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Generation of spectrally uncorrelated biphotons via fiber
nonlinear quantum interference

Zhengtong Wei( L1E4L), Chuan Qu(#2)1]), Tian’an Wu(% K %),
Yuanyuan Li(Z=§%#%), Bo Li(Z=1#), and Shenghai Zhang(7K i)
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Spectrally uncorrelated biphotons are the essential resources for achieving various quantum information processing
protocols. We theoretically investigate the generation of spectrally uncorrelated biphotons emitted by spontaneous four-
wave mixing from a fiber nonlinear interferometer which consists of an N-stage nonlinear gain fiber and an (N—1)-stage
dispersion modulation fiber. The output biphoton states of nonlinear interference are the coherent superposition of various
biphoton states born in each nonlinear fiber, and thus the interference fringe will reshape the biphoton joint spectra. As
a result, resorting to Taylor expansion to first order for phase mismatching, we theoretically verify that the orientation of
phase matching contours will rotate in a specific way with only varying the length of dispersion modulation fiber. The
rotation in orientation of phase matching contours may result in spectrally uncorrelated biphotons and even arbitrary corre-
lation biphotons. Further, we choose micro/nanofiber as the nonlinear gain fiber and single-mode communication fiber as
dispersion modulation fiber to numerically simulate the generation of spectrally uncorrelated biphotons from spontaneous
fourwave mixing. Here, due to significant frequency detuning (hundreds of THz), Raman background noise can be consid-
erably suppressed, even at room temperature, and photons with largely tunable wavelengths can be achieved, indicating a
practicability in many quantum fields. A photon mode purity of 97.2% will be theoretically attained without weakening the
heralding nature of biphoton sources. We think that this fiber nonlinear interference with the flexibly engineered quantum

state can be an excellent practical source for quantum information processing.

Keywords: photon mode purity, nonlinear quantum interference, group velocity matching

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

1. Introduction

Single photons and biphotons are the prominent carriers
for quantum information processing (QIP),!!! which typically
requires specific properties, particularly, uncorrelated spectra,
also known as spectrally pure states. Spectrally uncorrelated
biphotons are the essential elements in achieving high visi-
bility of quantum interference,>3! which yields a high op-
eration fidelity and a high probability of success for several
QIP protocols such as quantum teleportation, ! quantum key
distribution,®! and linear optical quantum computing.'®! Up to
now, heralding single photons or biphotons from spontaneous
parametric processes, mainly referring to spontaneous para-
metric down conversion (SPDC)!”-8] and spontaneous four-
wave mixing (SFWM), 11 are the most economic and effective
photon sources. In order to obtain precise time synchroniza-
tion with respect to photon arrival and to attain higher pump
peak power, pulsed lasers are selected as pump. However, due
to broadband nature of pump pulsed lasers and strict phase
matching condition in a dispersion nonlinear medium, the pho-
tons generated from these processes are of complicated fre-
quency correlation and temporal multi-mode nature. The most
common approach to obtain spectrally uncorrelated biphotons
is to reshape the spectrum with narrow-band filters, but this
method will degrade the brightness and weaken the heralding
nature of biphoton source. In addition, a more sophisticated

fCorresponding author. E-mail: Ccstshz@ 163.com
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acb767

way for combating this issue is to engineer the spectrum of
spontaneous parametric processes, where the group velocity
matching (GVM) is achieved.!®!%1 However, GVM crucially
depends on the dispersion exhibited by the nonlinear materials
and tends to occur only in specific wavelength ranges.!!!-1?!
The phase matching of spontaneous parametric processes
depends on dispersion characteristic of the nonlinear gain ma-
terial, such that engineering dispersion may affect GVM and
There-

fore, a nonlinear interferometer (NLI) can be used to engineer

further leads to spectrally uncorrelated biphotons.

quantum state. N-stage NLI, consisting of N-stage nonlinear
gain medium with one piece dispersion modulation medium
between every adjacent two, has applications in dispersion
compensation of optical parametric amplifier,!!*~'%) precision

phase measurement beyond standard quantum limit,[!7-1°]

20211 and bipho-

super-resolution spectroscopy and imaging!
ton spectrum shaping.*?! Cui et al.>>>] have demonstrated
that the spectrally uncorrelated biphotons can be obtained
via fiber NLI, therein dispersion-shifted fiber as nonlinear
gain medium and single mode fiber as dispersion modulation
medium in a small frequency detuning case. However, due to
the immovability in zero-dispersion wavelength of dispersion-
shifted fiber, the spectrally pure biphotons can only be ob-
tained around 1550 nm.

Therefore, we further analytically investigate the phe-
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nomenon that fiber NLI leads to the rotation of phase match-
ing contours, indicating the feasibility of spectrally uncorre-
lated biphotons and even arbitrary correlation biphotons. Mi-
cro/nanofiber (MNF) is optical fiber with diameters close to

[26] Tndeed, due to small

subwavelength or nanometer scale.
mode area and field enhancement originated from the tight
confinement, the efficiency of SFWM enhances significantly
in MNF. We present a practical scheme of fiber NLI, therein
MNF as nonlinear gain medium and single-mode communica-
tion fiber as dispersion modulation medium to generate spec-
trally uncorrelated biphotons. Here, spectrally uncorrelated
biphotons are generated from SFWM in the significant fre-
quency detuning (hundreds of THz) cases. Thus, photons
with largely tunable wavelengths can be achieved, and Raman
background noise can be considerably suppressed.

In this paper, we first introduce the theory of biphotons
and its mode purity dependent on Schmidt decomposition. We
give the GVM condition for generating spectrally uncorre-
lated biphotons. Then, we present a structure of N-stage fiber
NLI and give a specific form of its output state. In addition,
we analytically investigate the underlying reasons, for which
NLI leads to the rotation of phase matching contours, and fur-
ther verify it by numerical simulation. For a significant fre-
quency detuning case, we numerically simulate the generation
of spectrally uncorrelated biphotons from SFWM in fiber NLI,
therein MNF as nonlinear gain medium and single-mode com-
munication fiber as dispersion modulation medium.

2. Spectrally uncorrelated biphotons

In general, ignoring multiphoton, we can present the
output quantum state of spontaneous parametric process as

follows: [27-281]

W) ~ |vac) +n %), ey

where 1] is a constant related to conversion efficiency, and |¥)
refers to biphoton states with a form of

|¥) = '/da)sda)i]-'(ws,a)i)c?j(a)s)&f(wi)|vac>. )

In the above expression, |vac) refers to vacuum state, a; (@)
and &f(a)i) are the creation operators of the signal and idler
fields in nonlinear fiber spatial mode at @w; and ®;, respec-
tively, and F (@, @;) is the joint spectral amplitude function
(JSA), which reveals the spectral entanglement properties of
biphotons. Here,

F (o, 0) = / dof (0)& (0s+ 0 — o)
X sinc {;Aﬁ (o, a)s,a)i)}

X exp [iéAﬁ (w7ws,wi)] ; 3)

where &£, (U = 1, 2) is pump spectral amplitudes for two
pumps, L is the length of nonlinear fiber, and Af is the phase
mismatch. Further, the squared absolute value of the function
| F (o, @)
the probability density of the photon pair generation as a func-

2, known as joint spectral intensity (JSI), describes

tion of the frequencies. In the case that the four participating
photons are linearly co-polarized, A is given by

AB (0,05, 0) = B(0)+ B (0s+ o — ) — B ()
=B (o) —(nP+nh), “

where [ is the propagation constant and the last term is
self/cross-phase modulation contribution given in terms of
nonlinear parameters ¥, and pump peak powers P, (1 = 1,
2).?7) For degenerate Gaussian pump, we know & (@) =
&> () and both of them in the formation of Gaussian function.
Then, using the linear approximation, Eq. (3) can be rewritten
as the product of pump envelope functions £(®) and the phase

matching function P (as, @), i.e.,['%>]

F(ax, 0) = E (s, a3)P (o, @;) (5)
with

(0 + @ —2ap0)
407

g(w57a)i) :Epoexp ’ (6)

Plon@) =sine |28 (@.0)| exp 588 @.00)] . O

where AB (@, ) = 2B[( +@)/2] - B(@,) — B(a) —27P,
n=r=v.PA=h="~P

Spectrally uncorrelated biphoton sources are character-
ized by F (s, ;) = S(s)Z(0;), for which S(ws) and Z(a)
depend only on @ and @, respectively. Typically, the purity
of single photons can be quantified via the Schmidt decompo-
sition of the JSA3%!

F(o5,0) =Y niSi(05) I (an), ®)
k

where mode expansion coefficients read r;, > 0 and ), r,% =1,
and two sets of orthonormal functions read {S(ws),Z(w;)}.
The Schmidt mode number is K = 1/Y; r,‘i, and the purity of
single photons is equal to 1/K. Using first-order Taylor expan-
sion of B(wy ) at @y,o where perfect phase-matching is attained
(1 =p, s, 1), phase mismatch can be approximately given by

AB = 17,Q + 1.4, )]

where 7, = Bl — B}, with B = dB (@) /dw]a, (j = p0,
s0, 10) is the so-called group velocity mismatch, Q5 = @, —
Wy, and Q; = @; — wyp. In addition, the phase matching angle
6;, i.e., the angle between perfect phase matching curve and
s axis in {@s, @} space, is given by 6, = —arctan(7s/ ;).
In order to analytically obtain the condition for generating
spectrally uncorrelated biphotons, we apply the approximation

064202-2
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sinc(x) = exp[—(ax)?] (a = 0.439), so that the simplified JSA
is written as

\2
F (2, 9) = exp [—(Q”Q‘) 2

2
4Gp

€Xp|:<463+ 4 g).(ZS
1 2L2 2
4c7p 4

1 2L2 §
_ (2+“ TST‘).QS.Qi]. (10)
20y 2

Obviously, the condition to eliminate the cross term of € and
.Qi is

. [(TS_QSJrTi_Qi)L]

%+a2Lzm =0, (1)
p

which implies that only if 7,7; < 0 is fulfilled, can an appropri-
ate pump or length of nonlinear fiber be chosen to achieve the
factorable JSA.3!! In particular, the case of 7, = —1; is defined
as symmetric group velocity matching (SGVM). Alternatively,
the case of 7, = 0 or 7; = 0 with a very broad bandwidth pump
enables Eq. (11) to be appropriately fulfilled, which is defined
as the asymmetric group velocity matching (AGVM).

3. Fiber nonlinear interference

As shown above, GVM in Eq. (11) is a powerful tech-
nique to generate the spectrum uncorrelation biphotons. Nev-
ertheless, GVM crucially depends on the dispersion exhibited
by the nonlinear materials and tends to occur only in specific
wavelength ranges. Here, we propose a fiber NLI scheme, as
shown in Fig. 1, to achieve GVM flexibly, in principle, at ar-
bitrary phase matching wavelengths of nonlinear fiber. The N-
stage nonlinear interference consists of N-piece nonlinear fiber
(NLF) and (N—1)-piece dispersion modulation fiber (DMF). It
is further assumed that each NLF has length INE while each
DMF has length LPM. Therefore, the DMF-induced phase
mismatch, analogous to SFWM, is given by

Ak( oy, @) = 2k(@p) — k(05) — k(a), (12)

where k is the propagation constant in DMF.

| NLFy DMFy_; NLEy_; DMF; NLF; I

_>D ...0 —

L1 1

Pump Idler Signal

Fig. 1. Schematic of N-stage fiber nonlinear interference consisting of
N-piece nonlinear fiber and (N—1)-piece dispersion modulation fiber.

Under the assumption of neglecting all transmission
losses, the output biphoton states of nonlinear interference are

the coherent superposition of various biphoton states born in
each NLF, such that the output biphoton states have a form of

’tyNLI> = |q/(1)>+’q1(2)>+...+‘q/(1\7)>
_ [1_~_ei<1>_~_ei2¢'_|_.”+ei(N71)<I>]||P(1)>

vac) +11 [ dodo M (@, 0) |, @) (13)

with
@ = AB(@y, )L™ + Ak(es, ) LY (14)
and the JSA of the output biphotons

‘FNLI(SMwi) = F (o, a) M(9)
= E(wy, ) [P0, ) M(9)],  (15)
where ¢ = &/2 and

N-1 :
_ ko _ SINNQ) v 1)e
M(p)=1+ k§=1 e = “Sing e ) (16)

Indeed, M (@) is the modulation function analogous to in-
terference term in a classical optics interferometer. Here,
M(¢p) modifies the phase matching function of biphotons
to PN (s, @) = P(ws, @) M(9). As depicted in Fig. 2,
|M (@) exhibits a periodic structure of narrow peaks that are
separated by 7, with N—2 vice peaks between adjacent promi-
nent peaks. The centers of prominent peaks coincide with each
other for various N, then the width of the peak diminishes with
increasing N.

4 N=4
N=3
3
s , N=2
=

0 05 10 15 20 25 3.0
o/

Fig. 2. Plots of | M ()| versus ¢ for various N.

Likewise, expanding ¢ to first-order Taylor series at the
perfectly phase-matched frequencies of @9, @0, and @y, re-
spectively, ¢ is approximatively given by

1
¢~ E(T;VLQSHFLQQLNL

1 k
+ 3 (tPMQ 4+ tPM Q) LPM - EOLDM

1
SN+ P 0,

1 k
+§LNL(‘L'1NL+§TPM).Qi+EOLDM, (17

where ?PM =kl — &) with kY = dk(@) /do]; (j = pO, 50,

(i) pO s(1)0 J
i0) is group velocity mismatch in DMF and Tf(% = ﬁéé) — ﬁs((ligo

064202-3



Chin. Phys. B 32, 064202 (2023)

with B = dB(0)/dolw, (j = po. s0, i0) is group veloc-
ity mismatch in NLF, ko = 2k(a@po) — k(owy0) — k(wy0) is a
constant, and & = LPM/INL (&£ > 0). Remarkably, Cui et
al.?#3032] revealed that the contour of |M(¢)| has an ap-
pearance of periodic parallel stripes, such that the orientation
angle of phase matching may vary to (0, w/2) and further
achieve GVM. Consequently, amounting to phase matching
curve, the orientation angle of these stripes, which is the an-
gle between connection lines of |M(¢)| peaks and ws-axis in

{@s, @} space, is determined by the first-order dispersion

&

Further, Eq. (18) can be rewritten as

’L'NL TDM
S S
NLI LM M
tan(ON) = — 5B S (19)

DM ]
1+ é T‘NL Y
1

Evidently, it suggests that tan(ONM) will vary from - /zNE
to TPM/ TiDM with & varying from O to o, indicating that the
orientation of phase matching will rotate in a specific way.
Concretely, we investigate this rotation process through the
various combinations for the values of tN-/tNL, ¢PM /DM
and ’L’iDM / ’L’iNL, as shown in Fig. 3. The x-axis and y-axis just
represent the signs of TV- /TN" and tPM /7ML, respectively, not
concrete quantity. Therefore, it is easy to realize the GVM, for

which, intuitively, the arrow rotates to the first or third quad-

NLI
tan(60 = 18 .
( ) TiNL +& TiDM (18) rant by only extending the length of DMFs.
z_iDM
NL DM 7. N
DM NL DM s
7, A s < “ < T, 1 DM TDM z_NL TNL z_DM
TDMS <0 ML vDM<O O_T-DM sDM<0 0< o < TN S Y
i i L L i . a 5 T
=00 i i i i i
Qi £=0 AQi &=0 40i £=0 2. Qi M Qi
N N s N
o5 25 o5 a5 o, Ns .
= Lo 1)
= - - T, N
1
o
4Qi Qi S50 AQi 40 Qi &5 A
=() &=0 =
4 =< N
J s s s s N s s
9 - 3
=00 L &0 £=0 0
DM NL NL DM DM DM DM NL NL DM
7 T T T T 7. [ s 7 %
=< 2—<) =< _ < 0<—= =<0 0< < S
TiDM TiNL TiNL T;DM TiDM InM TiDM iNL Z_im_ TiDM

Fig. 3. Rotation in orientation of phase matching contours in terms of various combinations of tN"/ TiNL, oM/ riDM, and TiDM / 'L'iNL. The
wavelengths are corresponding to the perfectly phase-matched wavelengths of SFWM in nonlinear gain fiber.

4. Rotation of phase matching contours

As for numerical simulation, we choose MNF as the NLF
corresponding to a significant frequency detuning case. Due
to small mode area and field enhancement originating from
the tight confinement, the nonlinear effect enhances signifi-
cantly in MNF. Shukhin et al. experimentally demonstrated
that the bright single photon sources can be generated by de-
generate SFWM in MNF. 3334 The signal photons are in fiber
telecommunication O-band which enables efficient transmis-
sion, while idler photons are in near visible light which has a
high detection efficiency. Firstly, we numerically investigate
the properties of biphoton JSA for SFWM in MNF. In general,
the MNF is fabricated from the standard single mode fibers
by using heating and stretching method,3>-*%! where the ra-
dius profile of MNF can be divided as two zones, a uniform
waist region in the middle and two bilaterally symmetric ta-
pered regions.*337) In addition, MNF pigtail remains standard
single mode fiber, indicating a low connection and transmis-

sion loss. The shape of tapered regions is in a form of expo-
nential function, which can be characterized by a parameter
o (—1 < a < 1), with a larger @ corresponding to a steeper
slope. The radius of tapered regions is given by
roe” , a=0,
_L
o1+ 2% T azo,

where ry is the initial radius and u is the length of waist region.

(20)

r(z) =

Noticeably, while the phase matching function will al-
ter due to the presence of tapered region, the pump envelope
function remains unchanged. In order to calculate the JSA
of biphotons, the overall MNF, including waist region and ta-
pered region, is divided by the T cross sections into several
parts whose length are all A, hence the total phase-matching
function is the superposition of those calculated for each cross

section!?”]

Plano) = Y [Sinc(AﬁgA> P (m[;m/\)

m=1
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T

Y, AB.A

n=m+1

X exp (i

where g, is related to SFWM nonlinear coefficient of mth sec-

tion. It can be written as
1

)

8 = T dx [ dyf2 ,(69) fs ()

with f,, (;(x,y) (j = p, s, i) denoting the transverse spatial

As (nm)

1314 1311 1307

2.312
2.310
2.308

2.306

w; (10%5 rad/s)

2.304
2.302

1.434 1.438

ws (1015 rad/s)

1.442

f;:,)i(xay)7

1314

1.434
ws (1

@1 distribution in the process of SFWM in mth section. Here, we
numerically simulate the JSA of biphotons with the MNF con-
figurations of 0.85 pm in diameter, 3 cm in waist region length
and o = 0.5, and the pump configurations of 1006 nm in cen-
(22) tral wavelength and 0.5 nm in spectral width. We show the
phase matching function, pump envelope function, and JSI in

Figs. 4(a), 4(b), and 4(c), respectively.

As (nm) As (nm)
1311 1307 1314 1311 1307
815.3 2.312 815.3
816.0 2310 816.0
<
el —
816.7 g £ 2.308 816.7 F
R =
817.4 2 T 2.306 817.4 <
3
818.1 2.304 818.1
818.8 2.302 818.8
1.438 1.442 1.434 1.438 1.442
0'° rad/s) ws (1015 rad/s)

Fig. 4. Numerically simulated phase matching function (a), pump envelope function (b), and JSI (c) for SFWM biphotons in MNF. Note that
frequency axes are labeled with the corresponding wavelength values.

1314 1311 1

2.312

2.310

2.308

2.306

2.304

2.302

2.312

2.310

2.308

2.306

w; (10 rad/s)

2.304

307

N=3
L= 14 cm

2.302
2.312
2.310
2.308

2.306

2.304
N=4
L°M=14 cm

1.434

2.302

1.438

)

1.

)

442

1314

As (nm)

1311 1307 1314 1311 1307

815.3
816.0
816.7
817.4
818.1

818.8

~

N=3
LPM=16.7 cm

815.3
816.0
816.7

/’ 817.4
818.1
N=4

LPM=16.7 cm '

1.438 1.442
ws (1015 rad/s)

N=4
L°M=24 cm
1.438

818.8

1.434 1.434 1.442

Fig. 5. Phase matching function PNLI(a)S, ;) corresponding to stage number N = 2, 3, and 4, respectively, and I[PM — 14 ¢m, 16.7 cm, and 24 cm,
respectively. (a)—(c) Corresponding to negative slopes, (d)—(f) corresponding to vertical direction, and (g)—(i) corresponding to positive slopes.
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Obviously, although the tapered region leads to a slight
deformation in the contour of phase matching function, it can
be deduced that the averages of T™- and tNL, with respect
to the overall MNF in our case, are both positive numbers,
ie., T > 0 and - > 0. In addition, due to the conserva-
tion of energy, the orientation angle of envelope function is
always —m /4. Therefore, the JSA, multiplication of Figs. 4(a)
and 4(b), appears with spectrum anti-correlation, as shown
in Fig. 4(c), where the contour of JSI is similar to an ellipse
with the major axis having a negative slope. In Fig. 4(c), the
red curve and white curve, corresponding to individual spec-
tral distribution of signal and idler bands, respectively, have a
Gaussian shape. The shadow bands represent the passive filter-
ing with rectangle filters, which enable spectrally uncorrelated
biphotons, however, in expense of reduction in brightness and
weakening in heralding nature.

Equation (11) reveals the prior condition for generating
factorable biphotons is GVM, i.e., 7,7; < 0. Hence, the group
velocity of the pump in the DMF should lie between the group
velocities of the signal and idler fields. For the SFWM where
Aio < Apo < Ao, GVM can be fulfilled in a common isotropic
materials like silica. Here, we use single-mode communica-
tion fiber (9 um in core radius and 0.14 in numerical aperture)
as DMF to numerically simulate the rotation of phase match-
ing contours by varying the length of DMF, as shown in Fig. 5.

In our case, TV > 0, TNE > 0 and tPM > 0, T°M < 0, such
that Fig. 5 corresponds to the first case of the fourth quadrant
in Fig. 3. The red arrows and white arrows represent the ori-
entation of phase matching contours for single MNFs (£ = 0)
and nonlinear interferometers (§ > 0), respectively. Due to
PN (@, 3) = P(ws, @) M (@), the interference term M (@)

modulates the single long phase matching band into periodic
short strips with the same shape, and further changes the ori-
entation angles. In this case, only if the bandwidth of M(@)
is much smaller than that of P(ws, @), will the contours of
PNU(@, @) significantly rotate, which can be realized by
increasing the stage number N. By extending the length of
DMFs, the slopes of phase matching contours vary from nega-
tive to positive. Due to the sidelobes of sinc function and vice
peaks of M(¢), there are lots of dispersed disturbance cakes
which will decrease the purity of single photon modes.

5. Generation spectrally uncorrelated biphotons
in fiber NLI

Equation (11) reveals that only if the phase matching con-
tours have a positive slope may spectrally uncorrelated bipho-
tons be generated by choosing an appropriate pump band-
width. Due to the PN (wy, @) contours consisting of many
periodic short strips with same shape, the JSI will have a pat-
tern of discrete ellipse. Here, we assume that the length of
single-mode communication fiber is 24 cm, i.e., LPM = 24, and
N =2, 3, and 4, corresponding to Figs. 5(g), 5(h), and 5(i), re-
spectively. Then, the JSIs are shown in Fig. 6. We choose ap-
propriate pump bandwidths to make the major axis of ellipses
horizontal or vertical, indicating uncorrelation spectra. In gen-
eral, we substitute linewidth for bandwidth. As for N =1, 2,
and 3, the linewidths are 0.7 nm, 0.35 nm, and 0.25 nm, re-
spectively. In the cases of N > 3, there are N — 2 secondary
ellipses between two adjacent primary ellipses, and the inten-
sity ratio between the primary and secondary ellipses increases
with the increase of N.

As (nm)
1314 1311 1307 1314 1311 1307 1314 1311 1307
2.312 ) N=3 (@) N=4
AX, =0.35 nm AXp = 0.25 nmj
2.310 .
< 2.308 :
= .
S 2.306
Z
3 2304

2.302

1.434

1.438 1.442

1.434

1.438

1.442

1.434

1.438 1.442

ws (1015 rad/s)

Fig. 6. JSIs of spectrally uncorrelated biphotons and individual spectral distributions of signal and idler bands. The MNF configuration is the
same as that of Fig. 4. The red and white curves represent individual spectral distributions of signal and idler bands, respectively.

The marginal intensity distributions in signal and idler
both have several peaks and Gaussian envelopes. Thus, in
term of same filtering band, compared with filtering directly
in Gaussian spectrum, filtering the center primary peak will
improve the spectral brightness. Furthermore, a larger stage

number, however, corresponds to a smaller ellipse, indicat-

ing a narrower bandwidth and then the central wavelengths of
the primary ellipses remain unchanged. Although the spectral
overlap of adjacent ellipses leads to a weak fringe visibility of
marginal intensity distributions in both signal and idler bands,
as shown in Fig. 6(a), the fringe visibility will significantly in-

crease with N, as shown in Figs. 6(b) and 6(c). Therefore, we

064202-6



Chin. Phys. B 32, 064202 (2023)

can use passive filters in single and idler paths to extract the
center primary ellipses, thus to obtain spectrally uncorrelated
biphotons without weakening the heralding nature of bipho-
ton sources. As shown in the inset of Fig. 6(c), and the mode
purity is 97.2%.

Further, we can adjust the length of DMF to realize /4
(or —37/4) orientation angle for phase matching contours,
such that the bandwidths of single and idler are equal. As

shown in Fig. 7, the MNF parameters given in Fig. 4 are used
as well, and LPM = 43 cm. For N = 2, 3, and 4, the linewidths
are 0.25 nm, 0.15 nm, and 0.1 nm, respectively. Obviously, the
discrete spectra have a round shape, and the marginal intensity
distributions of signal and idler are the same. After passive fil-
tering, we can obtain the spectrally uncorrelated biphotons, as

shown in the inset of Fig. 7(c), and the mode purity is 96.4%.

As (nm)
1314 1311 1307 1314 1311

N=2 (b)
AN, =0.7 nm )

2.310 &
2.308

2.306

w; (10 rad/s)

2.304

1.438 1.442 1.434

WEE:]
AN, =0.15 nm

1.438

1307 1314 1311 1307

©

1;

AX, =0.1 nm

1.442

1.434

1.438 1.442

ws (10% rad/s)

Fig. 7. JSIs of spectrally uncorrelated biphotons with a round shape. The red curve and white curve represent individual spectral distributions
of signal and idler bands, respectively. The marginal intensity distributions of signal and idler are the same.

6. Conclusion

In summary, we have studied the generation of spectrally
uncorrelated biphotons via fiber NLI. As for biphotons gen-
erated by spontaneous parametric emission processes, GVM
crucially depends on the dispersion exhibited by the nonlin-
ear materials and tends to occur only in specific wavelength
ranges. Here, we propose a fiber NLI scheme to achieve GVM
flexibly, in principle, at arbitrary phase matching wavelengths
of nonlinear fiber. The output biphoton states of nonlinear in-
terference is the coherent superposition of various biphoton
states born in each NLF, and thus the interference fringe will
reshape the JSI. Resorting to Taylor expansion to first order
for phase mismatching, we theoretically verify that the ori-
entation of phase matching contour will rotate in a specific
way with only varying the length of DMF, which may result
in an arbitrary correlation. Moreover, we choose MNF as the
NLF and single-mode communication fiber as DMF to numer-
ically simulate the phase matching contours of fiber NLI, fur-
ther demonstrate that the slopes of phase matching contours
vary from negative to positive by only extending the length of
DMFs. The JSI will have a pattern of discrete ellipse where
the intensity of center primary ellipses is the highest while
the intensity of other ellipses around it decreases in Gaussian.
Particularly, each discrete ellipse can be viewed as an indi-
vidual JSI of biphotons. Because the spectral overlap of ad-
jacent ellipses will significantly diminish with stage number,
the passive filters can lie in single and idler path to extract the
center primary ellipses, thus to obtain spectrally uncorrelated
biphotons without weakening the heralding nature of biphoton
sources. In our simulation, a photon mode purity of 97.2% will

be theoretically attained. We think that spectrally pure bipho-
tons generated form fiber NLI have promising application in
various QIPs.
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