 /2 like expected. The second output mode has another shape, but
its Schmidt coefficient is almost zero, so this mode is negligible.
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The dashed line is the square of the lowest-order Schmidt coefficient squared and the solid
line the square of the next Schmidt coefficient for 81 /7 = 3.

4.1.1. The Gaussian approximation
To compare the results related to convecting Gaussian pumps with the ones found in the non-
convecting case, once again the step-functions are approximated by a best-fit Gaussian, yielding
ivh (PRt -2t + (P + o) (V)?
ml/2 P 2(Toys)? ’

Grs(t;t') ~ (78)
wheret and t” are the delayed and advanced output and input times respectively, h is the height
fitting parameter, and £ = 0.3858 is the constant that gives the same full-width half-maximum
for the approximation of the sinc with a Gaussian. This expression clearly shows that the Green
function is separable in the limit of long fibers since o4 =< | and the cross-term is proportional
to 1/ o2,

Comparing with Eq. (104) we note that the argument of Eq. (78) is of the same form, hence
inserting from Eq. (78) and using Eq. (109) leads to

2
(yhl)“w ’ (79)
2[02 + 12 + ors( 02+ 272)1/2]
o303 +272)]1/4
= 80
‘u“J O4sT ) ( )
02+ 12— oy 0+ 272) /2
- >

Ao =

, (81)

where again 1 has been used instead of 7; to avoid confusion.
In the limit of short fibers (81 /t — 0) corresponding to T > oys we find

Ao — (vhl)?w/(272), (82)
Mj— 24/ (ansT)Y? = 1/ (0150) 2, (83)
pn—1—o4s2Y?/1=1—ays/0. (84)

Notice that these results are the same we found for the non-convecting case, Egs. (61)—63),
as expected since the effect of convection is imperceptible for short lengths. The square of
the lowest-order Schmidt coefficient increases quadratically with length, a typical result from
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coherent scattering processes. The time-scale of the Schmidt modes is simply the geometric
mean of o;s and o, and increases as the square root of the length.
In the complementary limit in which B1 /7 — oo,

Mo — (t)?/Bs  wj—1/1, u—0. (85)

Thus the squared Schmidt coefficient tends to a constant (which isidentical to the onefound in
the exact model for h = 1). Also the time-scale is simply the pump-width. Comparing with the
non-convecting case, Egs. (64)—67), the lowest-order Schmidt coefficient in both casestendsto
aconstant, but the time-scales differ as they now tend to a constant whereas the non-convecting
ones grow with the square root of the fiber-length. Also the separability parameter tendsto zero,
such that the Green function is always separable for sufficiently long fibers, which was not the
case for the non-convecting model that was only separable under the Gaussian approximation
and under specific conditions. This contrasts to the non-convecting model because the interac-
tion for the convecting case happens only during the collision, leading to separability and the
drop-out of the length dependence.

These limits were tested numerically for the convecting case, see Fig. 9(a). The figure shows
the square of the lowest-order Schmidt coefficient for the Green functions with the Gaussian-
and step-function windows. It is seen that the Gaussian window over-estimates the value of
the Schmidt coefficient for long fibers, but setting h = 1, such that the Gaussian has the same
height asthe rectangular function gives abetter agreement. Thisisreasonable, asthe rectangular
window for large fiber-lengths is approximately unity. In the short fiber limit the two models
disagree for h = 1, but one is free to choose w to obtain better accuracy since the long-fiber
limit, Eq. (85) isindependent of w. The width of the best-fit Gaussian in the time-domain was
determined by matching the FWHM in the frequency-domain of the Gaussian and the sinc
function. However, the FWHM of the inverse Fourier transform is not necessarily the same. By
choosing the width such that the Gaussian and the rectangle have the same FWHM in the time-
domain, one finds w = 0.7213. The square of the Schmidt coefficients with this width is seen
in Fig. 9(b). Choosing this width results in a better fit in the short fiber limit, than the result of
the traditional sinc approximation. By fitting w to the Schmidt coefficients with the rectangular
window using Eq. (79), we were able to find a dightly better fit for intermediate fiber lengths
for w = 0.86, but at the cost of aworse fit for short fibers. Thus we conclude that the best fit is
found for h = 1 and matching the FWHM in the time-domain.

4.2. Different Gaussian pumps

The next investigation considers Gaussian pumps with different widths. Thisleadsto the Green
function

N 12 (t—Bl/2)*  (t'+Bd/2)?
Grs(tit) = (mTpTg) /2 &P~ 212 + 212
X Ht' + Bl —t)H(t —t' — Bdl), (86)

forz =1/2. Thiscaseisinvestigated in Fig. 10 for 7q = 1,/2. In (&) and (b) the Green function
is plotted for B /7, = 1 and 3 respectively. The function is clearly elongated in thet’ direction
because pump p is twice as broad. Fig. 10(c) shows the Schmidt coefficients for the two cases
and for the longer fiber the function is definitely still separable in spite of the different pump
widths. This agrees with the hypothesis since it is only the step-functions that prevent separa-
bility and aslong asthe ridge is wider than the pump-widths the Schmidt decomposition should
only contain one term. The shorter fiber has a slightly larger lowest-order Schmidt coefficient
compared to Fig. 10(c) resulting in a larger degree of separability because the higher-order
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Fig. 9. Plots of the square of the lowest-order Schmidt coefficient as a function of the
length of the fiber. (@) For w = & = 0.3858, the value giving the same FWHM in the
frequency-domain. The solid lineis the square of the analytic lowest-order Schmidt coeffi-
cient, Eq. (79) with h = [2/(wr)]Y/2 ~ 1.28. The crosses are the numerically found values
for the Gaussian approximated Green function, which agrees with the analytic value. The
open circles are aso found numericaly, but are for the convecting Green function with
step-function window. Finally the dotsis Eq. (79) with h = 1. (b) The same curves as the
left panel but for h= 1 and w = 0.7213 which is the width giving the same FWHM in the
time-domain.

Schmidt coefficients are smaller. Thisis because the pulse is narrower in one direction and thus
less of the Green function is exposed to the sharp boundaries. In Fig. 10(d) the two lowest out-
put modes for the different fiber lengths are shown. As expected the lowest-order mode for the
separable state is ssimply a copy of pump g centered on 31/t = 1/2 [cf. Eq. (72)], whereas the
lowest-order mode for the shorter fiber isdistorted, because the step-functions are not negligible
in this case.

The lowest-order Schmidt coefficient was also considered for various aspect ratios, see
Fig. 11(a). As the aspect ratio increases for a constant length the coefficient falls off since
the value of the Green-function at the cut-off pointsincreases, and it istherefore less separable.
However, if the length increases with the aspect ratio it is possible to achieve separability over a
wide range of aspect ratios. Thisis expected sincein this case where pump g is wide compared
to p and thus sideband r is wide and s narrow, for a long enough fiber the two short pulses
propagate past the longer ones and hence experience afull collision [53].

For quantum communication it is of interest to convert the states emitted from a quantum
memory unit to a shape suitable for transmission in an optical communication system. This
might include reshaping the pulse width by a factor of 100 [13]. To check whether such a
reshaping is possible within the perturbative framework, a numerical study with 74 = 7,/100
was carried out with the Schmidt coefficientsin Fig. 11(b). Thisdefinitely shows that the Green
function for the longer fiber lengthsis separable, but thisis anatural extension of the discussion
in Fig. 10(c).

4.2.1. The Gaussian approximation

In asimilar way as the analysis for the Green function with two identical Gaussian pumps we
are interested in investigating the effect of the Gaussian approximation. Two different pump-
widths corresponds to replacing t with (rprq)l/ 2 and 7q and 7, in front of t and t’ respectively,
in Eq. (78). For the limit where the aspect ratio tends to infinity or in other words 7, — 0 and
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Fig. 10. Plots of the Green function Gys with different pump widthsinthiscase g = 7p/2. In
(8 B! /7 = 1 whereas (b) considers 1 /7, = 3. Thefunction is elongated in thet’ direction
since pump p has the largest width. (c) shows the Schmidt coefficients where open circles
are for the longer fiber-length. The long fiber Green function is still separable even though
the pumps have different widths. In (d) the two lowest-order Schmidt modes for the two
lengths is plotted. The black curves are the lowest-order Schmidt mode and the blue ones
the next one. Dashed curves are for the longer fiber.
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Fig. 11. Plot of the lowest-order Schmidt coefficient as a function of the aspect ratio. The
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Schmidt coefficients for a pulse with a very narrow aspect ratio (7q = 7p/100) for two
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Fig. 12. Plotsof thelimits of the square of the lowest-order Schmidt coefficient asafunction
of the aspect ratio. (a) This figure shows convecting pumps where 1 /7, = 2, w = 0.3858
and the open circles are for the rectangular windows and filled circles and crosses are for
the Gaussian window with h = 1 and h = 1.28 respectively. (b) The same functions as the
left panel but for the the width yielding the same FWHM in the time-domain, w = 0.7213.

Tq — o wefind that

Ao — (1/Brs)?(ous/Tq), e — L/ons, s — 1/Tp. (87)

Notice that the two time-scales are no longer identical, as expected, and they are determined
by the smaller of either ars or 7j. The square of the Schmidt coefficient differs from ¥° by the
factor o4s/7q.

These results were simulated, see Fig. 12(a). In general, the Gaussian window with h =
1 underestimates the lowest-order Schmidt coefficient, but for large aspect ratios the lower
window height approximates the right result. Also the lowest-order Schmidt coefficients fall off
since the length of the fiber was held constant. In the right panel the square of the lowest-order
Schmidt coefficient is plotted for w = 0.7213. In this case the lower window height does give
a better approximation, but it is only moderately accurate. This is because the Green function
has alarge value at the cut-off which makes the Gaussian approximation a less accurate fit.

4.3. HGO/HGL pumps

Next we consider the case with aHermite-Gaussian (HG) temporal shape of the pump of zeroth
order (HGO, aGaussian) for pump p, and aHG pump of first order, HG1, for pump g. Theresults
are plotted in Fig. 13. Since the HG1 profile is dightly wider a longer fiber was used for the
long-fiber case (81 /t = 4). Again separability isindeed possible for the long fiber as seen from
the fact that the second coefficient is amost zero in Fig. 13(c). From Eq. (72) it is expected
that the output mode corresponds to that of pump g centered on | /2 for a sufficiently long fiber
where the step-functions are negligible. Since pump q in thiscaseis HG1 it is expected that the
output mode will also be HG1 which is confirmed for Bl /7 = 4 in Fig. 13(d) the zeroth-order
output modeisaHG1 centered on | /2. The zeroth-order mode for the shorter fiber isadistorted
HGL1 function centered alsoon | /2.
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Fig. 13. Numerical study of the Green function Gs with pump p as HGO and pump q as
HGL1. Inall thecases y = 0.1. (a) A plot of the Green function for 1 /7 = 1. (b) The Green
function for thelong fiber interaction, 81/t = 4. (c) Thefirst 10 Schmidt coefficientsfor the
two fiber lengths, where the open circles are for the longer case. The longer oneis clearly
separable. (d) Thefirst two output Schmidt modes for each of the numerical studies, again
black is for the lowest-order mode and blue for the next one, while dashed curves are the
ones for the longer fiber. The long fiber first-order Schmidt mode is a HG1 centered on
Bl /1t = 2 like expected, whereas the one for the shorter fiber is slightly distorted.
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Fig. 14. Plots of the Green function G;s where both pumps are HG1 functions and y = 0.1.
(8) A contour plot of the Green function for the fiber length 81 /7 = 1. (b) The contour plat,
for Bl /T = 5. (c) The computed first 10 Schmidt coefficients for the two fiber lengths, open
circles are again for the longer fiber which is clearly separable. (d) A plot of the lowest-
order output Schmidt mode as well asthe theoretical HG1 modes. The black curves are for
the shorter fiber and the dashed curves are the numerically found Schmidt modes. The input
modes have not been plotted since they coincided (as expected) with the output modes.

4.4. HGLHGLL pumps

The final case considered is two identical HG1 pumps. Due to the larger width of the HG1
pumps, we consider 1/t = 5 to ensure separability. The result is seen in Fig. 14. From
Fig. 14(b) and (c) it is clear that the Green function is separable for a sufficiently long fiber,
which is expected. Considering Eq. (72), we expect the output and input modes for the sep-
arable case simply to be copies of the two pumps. This is indeed confirmed from Fig. 14(d)
where the HG1 pumps coincide with the lowest-order input and output Schmidt mode (only the
output mode has been plotted here since it was indistinguishable from the input mode). Again
the shorter fiber leads to a dlightly distorted HG1 mode. With this study we showed that FC is
possible for relatively short fibers and more complicated pump-shapes.

5. Conclusion

In this paper we considered quantum-state preserving frequency conversion in both the
frequency- and the time-domain using a perturbative analysis that is valid for low conversion
efficiencies. The theoretical foundation was discussed and the Green function formalism intro-
duced. The Schmidt decomposition was used as a useful tool to discuss separability and the
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temporal modes comprising the Green functions. The Schmidt modes of the Green function
are the natural input and output modes of the process. Next the Green functions were obtained
in the frequency-domain in the low-conversion limit for stationary pumps that do not convect
with respect to each other. The stationary model is a simplification of four-wave mixing but
it isrealistic for three-wave mixing where there is only one pump. The results were obtained
using a standard analysis that assumes Gaussian pumps and the approximation of the system’s
sinc-function response by a best-fit Gaussian. The standard result was inverse Fourier trans-
formed to the time-domain. Using the time-domain collision method, the solution was found
in the time-domain for arbitrary pump-shapes and the effects of the assumptions made in the
standard analysis were discussed. It was shown that for relatively stationary pumps complete
separability is never possible for Gaussian pumps, and the conditions found using the standard
model are artifacts of the sinc/Gaussian approximation. However the Green functions are close
to being separable, and the predictions of the standard theory are reasonable in practice.

The collision method was generalized to also include convecting pumps. The Schmidt de-
composition was used to find the natural modes of the problem and obtain important limits that
allowed us to compare the stationary and the convecting models. In the short-fiber limit the
predictions of the two models agree. It was also shown that convecting pumps alow for sepa-
rable Green functions for sufficiently long fibers. Thisisin contrast to the stationary result that
is only separable for one specific length. Additionally, we showed that it is possible to obtain
arbitrary reshaping of a signal by a proper selection of the pump pulses. This was confirmed
for simple Gaussian pumps and was aso shown to be possible for two Gaussian pumps with
very different widths. Finally higher-order Hermite-Gaussian shapes were also seen to alow
for separability and reshaping. Preliminary numerical results show that reshaping also occurs
in the high-conversion regime.

These results show that frequency conversion by four-wave mixing is avaluable resource for
guantum information systems, as an convenient and reliable source for reshaping and frequency
conversion, both of which are paramount for these systems to be used in practice. The low-
conversion analysis will be extended to the high-conversion regime in future work.

A. Appendix: Mehler identity and kernel decomposition
Decompositions of Gaussian kernels are made possible by the Mehler identity [54, 55]

t2(x% + 2t N
&P l‘ ((1—t2y)2 Ly (1_Xtyz) = (1-t))2 go Sy Hn()HA(y), (88)
where the Hermite polynomial
Hn(x) = €° (—dy)"e™* (89)
_ & / " (2ik)"e A g /Y2, (90)
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It follows from the integral representation (90) that

oo n 21y ppee o n - "
2 ﬁHn(X) Hn(y) _ e // 2 ( 2tk|) e7k272lxk67|272lyl dkdl
. —*n=0

=0 T n!
2
_ ex;yz //m o201 +ix)kg—12-2y1 gy
e

_ &[T a2 2y
= e dl
ml/2 /_oo
PC+y?) | 2y
(1t2)1/2eXp[_ 12 1t

; (91)

which proves identity (88). By multiplying this identity by exp[—(x? +y?)/2], one obtains the
related identity

(1+t5)(C+y%) | 2txy

R BT 1-12)

— [r(1—12)]V? iot“w<x>%<y>, (92)

where the (orthonormal) Hermite functions

Hn —x2/2
it = P SO

(93)

The Schmidt decomposition theorem [56, 57] states that a complex kernel K(x,y) may be
written asthe series

Kouy) = 3 A0 V() up(y)- (94)
n=0
The (non-negative) singular values A, are the (common) eigenvalues of the integral equations
Au(x) = Lyu(x), (95)
Av(x) = Lyv(x), (96)
where the hermitian (and non-negative) kernels are
Lu(x,X) = /N K* (¢ K (X", %) X 97)
Lu(xX) = /w K (%, X" )K* (X, X") A, (98)
and the associated eigenfunctions u and v satisfy the orthonormality relations
| unusx)dx = 8 = [ vV (99)
If Kisrea and symmetric, uand varereal and L, = L.
Suppose that
B (1) +Y) | 2y
Then the (common) hermitian kernel
1/2
| r(1-t?) (1+tH(+y?) 2%y
L(xy) = =Y o) o (102)
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It follows from Egs. (92) and (101) that
L(xy) =7m(1 2 2"y (X (102)

Hence, the eigenfunctions that appear in decomposition (94) are the Hermite functions vy, (X),
and the eigenvalues
An = m(1—t2)t2". (103)

These results also follow directly from Egs. (92) and (100).
For asymmetrically-pumped FC,

K (o, 0s) = exp|—(aw? + 2bw ws+ cw?) /2], (104)

where a, ¢ and ac — b? are all non-negative. One can rewrite Eq. (104) in the form of Eq. (100)
by defining

t = —[(ac)/? — (ac— b%)¥?] /b, (105)

X= 10, andy = tsws, Where
7 = [a(ac— b?) /c]Y/4, (106)
7s = [c(ac— b?) /a] /4. (107)

[The choice of root in Eq. (105) is determined by the requirement that t — 0 as b — 0]. The
resultis

wr,ws Zkl/zllfn Trwr ll/n(Ts(Us)

= Z (ln/rrrs)l/zrrl/ Yn(Trr) s 12 Vn(Tsws), (108)
n=0

where the singular values are specified by Egs. (103) and (105), and the eigenfunctions
rjl/zy/n(rj o) are normalized. If b is positive, t is negative and vice versa. However, the Her-
mite functions Eq. (93) do not depend ont and the singular values depend only on t2, so Egs.
(103) and (108) omit sign information as written. One can restore thisinformation by replacing
t with [t| and multiplying 7 or 15 by s; = —sign(c). This change is equivalent to changing the
sign of x or y in Eq. (100). By combining Egs. (105)—(107), one can show that

m(l-t?) 2r
s (ac)l/2+ (ac—b2)l/2’

(109)

Thisterm appearsin the formulafor the Schmidt coefficients associated with normalized eigen-
functions.

For reference, the Fourier transform of a Hermite function is also a Hermite function. This
result is a consequence of the fact that the Hermite functions are eigenstates of the harmonic-
oscillator Hamiltonian, which is symmetric with respect to the position and momentum opera-
tors. One can prove this by multiplying the Hermite generating function [55] by exp(—x?/2),
to obtain the identity

exp(—t2 4 2tx— x2/2) = 2 H X2/2). (110)
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By Fourier transforming both sides of Eq. (110), according to the conventions
F(k) = (21) 12 /_ " F (%) exp(—ikx) dx, (111)
F(x) = (2m)/2 /_ " F (%) explikx) dx, (112)
one obtains the transformed identity
S 17 n0ep(/2) e ik o (2
n:_ exp[—(—it)? +2(—it)k— k?/2]

- 5 St en(-1/2) (113

By equating the coefficients of t" in Eq. (113), one finds that
[ wnl exp(—ikog dx/ (2m)*2 = (<i)"yi(K), (114)

where v, was defined in Eq. (93). Hence, if the sideband wavepackets can be expressed as sums
of frequency-domain Hermite functions, they can be expressed as related sums of time-domain
Hermite functions.

The kernel was decomposed in the frequency-domain and the Schmidt modes were Fourier-
transformed to the time-domain. Alternatively one can inverse-transform the kernel directly to
the time-domain and then decompose it. To be able to compare the result in the time-domain
with what we obtained in the frequency domain we consider the generalized Gaussian in the
frequency-domain

F(or, —0s) = exp [~ (an? + 2bw;ws + c0?) /2] . (115)
By doing the requisite integrals explicitly, one can show that

ct? + 2bt;ts + at?

a2 | /@ (116)

Ft,t) =exp|—

which is valid for a and ¢ positive and ac — b? > 0. Equations (115) and (116) comprise a
specific example of the general transform relation

exp(—X'MX/2) > exp(—K'M 1K /2)/[det(M)]*/?, (117)

M isasymmetric matrix, X and K are column vectors, and the superscript t denotes atranspose.
Formula (117) isastandard result. It is proved in Appendix A of [58].

Comparing with Egs. (105)—107) the time-domain kernel has an analytic Schmidt decom-
position asitisin the canonical form. It has the same Schmidt-coefficients but the characteristic
time-scales are 1/, and 1/7s respectively. The time-domain Schmidt-modes are indeed Her-
mite functions, as stated previously.
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