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Quantum light sources are the core resources for photonics-based quantum information processing. We investi-
gate the spectral engineering of photon triplets generated by third-order spontaneous parametric down-conversion in mi-
cro/nanofiber. The phase mismatching at one—third pump frequency gives rise to non-degenerate photon triplets, the joint
spectral intensity of which has an elliptical locus with a fixed eccentricity of v/6/3. Therefore, we propose a frequency-
division scheme to separate non-degenerate photon triplets into three channels with high heralding efficiency for the first
time. Choosing an appropriate pump wavelength can compensate for the fabrication errors of micro/nanofiber and also
generate narrowband, non-degenerate photon triplet sources with a high signal-to-noise ratio. Furthermore, the long-period
micro/nanofiber grating introduces a new controllable degree of freedom to tailor phase matching, resulting from the pe-
riodic oscillation of dispersion. In this scheme, the wavelength of photon triplets can be flexibly tuned using quasi-phase
matching. We study the generation of photon triplets from this novel perspective of spectrum engineering, and we believe
that this work will accelerate the practical implementation of photon triplets in quantum information processing.

Keywords: photon triplets, micro/nanofiber, spectrum engineering

PACS: 42.50.Dv, 42.50.Ex, 42.65.Lm, 42.81.—1

1. Introduction

Photons are well suited for the implementation of major
quantum information processing (QIP) tasks, such as quan-
tum computation,!"-?! quantum teleportation,*! quantum key
distribution, and quantum metrology."”! These photonics-
based QIP creates demands for sources of single photons!®7]
and of multiple photons!>8! in quantum-entangled states. In-
deed, over the past few decades, spontaneous parametric
down-conversion (SPDC) in second-order nonlinear crystals,
as well as spontaneous four-wave mixing (SFWM) in third-
order nonlinear fibers, have emerged as the primary choices for
entangled photon pair sources in many QIP experiments.[%!0]
Importantly, photon triplet states have inherent advantages
in generating Greenberger—Horne—Zeilinger (GHZ) states!!!]
and the heralded generation of photon pairs.[!?] Several meth-
ods have been reported for generating photon triplets, in-

cluding cascaded photon pair processes!!?]

and quantum-
dot molecule schemes.[!* Nevertheless, these methods are
plagued by extremely low collection efficiencies. Third-order
spontaneous parametric down-conversion (TOSPDC), the in-
verse process to third-harmonic generation (THG), where a
pump photon is annihilated to simultaneously give birth to
a photon triplet governed by energy and momentum conser-
vation, may lead to the generation of GHZ states without
post-selection. U5-171 Fyrther, TOSPDC introduces three-mode
squeezing operators to directly facilitate the realization of non-

Gaussian states,!'%1°) while two-mode squeezing operators

fCorresponding author. E-mail: weizhengtong1987@126.com
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lead to Gaussian squeezed states. Despite TOSPDC’s promis-
ing prospects for QIP, it confronts some technological chal-
lenges due to the weak third-order nonlinearity of typical opti-
cal materials and difficulties in achieving phase matching.[?"]

A micro/nanofiber is an optical fiber with a core diam-
eter approaching the submicron scale, a size comparable to
the wavelength of the transmitted light. Here, the effective
nonlinear-optical coefficients are significantly enhanced due
to the reduced mode area and field enhancement that results

(21.22] The typical method for fabricat-

from tight confinement.
ing micro/nanofiber involves heating and stretching standard
optical fibers until they reach a predetermined diameter.[>3! In
addition, the use of direct mode cutoff feedback can signifi-
cantly enhance the accuracy and precision of real-time diame-
ter control during the fiber-pulling process.>*>* Note that the
cladding of the original fiber acts as the core confining light,
while the surrounding air serves as the new cladding. It is
such a large step in the refractive index that tightly confines the
mode inside the core. Furthermore, phase matching is actually
dependent on the chromatic dispersion of the fiber. The ability
of a micro/nanofiber to support multiple transmission modes
enables phase matching of TOSPDC through so-called inter-
modal phase matching, where the pump operates in a high-
order mode while the photon triplets are in the fundamental
mode. Also, waveguide dispersion contributes greatly to chro-
matic dispersion, suggesting that photon-triplet wavelengths
can be widely tailored by changing the micro/nanofiber diam-
eter. The pigtail of the micro/nanofiber is retained as a stan-
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dard optical fiber, which is beneficial for accessing the fiber
quantum network with minimal coupling loss.

In this work, we study the spectrum engineering of
photon triplets generated from micro/nanofibers and long-
period micro/nanofiber gratings. A multitude of theoreti-
cal and experimental studies have focused on realizing phase
matching for degenerate signal frequencies to improve the
efficiency of photon triplet generation, using methods such
as fiber dispersion tuning,[>>2°! nonlinear phase modulation
enhancing?’! and quasi phase matching (QPM). >3 Some
studies have validated these design schemes experimentally
through THG.!'7?%1 Nonetheless, spectrum engineering, es-
pecially for non-degenerate photon triplets, has rarely been
reported. In fact, phase mismatching at one-third pump fre-
quency gives rise to non-degenerate photon triplets without a
decrease in efficiency. An increased phase mismatching corre-
sponds to a broader signal bandwidth, indicating that the col-
lection efficiency of photon triplets decreases and the noise in-
creases. Further, the photon triplets need to be separated into
three channels for practical applications in QIP. To the best of
our knowledge, we provide a frequency-division scheme with
high heralding efficiency for the first time. Moreover, we pro-
pose a QPM scheme to generate tunable-wavelength photon
triplets in a long-period micro/nanofiber grating. The results
presented can also be extended to many optical materials and
waveguide geometries where TOSPDC occurs.

This paper is organized as follows. In Section 2, we in-
troduce the quantum theory analysis of TOSPDC and give the
expression of joint spectral amplitude. In Section 3, we inves-
tigate the ellipse locus of joint spectra, and based on this, in
Section 4, we propose a frequency-division scheme to separate
non-degenerate photon triplets into three channels. Also, we
study the tunable-wavelength photon triplets based on QPM
in Section 5. Conclusions and some perspectives are drawn in
Section 6.

2. Photon triplet states

The TOSPDC process is a third-order optical nonlin-
ear process, originating from the third-order susceptibility
%), The annihilation of individual photons from the pump
modes gives birth to photon triplets, as shown in Fig. 1. The
three emitted signal modes are referred to as signal-1 (r),
signal-2 (s), and idler (i) with angular frequencies @, @
and j, respectively. Pump angular frequency is denoted as
@p. This TOSPDC process occurs by satisfying the energy
conservation @; + @ + @; = ®, and phase-matching condition
AB = Bp—B:— Bs— Bi — Bnr. =0, where B (j=p, 1, 8, 1) is the
mode propagation constant for the four participating fields and
BN is the nonlinear contribution resulting from cross and self-

phase modulation.?”) AB is known as the phase mismatch.

Photon
triplets

Pump
photon

Fig. 1. The TOSPDC process in micro/nanofiber. A pump photon decays
into photon triplets. Additionally, the intensity distributions of the two
mode fields are shown below.

The light—matter interaction Hamiltonian for the TOSPDC is

given by (20311

Hi(t)

= 2601(3) /V dVES (r,0)E) (r,)ES) (r,) ES) (1), (1)
int

where ¥ is the cubic susceptibility, €q is the vacuum per-

mittivity and the integral is evaluated over the cubic interac-

tion volume Vjy. The subscript i denotes the idler, and the

other i signifies the imaginary unit. We describe classically

the strong pump fields, in terms of monochromatic pump, its

positive-frequency components can be written as

EgP (r,1) = EAp(x,y) e i )0 =anr), @
where A, (x,y) represents the normalized transverse field dis-
tribution, S, is the pump propagation constant varying along
fiber length (z-axis). &, denotes the pump-field amplitudes,
& = /(2B,)/(eocn(wp)) with pump power F,, speed of

light in vacuum c, refractive index »n and pump angular fre-

quency @,. Further, the weak emitted modes are described by
negative-frequency components of the electric field operator
B (with w=r,5, 1)

£ ()

) (r,1) *i(féﬁu(Z’)dZ’*wuf), (3)

ZE Ay (x (au)e

where Ay (x,y) represents the normalized transverse field dis-
tribution, S, is the mode propagation constant and a' (@)
is the frequency-dependent creation operator. &, denotes
the field amplitudes, &, = /(2hwy)/(eocn(wy,)Ty) with re-
duced Planck constant 72 and quantization time 7. The time-

evolution operator is U = exp (# Iz, dtI:II), in which the
“i@pmo-o-a)t g — 21§ (@, — @ —

s — @;) emphasizes the energy conservation rule. Using the

time integration [~ e

first-order perturbation theory, the output states can be written
as

W)= |15 [ arhi0)] 0= 10,100+ .
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Therefore, we obtain the photon triplet states in terms of the
fiber length L

3
lys) = ”€°" 2226 EIEE fons

W s ;

L. N A
xﬂlfﬁ”““de@mw@menmmmmm
(5)

where f,si accounts for the effective interaction area among
the four fields, expressed as firsi = [[in ApArAsA; dxdy.

Importantly, the rates of photon-triplet emission are in di-
rect proportion to N; with

Ne = Y (ws]@" (an)a(on) ly3)
o8

72hP,

2 Flar, o, @) dorda,da, 6)

where Y is the nonlinear coefficient of the TOSPDC process,
expressed as

_ X(S) wpfprsi
deoc? /(@ n(orn(@)n()

; )

and joint spectral intensity (JSI) | F (o, @, @;)|* is related to
the probability of photon triplets emitted at frequencies of w,
s, and ;. In Eq. (6), the product term }/fa)ra)sa)i / a)g has a
slowly-varying dependence on frequency within the spectral
range of interest,/>! such that we neglect this dependence and
characterize the spectral properties of photon triplets with the
joint spectral amplitude (JSA) F (o, @, @), given by

L 2 / !
F(ax, o5, o) :/0 e 18P0 gz, (8)

Obviously, due to the energy conservation rule @, = @; + s+
;, it can be shown that

F (o, 05, %) = F(@p — 05 — 0, 0, @),

Note
that in terms of homogeneous fiber with unchanged phase mis-
match AB(z) along fiber z axis, F (@, @5, ®;) can be reduced
as

indicating that therein lies only two free frequencies.

F(or, 05, 0;) = Lel z smc( ﬁL) 9)

In this case, the JSI | F(ax, o, )|* = L2sinc?(ABL/2) and
thus phase matching A = 0 corresponds to the most efficient
photon-triplet emission.

Generally, the fulfillment of phase matching resorts to the
so-called intra-modal phase matching, in which the pump is in
a higher-order mode while the triplet photons are all in the fun-
damental mode (HE{; mode). Here, the micro/nanofiber used

to generate photon triplets has a submicron diameter, such that
changing diameter drastically influences the contribution of
waveguide dispersion to fiber dispersion. Figure 2(a) shows
the effective refractive index of various modes versus the mi-
cro/nanofiber diameter. Here, the black curve denotes the
fundamental mode with a wavelength of 1551 nm (angle fre-
quency m;), while the colorful curves represent higher-order
modes with a wavelength of 517 nm (angle frequency s,
@3 = 3wp). In the case of continuous-wave (CW) pump with
low peak power, the nonlinear phase mismatch By is negligi-
ble and the phase matching is rewritten as neg(3) = neg(@;)
corresponding to the intersections between black curve and
colorful curves. Even if multiple higher-order modes enable
one to fulfill the phase matching of the TOSPDC process,
most of them are inaccessible due to their poor overlap inte-
grals fsi and the difficulty in coupling pump into higher-order
modes. The favorable regime occurs when the visible pump
light is guided in the HE;» mode, and the micro/nanofiber di-
ameter is 767 nm, corresponding to the black dot in Fig. 2(a).
The pump wavelength of A, = 517 nm and the diameter
of dy = 767 nm are referred to as reference values. More-
over, the intensity distributions of the HE; (®; ) mode and the
HE 2 (®3) mode are shown in Figs. 2(b) and 2(c), respectively.
It turns out that the overlap integral for the combination of
HE; (@) and HE,(®3) is the most efficient for generating

photon triplets. 2]

HE, (w)

(b)

Metf

1.0 = . ; ;
400 600 800 1000 1200 1400 1600
Diameter (nm)

Fig. 2. (a) The dependence of the effective refractive index neg on the
micro/nanofiber diameter for various higher-order modes at a wavelength
of 517 nm and for the fundamental mode at a wavelength of 1551 nm.
(b) and (c) The intensity distributions in terms of HE;; (®;) mode and
HE)2(w3) mode, respectively.

3. Joint spectra with ellipse locus

In the process of TOSPDC, the pump wavelength and
micro/nanofiber diameter may deviate slightly from their ref-
erence values, whereas the rules of energy conservation and
phase matching can still be satisfied resulting from non-
degenerate photon-triplet frequencies. In addition, non-
degenerate TOSPDC with phase matching also maintains ef-
ficient photon-triplet emission, unlike the process of THG.
Figure 3 shows the results of simulated photon-triplet JSI in
the space of { ws, @;, @} with brighter one representing higher

probabilities of emission. As for the monochromatic pump,

034208-3
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the JSI is pasted upon the plane of s+ @; + @ = ®, due to
energy conservation. Thus, we project JSI onto the three co-
ordinate planes to obtain each marginal distribution. Here, the
pump wavelength is shifted by —0.2 nm with A, = 516.8 nm.
Obviously, the non-degenerate JSI has a form of closed-loop
belt and is absent from an emission maximum at the loop cen-
ter with frequency of @y /3.

1.28p

w, (10'° rad/s)

Fig. 3. JSI in the three-dimensional space of {@s, ®;, @} in terms of the
frequency non-degenerate configuration. The violet plane stands for the
plane of @s + @; + @ = ®,. Three marginal distributions are projected on
the corresponding coordinate planes.

Energy conservation enables one to fix @ by @ =
o, — s — @, resulting in existing only two free frequencies
in JSI, such that two-dimensional marginal distribution will
be enough to account for photon-triplet spectral characteris-
tics. Figures 4(a) and 4(c) show the photon-triplet JSI in the
{ws, w;} plane for non-degenerate regime (4, = 516.8 nm)
and degenerate regime (A, = 517 nm). In order to ana-
lytically investigate the locus of JSI, we expand the HE(;
mode propagation constant 8, (with u =r,s,i) in a second-
order Taylor series about the frequency @,/3, i.e., Bu () =
Be(0p/3)+B.") (04— 0p/3) +(1/2) B (0 — 0p/3)?, where
Bs(m) = (d’”ﬁs/da)’“)w:wp/3 with m = 1,2. Substituting the
above expansions into the phase-matching relation A =0 and
using the energy conservation to simplify the linear terms, we
get an ellipse locus for the frequency combinations of perfect
phase matching, expressed as

20,\° | 82 4[By—3Bs (wp/3) + Pur]
(5+—3> I s . (10)

where 6, = @, + @; and 6_ = ®; — ®;. Then, we ignore
the effect of nonlinear phase matching, such that the mi-

nor semi-axis length of the ellipse can be written as R =

2
V41838 (@,/3)] /3B,
In the case of non-degenerate frequency, R > 0 gives
rise to an ellipse-belt JSI in shape, while in the case of de-

generate frequency, R = 0 gives rise to an ellipse-cake JSI
in shape. The highest emission probabilities occur at fre-

quencies satisfying the ellipse equation in Eq. (10) and they

get identical probabilities for both of degenerate and non-
degenerate cases above. Furthermore, degenerate photon
triplets get a Gaussian-approximation output spectrum, while
non-degenerate photon triplets get a concave output spectrum,
as shown in Figs. 4(b) and 4(d). The two highest values of the
concave spectrum correspond to the left/right extreme points
of ellipse; using analytic geometry methods, the bandwidth of
the concave spectrum reads 2+/2R. Note that there are multi-
ple weak ellipse belts, attributing to the assistant peaks in sinc
function plots, thus they rapidly oscillate and decay.

(c)

1.24
1.23

1.22

w; (10" rad/s)

1.191.201.21 1.22 1.23 1.24
w, (10'° rad/s)

1.191.20 1.21 1.22 1.23 1.24
w, (10*° rad/s)

B m) M@

Signal intensity
(arb. units)
o
o

Signal intensity
(arb. units)
=}
o

0
1.191.20 1.21 1.22 1.23 1.24
w, (10*° rad/s)

0 1.191.201.21 1.221.23 1.24
w, (10'° rad/s)

Fig. 4. JSIs in the {ws,®;} plane, corresponding to the marginal dis-
tribution, for the non-degenerate regime (a) and degenerate regime (c).
Both JSIs are normalized by the total conversion probability. Addition-
ally, their normalized output signal spectra are shown in panels (b) and
(d), respectively. In panel (a), the red dashed curve, originating from
Eq. (10), outlines an ellipse locus representing the highest emission prob-
ability. Two white arrows denote the major axis §_ and minor axis &,
and they have 135° and 45° in intersection angle with the @; axis, re-
spectively. The location of the ellipse center is (2ap/3,0) in {6.,56_}
coordinate plane.

4. Frequency-division scheme to separate pho-
ton triplets into three channels

A critical procedure for a TOSPDC photon-triplet source
to be practically applied to quantum information technology
is to separate photon triplets into three frequency channels.
Hence, detecting one of the photon triplets heralds the remain-
ing photon pairs. Fortunately, in terms of non-degenerate pho-
ton triplets, the fixed eccentricity v/6/3 in the ellipse locus of
JSI provides an option of the frequency-division scheme with
high-enough heralding efficiency. The frequency-division
scheme we give is shown in Fig. 5, wherein the simulation
parameters of JSI are identical to that in Fig. 4(a). Here, the
diagonal line in equation of w; = @; intersects the ellipse of
perfect phase matching at two points, accordingly, we can di-
vide the whole spectrum into three channels.

We assume an ideal rectangular filter and that channels 1,
2 and 3 are of identical bandwidth. Therefore, we can obtain
visually the channels in which s-signal and i-signal photons
are located from the marginal JST in the { @, @; } plane. Identi-
fying the channel where r-signal photons are located is crucial

034208-4
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for increasing efficiency. If @ + o; = 2m,/3 + v with v repre-
senting the frequency deviation, we have @; = @,/3 — v. For
example, in terms of point A in Fig. 5, v indicates the vertical
distance from the white dashed line ws + @ = 2m,/3. Then
we move the point (@,/3,®,/3) with —V to obtain the chan-
nel of r-signal photons. Particularly, the heralding efficiency
in terms of Fig. 5 is up to 94.4%.

Channel 1 Channel 2 Channel 3
1.24
0]
E
<)
1.23 LE
O
)
= 1.22 o~
8 T
S <
Z 1.21 [}
5
—
1.20 _(g
g
®
=
O
1.19

1.19 1.20 1.21 1.22 1.23 1.24
w, (10% rad/s)

Fig. 5. Frequency-division scheme to separate non-degenerate photon
triplets into three channels. The frequency-division channels 1, 2 and 3
are divided by the red lines. The coordinate equation for the white dashed
line is @, + @; = 2@, /3 and the coordinate equations for the two solid
lines are @ + @ = 2@,/3 £ R/+/2. Thus, these shadow regions represent
that photon triplets can not be absolutely separated, resulting in a slight
decrease in heralding efficiency.

In Fig. 5, these shadow regions correspond to that photon
triplets may not be absolutely separated into three channels,
while other regions correspond to complete separation. Ob-
viously, a degenerate source of photon triplets will give rise
to a low heralding efficiency. In fact, the decrease in herald-
ing efficiency mainly arises from the thickness of the ellipse
belt as well as the assistant peaks of the sinc function. Both
of the above-mentioned flaws can be mitigated by increasing
the fiber length (see Eq. (9)). In addition, the broad ellipse
loci suffer from a lot of fluorescent background, such that the
frequency-division bands collecting signal photons should be
set narrow enough to increase the signal-to-noise ratio.

The frequency-division scheme is realised using a fre-
quency divider. The fabrication of this frequency divider can
utilize the same technologies as the wavelength-division mul-
tiplexer in fiber communication systems. Furthermore, in or-
der to increase the heralding efficiency, the frequency-channel
edge should be steep and the channel position in the spectrum
should align with the preset value.

Due to a fixed eccentricity of the ellipse locus, the band-
width of photon triplets depends on the minor semi-axis length
R. Figure 6 shows R? versus pump wavelength shifts 4, — A0
in terms of various micro/nanofiber diameter deviations d — dj.

The black dashed line marks R = 0, indicating degenerate pho-
ton triplets. A positive R? corresponds to non-degenerate pho-
ton triplets, while a negative R represents an unaccessible
generation of photon triplets in the absence of phase match-
ing. Obviously, around the reference value, the simultaneous
decrease in micro/nanofiber diameter and increase in pump
wavelength will result in the disappearance of photon triplets.
As shown in Fig. 7, the ellipse width can be adjusted by chang-
ing the diameter and pump wavelength. Due to the square root
function form of R, the ellipse loci in Figs. 7(a) and 7(b) be-
come denser from the inside out. Furthermore, changing the
pump wavelength will move the ellipse center, while changing
the diameter will keep the ellipse center fixed. Importantly,
even if the diameter deviation from the reference value, result-
ing from micro/nanofiber fabrication error, may broaden the
bandwidths of the photon triplets or destroy phase matching,
choosing an appropriate pump wavelength can compensate for
this error and give rise to a narrowband, non-degenerate pho-
ton triplet source, as illustrated in Fig. 7(c). In addition, as
can be seen from Fig. 7(a), a pump with a wider spectrum will
result in broadening the thickness of the ellipse belt, thereby
lowering the heralding efficiency. Therefore, it is necessary to
choose pumps with narrow enough bands.

0.15 T
d—dy =20 nm
—d—dy=10 nm
0.10 d—dy=0 nm

—d—dy=—10 nm
—d—dy=—20 nm

A
—0.05 \

_0.10 1 1 1 1
—10 -5 0 5 10

Ap—Apo (nm)

R? (10%° rad?/s?)
o
o
St

Fig. 6. The R? versus pump wavelength shifts A4, = A, — Ay in terms of
various micro/nanofiber diameter deviations Ad = d —dy. Ayo =517 nm
and dyp = 767 nm are the reference values for pump wavelength and mi-
cro/nanofiber diameter, respectively, to perform degenerate perfect phase
matching. Point A corresponds to A, = 0 and Ad = 0.

Q) 1.4 ®)
= ’ B
E
-
& 1.2
ha
p
1.0

1.2
}.21 1.23 1.25
wy (10%° rad/s)

1.1 1.2 1.3 14 1.0 1.2 1.4
w, (10'° rad/s) wy (10 rad/s)

Fig. 7. (a) Ellipse loci corresponding to various AA, of 0 nm, —1 nm,
—2 nm, —3 nm and —4 nm in the order from the inside out. (b) El-
lipse loci corresponding to various Ad of 0 nm, 5 nm, 10 nm, 15 nm and
20 nm in the order from the inside out. (c) JSI with A4, = —6.42 nm and
Ad = —10 nm. Some plots marked with capitals A—F correspond to the
dots in Fig. 6.
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5. Tunable-wavelength photon triplet genera-

tion

Many applications of quantum information technique re-
quire multiple wavelengths, thus it is demanding to control
the phase matching for adjusting the photon triplet wave-
length. Phase matching mainly depends on the dispersion
characteristics of fibers, whereas after finishing the fabrica-
tion of micro/nanofiber, its waveguide and material dispersion
both are fixed, indicating a poor tunability of photon-triplet
wavelength, as illustrated in Fig. 6. Here, long-period mi-
cro/nanofiber grating emerges as a viable candidate for re-
alizing tunable-wavelength photon triplet source, in which
the periodic variation of dispersion along fiber length pro-
vides a new controllable degree of freedom to tailor phase
matching. In general, the fiber grating is modeled as adding
cosine oscillation term to the original refractive index, i.e.,
n(z) = np+Ancos(2mz/A), where ny is the original refractive
index, An denotes modulation depth of refractive index and A
is the grating pitch.3?) Note that An performs differently for
different fiber modes. Therefore, we rewrite the phase mis-
matching as

nz

AB(z) =a+bcos (ZA) , (11)

where a presents the original phase mismatch without the ef-
fects of grating, while b = Anzwy,/c — Anj(@s + @; + o) /c,
reduced to b = w, (An3 — Any) /c according to energy conser-
vation. Here, Anz and An; denote the modulation depth of re-
fractive index for HE, and HE{; modes, respectively. Further,
the accumulated phase mismatch from O to z can be written as

“AB()07 — s P (2
/()A[i(z)dz—az—i—znsm 1) (12)

Substituting Eq. (12) into Eq. (8) to obtain the JSA

F(a)rvw57wi)
_ /LeiféAﬁ(z’)dz’dZ
0
g=+o° L . 27
=Y J (bA>/ el(HTq)Zdz
gm—oo 2 ) Jo
—Lq:iwei(%%)LJ PAN Gine (9224141 (13
B e 1\ 2% 2 ’

where ¢ stands for integer and J,(-) denotes the Bessel func-
tion. The updated JSA consists of many sinc functions, inde-
pendent of each other, with the maximum amplitude J; (%)
So a+2mg/A =0 is the so-called QPM. Figure 8 shows the
plots of the Bessel function for various g. Bessel functions
perform decaying oscillation as x increases and have an un-
limited number of extreme values and zeros. Importantly, we
can adjust a by changing pump wavelength to realize QPM

with respect to different g, such that the wavelength of photon
triplets becomes tunable.

Figure 9 shows the JSIs of g-order QPM by using long-
period micro/nanofiber gratings. The preset ones are g = 2
and g = —2, respectively. JSI shows multiple concentric el-
lipse loci due to QPM, and each ellipse locus corresponds to
a g. From the inside out, g increases sequentially. Indeed, the
minor semi-axis length of the g-order ellipse is given by

4(a+2mq/A)
e

On the one hand, as shown in Fig. 9(a), no photon triplets are

R, = (14)

generated in such a homogeneous micro/nanofiber configura-
tion due to the absence of phase matching, while QPM en-
ables the regeneration of photon triplets. On the other hand,
as shown in Fig. 9(c), QPM can reduce the width of ellipse
and thus improve the signal-to-noise ratio. Here, ¢ = 0 corre-
sponds to the homogeneous micro/nanofiber.

1.0

0.5}
&
'ﬁb‘
0
—-0.5¢ ) ) ) ) )
-15 -10 -5 0 5 10 15
T

Fig. 8. The plots of Bessel function J, (x) for various ¢. Parity, J,(—x) =
(=1)1Jq ().

1.10 1.15 1.20 1.25 1.30
w, (10'° rad/s)

1.15 1.20 1.25 1.30
w, (10 rad/s)

1.0 1.0
(b) ’

(d)

Signal intensity
(arb. units)
e

o o
Signal intensity
(arb. units)
o
o

(=1

1.10 1.15 1.20 1.25 1.30 1.15 1.20 1.25 1.30
w, (10" rad/s) w, (10" rad/s)

Fig. 9. (a) and (c) JSIs for the g-order QPM. Panels (b) and (d) are
the normalized output signal spectra of TOSPDC corresponding to pan-
els (a) and (c), respectively. The diameter of micro/nanofiber is the
reference value 767 nm, fiber length L =5 cm and grating pitch A =
800 um. Anz —An; = 0.00198 and A, = 519.75 nm for panels (a) and
(b), Anz — Any = 0.00196 and A, = 514.24 nm for panels (c) and (d).

To enhance the intensity of preset g-order ellipse locus
and reduce the influences of other orders, the modulation depth

of refractive index needs to be set at a proper value in which
bA /27 corresponds to the first extreme point of J,(x). Thus,
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it is necessary to change the modulation depth of the refractive
index as needed. Here, we provide a feasible suggestion that
mechanically induced long-period fiber gratings, as discussed
in Refs. [33,34]. Moreover, the thickness of outer ellipse belts
is too thin to accumulate stronger intensity contributions. Fig-
ures 9(b) and 9(d) show that the outer ellipse loci contribute
much to the overall output spectra, but these contributions are
mainly concentrated outside the frequency-division band, at
the same time, the central part of the spectra corresponding to
the preset ellipse locus exhibits a very prominent intensity. Us-
ing the frequency-division scheme presented in Section 4, we
can effectively eliminate the influences from undesired orders
of QPM.

6. Conclusion

We theoretically investigate the engineering of photon-
triplet spectra generated from micro/nanofiber. Firstly, we
provide the expression of JSA in the process of TOSPDC. In-
deed, the JSI is correlated with the probability of photon-triplet
emission. The most efficient emission occurs when phase
matching is fulfilled, resorting to intra-modal phase matching
where the pump is in HE > mode while the photon triplets are
all in HE{; mode. Further, the two-dimensional JSI shows
an ellipse locus with a fixed eccentricity of v/6/3. Accord-
ingly, we present a frequency-division scheme to separate pho-
ton triplets into three channels with high heralding efficiency.
The decrease in heralding efficiency primarily results from the
thickness of the ellipse belt as well as the assistant peaks of
the sinc function. Both of them can be mitigated by increas-
ing the fiber length. In particular, the width of the ellipse lo-
cus depends on the phase mismatching at one—third pump fre-
quency, such that one can adjust the width of the ellipse locus
via changing pump wavelength or micro/nanofiber diameter.
Importantly, choosing an appropriate pump wavelength can
compensate micro/nanofiber fabrication errors and give rise to
a narrowband non-degenerate photon triplet source with a high
signal-to-noise ratio. Notably, long-period micro/nanofiber
gratings exhibiting periodic oscillation of dispersion along the
fiber length provide a new controllable degree of freedom to
tailor phase matching. Thus, QPM is introduced and plays a
dominant role in the generation of tunable-wavelength photon
triplets. We believe that this work provides a unique pathway
towards tunable-wavelength photon triplet sources with high
signal-to-noise ratios for applications in quantum information
technologies.
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