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1. Introduction

The mode structure of quantum optical fields is of utmost
importance in quantum information processing (QIP)!"). The
reasons are two-fold. First, many protocols in QIP, such as
quantum teleportation and quantum computing, are based on
quantum interference, and it is crucial to have mode matching
between interfering fields achieve high visibility!*~*!. Second, the
mode profile increases the degrees of freedom for quantum
fields, which brings the ability to achieve multi-dimensional
quantum entanglement and increase the capacity of QIP!"”),
Therefore, many exquisite efforts have been put on engineering
the mode structure of quantum states!>*°°],

Engineering the mode structure of quantum states by using
nonlinear interferometers (NLIs) has recently attracted a lot
of attention!"®*, The NLI, which is analogous to a conven-
tional Mach-Zehnder interferometer but with the two beam
splitters being substituted by two parametric amplifiers (PAs),
was originally proposed to achieve the Heisenberg limit in pre-
cision phase measurement'>* and had been used to demonstrate
interesting applications in quantum metrology, spectroscopy,
optical imaging, etc.?*?, When the NLI is used to modify
the spectral property of photon pairs, the phase matching of
PAs is controlled by the nonlinear medium, while spectral shap-
ing is obtained through dispersion control of the interferometer.
The separation of the mode control from nonlinear interaction
brings the advantages in engineering photon pairs!'® that
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Using the quantum interference of photon pairs in N-stage nonlinear interferometers (NLIs), the contour of the joint spec-
tral function can be modified into an islands pattern. We perform two series of experiments. One is that all of the nonlinear
fibers in pulse pumped NLIs are identical; the other is that the lengths of N pieces of nonlinear fibers are different. We not
only demonstrate how the pattern of spectral function changes with the stage number N, but also characterize how the
relative intensity of island peaks varies with N. The results well agree with theoretical predictions, revealing that the NLI
with lengths of N pieces of nonlinear fibers following binomial distribution can provide a better active filtering function. Our
investigation shows that the active filtering effect of multi-stage NLI is a useful tool for efficiently engineering the fac-
torable two-photon state—a desirable resource for quantum information processing.

Keywords: quantum state engineering; optical parametric amplifier; nonlinear quantum interference.

simultaneously possess the features of high purity, high collec-
tion efficiency, high brightness, and high flexibility in wave-
length and bandwidth selection, and these advantages had
been verified by the proof of principle experiments realized
by pulse pumped two- and three-stage NLIs*' %),

The theoretical analysis shows that finer mode control can be
realized if the stage number of NLI, N (the number of PAs or
nonlinear media), is greater than two!*’. For the joint spectral
function (JSF) of signal and idler photon pairs with island pat-
terns tailored by the active filtering effect of NLI, the separation
between two adjacent islands increases with N. When the gain of

each PA is the same, the interference factor of the JSF, Sisri‘nl‘ga (with

0 denoting the phase shift induced by dispersion control in NLI),
is similar to that of a multi-slit interferometer in classical optics.
In this case, there are mini-maxima existing in between the main
maxima, leading to non-ideal isolation between two adjacent
islands. For the frequency uncorrelated photon pairs extracted
from one island, the non-ideal isolation results in reduced col-
lection efficiency!”' >, When the gains of PAs are changed by
properly arranging the lengths of nonlinear media, the influence
of the mini-maxima on the isolation between adjacent islands
can then be eliminated. However, most of the NLI experiments
presented so far*' 2% consist of nonlinear media with
identical lengths. Modifying the JSF by using multi-stage NLI
with uneven length nonlinear media has not been experimen-
tally demonstrated yet.
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In this paper, we experimentally investigate the JSF of photon  is obtained through the control of linear dispersion media of
pairs generated from four wave mixing (FWM) in pulse pumped =~ SMFs in the NLL
multi-stage NLIs, which are formed by a sequential array of non- The pump of the NLI is obtained by passing the output of a
linear fibers, with a gap in between made of a linear dispersive femtosecond fiber laser through a bandpass filter (see Ref. [21]
medium of standard single mode fibers (SMFs). To illustrate for details). The full width at half-maximum (FWHM) and rep-
that the multi-stage NLIs consisting of nonlinear fibers with etition rate of transform limited pump pulses are 1.4 nm and
uneven length have advantages in providing a better active filter- ~ 36.8 MHz, respectively. In the NLI, the transmission losses of
ing function for reshaping the JSF, we perform two series of =~ DSFs and SMFs, which are about 0.3 dB/km and 0.2 dB/km,
experiments and compare their results. One is where all of  respectively, are negligible, and the loss induced by each splicing
the nonlinear fibers in NLI with N =2,3,4 are identical; the  point between the DSF and SMF is less than 4%. In the experi-
other is when the lengths of N (N > 2) pieces of nonlinear fibers ments presented hereinafter, the length of each SMF, Lpy,, is

follow binomial distribution. fixed at 10 m, while the number and length of DSFs can be
varied.

Since the internal loss of our NLI is negligibly small, when the

2. Experiments and Results pump power is low and the length of each DSF is identical, the

JSF of photon pairs at the output of NLI can be approximately

Our experimental setup is shown in Fig. 1. The NLI is formed by expressed as!'®

N pieces of dispersion shifted fibers (DSFs) with N — 1 pieces of

standard SMFs in between. The DSF functions as a nonlinear

medium of FWM; the SMF functions as a linear dispersion S (we0;) = F(wgm;) X H(0) = g exp [_
medium and is used to introduce phase shift in NLI. Since the

spatial mode of the optical fields involved in FWM is well . [AKL

confined by the waveguide structure of optical fibers, we can X sinc (T) X H(O), (1)
focus on studying the temporal or spectral mode structure of

photon pairs. For each DSF, the zero dispersion wavelength (@ +0,~20,)’
is g =1552.5nm, the dispersion slope at 4, is Dygpe= T 4l
0.075ps/(km - nm?), and the nonlinear coefficient y is ficient g o yP,L < 1 is the JSF of photon pairs generated by a
2(W - km)~!. When the NLI is pumped with a train of laser single piece DSF, the superscript “S” denotes that the length
pulses with a central wavelength of 4,y = 1553.3 nm, the phase  of each DSF in the NLI is the same, and w,, = 27¢/ Ay and o,

matching condition of FWM, Ak= A Dyope(po = 20) (@,~ are the central frequency and bandwidth of the pump. In Eq. (1),

8mc

(0; + ©; = 20y)*
4612,

where F(w,w;) = ¢ exp[ ]sinc(ATkL) with gain coef-

;)* — 2yP, ~ 0, is satisfied®®!, where c is the speed of light in

. sin NO
vacuum, and P, is the peak pump power. In the spontaneous H(0) = eN-D0 ——

sin @

)

FWM process, two pump photons at frequency w, scatter

through the ;((3) Kerr nonlinearity of DSF to create a pair of is the interference factor of the NLI, where 6= (AkL +
quantum correlated signal and idler photons at frequencies of Agpy) /2 with Agpy, representing the phase shift induced by
w, and w;, respectively. The dispersion coefficient of the stan- the SMF as the overall phase difference between pump and pho-
dard SMF in the 1550 nm band is about Dsyr=  ton pairs of adjacent DSFs. In our experiment, the approxima-
17 ps/(nm - km), so the phase matching condition of FWM is  jons AKL — 0 and sinc(ATkL) — 1 hold due to the satisfaction of
not satisfied in the SMF. The spectral shaping of photon pairs 1. phase matching condition in the DSF. For the SMF with

Lpy = 10m, the amount of phase shift A¢py is much greater

R \ 1548 1 than that of the term AL, and we have the approximation*"**!
(@) iDSF, DSF,  DSF,! DBF SPD1 __ I08
1 : y £
; ) erc i - e 2 2
A | 04 0~ Adpm AsoDsmeLpm (@ — @;) 3)
) |Z 0.2 ~ -
Pumpi SMF, SMF,, | FpBs . 2 167¢
oy OOvesesese g 1561 1564 1567

N-Stage NLI

As (nm)

When the linear dispersion media of SMFs still have the same

Fig. 1. (a) Experimental setup of generating photon pairs from an length but the lengths of DSFs are arranged by using binomial

.. . [16]
N-stage nonlinear interferometer (NLI) consisting of N pieces of distribution™™,
nonlinear media of dispersion shifted fibers (DSFs) and N—1 pieces
of phase shifters of standard single mode fibers (SMFs). DBF, _ n—1 _ (N-1)!
L,=LC =L —— (4)
dual-band filter; FPC, fiber polarization controller; FPBS, fiber (n—DIN —n)!

polarization beam splitter; SPD, single photon detector; DAQ, data
acquisition system. (b) The contour of JSI |F(ws,w;)|? for photon  and the JSF of photon pairs can then be approximately expressed
pairs generated from a single piece of DSF. as!'®
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(0, + w; — 20,0)?
P (@) exp[— | XK@, )
%
with the interference factor given by
N
K(0) = ZLneZi(n—l)H =L, (1 + ¥0)N-1, (6)

n=1

where L, is the length of DSF,, (n = 1,2, ...,N) in the NLI [see
Fig. 1(a)], the superscript “UN” refers to the NLI with uneven
length DSFs, and 6 is the same as in Eq. (3). Therefore, if the
different sections of nonlinear media in the NLI follow a bino-
mial pattern, e.g., Ly :Ly:Ly=1:2:1for N=3andL,:L,:
Ly:Ly;,=1:3:3:1 for N=4, there are no mini-maxima in
|[K(0)|>. On the contrary, the H function in Eq. (2) normally
gives the (N — 1)th harmonic of cos 26, i.e., cos 2(N — 1)8.

To experimentally characterize the spectral profile of photon
pairs, we need to extract the signal and idler photon pairs at the
output of the NLI. A fiber polarization controller (FPC) placed
in front of the fiber polarization beam splitter (FPBS) is used to
select the signal and idler photon pairs co-polarized with the
pump and to reject the Raman scattering (RS) cross polarized
with the pump®®). Because the conversion efficiency of FWM
in the NLI is relatively low, about 0.01 photon pair is produced
in a 100-m-long DSF when the number of pump photons con-
tained in a pulse of 4 ps duration is about 10”. Thus, to reliably
detect the correlated photon pairs by single photon detectors
(SPDs), a pump to photon pair rejection ratio in excess of
110 dB is required. We achieve this by passing the output of
the NLI through a dual-band filter (DBF), which is realized
by cascading a notch filter with a programmable optical filter
(POF, model: Finisar Wave shaper 4000S). For each pass band
of the DBF, the spectrum is rectangularly shaped, and both the
central wavelength and bandwidth are tunable.

Two superconducting nanowire SPDs, SPD1 and SPD2, fol-
lowed by a data acquisition system (DAQ), are utilized to count
the signal and idler photons. The detection efficiencies in both
signal and idler bands are about 10% when the efficiencies of the
SPDs (~80%) and transmission efficiency of the DBF are
included.

We first measure the JSF of photon pairs generated from NLI
when the DSFs are the same and the stage number is N =2, 3,4,
respectively. In the experiment, the length of each DSF is 100 m,
the average pump power is fixed at 60 pW, and the bandwidth
for both the signal and idler pass bands of the DBF is set to
~0.16 nm (0.02 THz in frequency). During measurement, the
central wavelength of the DBF in the signal (idler) channel is
scanned from 1558.5 nm (15484 nm) to 1568.3 nm
(1537.9 nm) with a step of ~0.16 nm (0.02 THz in frequency).
Under each wavelength setting of the DBF, we not only record
the single counts of individual SPD1 and SPD2, respectively, but
also measure the two-fold coincidence counts of two SPDs,
respectively, for the signal and idler photons originating from
the same pump pulse and adjacent pulses, C, and C,... We then
deduce the true coincidence counts of photon pairs Cr by
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subtracting the measured C,. from C,. Figure 2(c) plots the con-
tour maps of true coincidences in the wavelength coordinates
of A; and 4;, which reflects the joint spectral intensity (JSI)
|F3p1(0,0;)|? of photon pairs®?2], Clearly, the contour maps
of true coincidence for the cases of N = 2, 3, 4 in Fig. 2(c) exhibit
island patterns, which are obviously different from the JSI of
photon pairs produced by a single piece of DSF [see Fig. 1(b)].
For each plot in Fig. 2(c), the distance between the maxima of
adjacent primary islands decreases with the increase of detuning
(4s — ;) because the phase shift 6 in Eq. (3) quadratically
depends on the detuning of photon pairs. For the convenience
of recognition, we label the primary islands with m =1,2,3,4,
and the order number m increases with the detuning (4, — ;).
From Fig. 2(c), one sees that the variation trend for patterns
of JSF has the following distinct features. First, the central wave-
lengths of the primary islands do not vary with N. In each plot of
Fig. 2(c), the central wavelengths of the islands labelled m =
1,2,3,4 in the signal (idler) band are centered at about
1560.4 nm (1546.3 nm), 1563.3 nm (1543.5 nm), 1565.5 nm
(15413 nm), and 15674 nm (1539.5 nm), respectively.
Second, for the island with a fixed-order number m, the width
of the island decreases with the increase of N. Accordingly, the
separation between adjacent islands increases with N. Third, the
peak intensity for the measured true coincidences of the NLI
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Fig. 2. Results for N-stage NLI with N = 2, 3, 4 when the lengths of
each DSF and SMF in the NLI are 100 m and 10 m, respectively. (a),
(b) The contours of interference factor |H(6)|? and JSI |F}, (ws,@7)|?
calculated by substituting experimental parameters into Egs. (2)
and (1), respectively. (c) Contour maps of measured true coinci-
dence of photon pairs, which reflect the JSI of photon pairs.
(d) Measured (dots) and calculated (solid curves) marginal intensity
distributions of signal photons.
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increases with N. The counting rates corresponding to the high- ~ observing the interference in an individual signal (idler) band,
est peaks of the primary islands are 87 £ 5, 205 £ 10, and 323+  which is equivalent to projecting the contour of JSI along the
18 counts/s for N =2, 3,4, respectively. The results show that  signal (idler) axis, the contribution of RS should be subtracted.
the peak of the island increases with the scale of N2, as predicted When the pass bands of the DBF are scanned, at each wave-
by Eq. (2). Fourth, N — 2 secondary islands exist between two  length setting, we measure the counting rates Ry; in individual
adjacent primary islands. The counting rates for all of the peaks ~ signal (idler) channels at different levels of average pump power
of the secondary islands are around 20-30 counts/s. So, theratio P, and then fit the measured data with a second-order polyno-
between the intensities of the primary and secondary islands  mial Ry;) =5, P, + 5,P;, where s; and s, are the fitting param-
increases with the increase of N. As a result, the influence of sec- eters. The linear and quadratic terms, s;P, and s,P2, are,
ondary islands upon the isolation between two primary islands  respectively, proportional to the intensities of RS and FWM.
will decrease for N with a larger number u, Figure 3 shows two typical sets of raw data, which are obtained

To compare the measured JSIs with theoretical predictions, by setting the wavelength of the DBF in the signal band at
we calculate the contours of JSI for the case of N=2,3,4 by  1560.4 nm and 1561.9 nm, respectively. The two wavelengths,
substituting the experimental parameters of our NLI into  respectively, correspond to the peak and valley of the islands
Egs. (1)-(3), as shown in Fig. 2(b). To better illustrate how  with m =1 and N = 4 [see Fig. 2(c)]. The fitting results of the
the quantum interference of photon pairs in NLI influences data show that the linear parts in both Flgs 3(3) and 3(b) are
the JSF, the contours of interference factor |H(6)|> for N = quite high. This is because our NLI is simply placed at room tem-
2,3, 4 are calculated as well, as shown in Fig. 2(a). One sees that  perature to avoid unnecessary complexity. Considering the RS
the symmetry lines of |[H(6)|? in Fig. 2(a) are perpendicular to  can be significantly suppressed by cooling NLI'*"**%3 here
that of |F(w,,w;)|* in Fig. 1(b). As a result, the JSIs of the NLIin ~ we focus on studying the photon pairs via FWM. Compared
Fig. 2(b) exhibit island patterns, and the main maxima occur at with the quadratic part (dotted curve) in Fig. 3(a), we find that
O=mr(m=1,2,...). Depending on the stripe width of  the value of the quadratic term in Fig. 3(b) is quite small due to
[H@O)?, o} = 4c/[(N = 1)mA3DsypLpy), the pattern of the  the destructive interference effect that occurred at the wave-
primary island changes with variations of the stage number length of ~1561.9 nm in the NLI with N = 4. When pump power
16231 is 60 pW, the ratio between the quadratic terms in Figs. 3(a) and

N, order number of island m, and pump bandwidth!
3(b) is about 16.3, indicating that the visibility of the interference

With the increase of N and m, the width of the primary island D/ 15 40O : LHev _
decreases. The comparison of Figs. 2(c) and 2(b) shows that the fringe individual signal field originating from FWM is around

experimental results agree well with the theoretical predictions. ~ 88% which is slightly lower than the theoretically calculated
It's worth noting that the multi-stage NLI with N (N > 2) result of ~92%. We think the deviation from theoretical predic-

tion is caused by the internal loss in the NLI (~15% for N = 4)
due to the imperfect splicing.

When the interference fringe in the individual signal (idler)
field is used to characterize the active filtering effect of the
NLI, we only consider the contribution of photons originating
from FWM, which are deduced from the quadratic part of the
second-order polynomial fitting function. Figure 2(d) shows
the normalized rate of single counts (via FWM) as a function
of the wavelength in the signal channel. Each plot in Fig. 2(d)
exhibits an interference pattern, illustrating that the NLI

pieces of identical nonlinear media had already been experimen-
tally realized in a fiber-based NLI and y® crystal-based
NLIZ2221 respectively. In particular, in Ref. [29], the JSIs
of the NLI were measured when the stage number was
N =2,3,4,5, respectively, while other experimental parameters
were fixed. Although the results qualitatively agree with theory,
there are obvious deviations from theoretical predictions due to
the problem of imperfect alignment in bulk-crystal-based sys-
tems?®). Here, we characterize the islands pattern of JSI from
top to bottom by using the advantages of the fiber-based NLI:
freedom from misalignment and low internal loss for all of
the optical fields involved in FWM. In addition to illustrating

how the center and width of the islands change with the stage 407 s = 03663 B = A
number N and order number m, we reveal how the relative E 30 s52=00049 - 52 =0.0003
intensity of island peaks varies with N. The latter has not been X 20
demonstrated before. I~ 10

In order to clearly visualize that the NLI functions as anactive =~ | ="~ .. (a) (b)‘
filter of photon pairs, we deduce the marginal intensity distribu- GO """ 20 40 60 0 20 0 60
tion in signal and idler fields from the counting rates of SPD1 P, (uW) P, (W)

and SPD2, respectively. Because the data of the two individual

fields is similar, for the sake of brevity, we only show the results Fig. 3. Measured counting rate (dots) R as a function of the average
in the signal field. Note that for our fiber-based NLI, there is RS pump power P, for the photons in an individual signal band center-
accompanying the FWMPY, The existence of RS does not affect  ing at (a) 1560.4 nm and (b) 1561.9 nm, respectively. The solid curve
the measured JSI in Fig. 2, because there is no quantum corre- R, = s,P, + s,P2 is the fitting function of raw data (dots); dashed
lation for the RS photons in the signal and idler bands. However, ~ and dotted lines are the linear term s;P, and quadratic term
when the active filtering effect of the NLI is characterized by  s,P3, respectively.
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functions as an active filter of photon pairs. The data (dots) in
Fig. 2(d) is obtained by subtracting the RS from the directly mea-
sured counts of SPD1, as illustrated in Fig. 3. We find that the
measured intensity distributions agree with the theoretically cal-
culated results (solid curves). For the interference fringes corre-
sponding to a fixed peak wavelength, which are originated from
the islands with the same order number m, the fringe width
decreases with the increase of N. The visibility of the interference
fringe, defined by V,, = (I, — I )/ (I%, + ™) with I,
and I7, , respectively, denoting the normalized intensity at
the peak and trough, increases with N. One sees that V,, is
the lowest for the case of N =2 due to the existence of overlap
between two adjacent islands. However, even if N is increased to
a larger number, the minimum of the normalized intensity (sin-
gle count rates) I, is still away from zero due to the secondary
islands existing in between adjacent primary islands. Note that
in the process of selecting the photon pairs with the spectral pro-
file determined by one specific island, the bandwidth of filters
used to efficiently select out photon pairs should be properly
set. By doing so, one island can be picked out as a whole, and
the isolation to adjacent islands is as much as possible®’].
Hence, the collection efficiency of photon pairs, characterized
by the probability of detecting the photon at the signal (idler)
band for a photon detected in the idler (signal) band, is closely
related to interference fringe presented in marginal intensity dis-
tribution. To improve the collection efficiency, the visibility of
the corresponding fringe in Fig. 2(d) should be as high as pos-
sible. The non-ideal visibility (less than one) will prevent the col-
lection efficiency of photon pairs from reaching the ideal value
of one, in particular, when the NLI is designed to engineer the
factorable state!'®*"?%],

To illustrate how to get rid of the mini-maxima in between the
main maxima in the JSI in Fig. 2, we then perform the second
experiment to verify the spectral profile of uneven N-stage
NLI with N = 3, 4, respectively. In the experiment, the parame-
ters are the same as that in Fig. 2, except for the lengths of DSFs,
which follow binomial distribution [see Eq. (4)]. When N =3,
the lengths of three DSFs, L;, L,, and L;, are 50, 100, and
50 m, respectively; when N =4, the lengths of four DSFs, L;,
L,, L3, and L,, are 33.3, 100, 100, and 33.3 m, respectively.
Figure 4(c) shows the contour maps of true coincidences in the
wavelength coordinates of the signal and idler, A; and A;. The
counting rates corresponding to the highest peaks of the islands
are 71 +3 and 120 + 5 counts/s for N = 3,4, respectively. The
centers of the islands and the variation tendencies of the islands
are the same as those of the N = 3 and N = 4 cases in Fig. 2. The
separation between two adjacent islands still increases with N,
but the secondary islands do not exist anymore.

We also calculate the contours of interference factor
|K(0)|?/L? and JSI |FI(\IULI;]) (wom,)|* of the uneven N -stage NLI
by substituting the experimental parameters into Egs. (5) and
(6), as shown in Figs. 4(a) and 4(b). It is clear that the variation
tendency of |K(6)|?/L3 is similar to that in Fig. 2(a), except that
the mini-maxima do not exist anymore. The stripe width of the
main maxima of |K(6)|?/L? still narrows as N increases, leading
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N=3 (50-100-50)

N=4 (33.3-100-100-33.3)

7
7,
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Fig. 4. Results for uneven N-stage NLI, in which the lengths of DSFs,
labelled in the top for different stage number N, follow binomial dis-
tribution. (a), (b) The calculated contours of interference factor
|K(0)|?/L% and JSI |F(NUL|N)(ws,w,)|2 [see Egs. (5) and (6)], respectively.
(c) Contour maps of true coincidence of photon pairs, reflecting the
JSI of photon pairs. (d) Measured (dots) and calculated (solid
curves) marginal intensity distributions of signal photons.

to enlarged island separation in the JSF. Comparing Fig. 4(c)
with Fig. 4(b), we find the measured islands pattern of the JSI
agrees well with the theoretical prediction.

Additionally, we characterize the active filter function of the
uneven N-stage NLI by deducing the marginal intensity distri-
bution in individual signal and idler fields. The procedure
of processing data is similar to that in Figs. 2(d) and 3.
Figure 4(d) shows the data (dots) in the signal channel. We find
that the data agrees with the theoretically calculated results
(solid curves). Compared with Fig. 2(d), one sees that, for the
NLI with same stage number of N, the visibility of interference
fringes in Fig. 4(d) is slightly higher.

It is well known that the spectrally factorable photon pairs
with high collection efficiency are the desirable resources of
QIP. Recent investigation shows that the quantum interference
in NLI provides an alternative approach for achieving this kind
of photon pairs!®**?*!, So, we pay more attention to the round
shaped islands, from which the spectrally factorable state can be
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