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An anti-bunched photon field is produced from a thin-film ppln waveguide by mixing the on-chip
two-photon state with a weak but matched coherent state. This is achieved by taking out the
two-photon part of the coherent state via a destructive two-photon interference with the on-chip
two-photon state. We achieve a photon rate of 100 kHz with a gs-value of 0.35. This anti-bunched
light field will have applications in high-resolution quantum imaging such as long baseline quantum

telescopy for enhancing the signal-to-noise ratio.

Photon anti-bunching effect was the first evidence of
non-classical behavior of light fields, showing the particle
nature [1]. It is usually cast as go < 1 with gy = (I2)/(I)?
being the normalized intensity autocorrelation. Anti-
bunched light fields were produced mostly from the flu-
orescence of a single emitter such as a single atom [1],
a trapped single ion [2; 3|, a single molecule [4], and a
quantum dot [5]. This is because a single emitter can-
not give another photon right after emitting one photon,
which leads to the ideal single-photon case of go = 0.

Single photons are good quantum information carriers
as the flying qubit. They were ideal for quantum cryp-
tography due to the quantum no-cloning theorem. High-
quality single photons can be used for optical quantum
computing and simulation [6, 7]. Thus, persistent en-
gineering efforts have been focused on producing single
photons with good temporal and spatial modes [8].

Current state-of-the-art single-photon sources, leverag-
ing techniques such as microcavity-enhanced Purcell ef-
fects and resonant excitation, can achieve emission rates
at the MHz level. However, this performance critically
depends on precise cavity design, spectral stability en-
gineering, and suppression of multi-photon events. Fur-
ther challenges include maintaining high photon indis-
tinguishability and collection efficiency under these high-
rate conditions, which often require cryogenic tempera-
tures and advanced noise-mitigation strategies for prac-
tical scalability[9, 10].

Recently, it was proposed [11] and tested in a tabletop
setting [12, 13| that entangled single photons can be used
in quantum telescopy via a two-photon interference effect
for high-resolution optical imaging, such as long-baseline
astronomy applications. Although coherent states can
replace the entangled single-photon state, anti-bunched
light such as the single-photon state can significantly en-
hance the signal rate, which is especially desirable in as-
tronomical applications where the light level is extremely
low [14]. However, the single-photon sources developed so
far are not suitable for astronomical applications because
they are mostly in the pulsed mode, while celestial light

is in continuous wave (cw) form, leading to temporal mis-
match and significantly reduced two-photon interference
effect between the celestial photons and single-photon
sources. In addition, the fixed emission wavelength of
single emitters severely limits their astronomical appli-
cations.

On the other hand, quantum technology of two-photon
interference provides another approach for producing cw
anti-bunched optical field. It was proposed in 1974 [15]
and demonstrated with pulsed fields more than 30 years
ago [16, 17] that mixing a two-photon state with a weak
coherent state can cancel the two-photon part of the
coherent state, leading to an anti-bunched light field.
However, because the single-photon state so produced
is still probabilistic and narrow band two-photon states
are required, which usually involves a complicated cavity
system [18], the technique is not popular and does not
have much use in quantum information sciences. Never-
theless, recent quantum imaging/telescopy application of
the single-photon state for sensitivity enhancement does
not require the on-demand property [14], so the tech-
nique of two-photon interference for single-photon pro-
duction is more favorable because of its high production
rate and good mode profile, its continuous wave nature
to match celestial light, and flexibility in wavelength se-
lection through nonlinear optics.

In practical implementation, the narrow band re-
quirement of the two-photon state is the main obsta-
cle in the application of the approach because the tra-
ditional two-photon source of spontaneous parametric
down-conversion is broadband and passive filtering signif-
icantly reduces the pair rate so that a complicated active
resonator system has to be employed for rate enhance-
ment [18]. However, with the emergence and maturity of
waveguide nonlinear optics technology, the photon pair
production efficiency has increased dramatically, so we
can reconsider the simple method of passive filtering for
bandwidth reduction. In this paper, we employ a peri-
odically poled lithium niobate thin-film waveguide with
an SHG conversion efficiency of 455%/W to produce a
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FIG. 1. Experimental layout. EDFA—erbium doped fiber amplifier, CPPLN—commercial PPLN, TFPPLN—thin film PPLN,
SMF—single-mode fiber of 780 nm, ISO—isolator, PBS—polarizing beam splitter of 780 nm, EOM—electro-optic phase mod-
ulator, DMSP—shortpass dichroic mirror, FC—fiber coupler, PC—polarization control, FL—fiber lens.

two-photon state[19]. The high two-photon production
rate allows us to employ passive optical filters to reduce
the bandwidth to the 200 MHz level. This enables us to
implement a time-resolved two-photon destructive inter-
ference technique for removal of the two-photon events
from a coherent state, thus achieving an anti-bunched
optical field at a rate of 100 kHz.

Theory — It was first suggested by Stoler that a
squeezed coherent state can exhibit anti-bunching behav-
ior of light when proper parameters are set [15]. More
detailed analysis [20] shows that it is a two-photon inter-
ference effect that cancels the two-photon events, which
can originate from either a two-photon state generated
by a spontaneous parametric process or the two-photon
part of a coherent state. The single-photon part of the
coherent state is not affected because the spontaneous
parametric process does not produce single-photon events
that rival the coherent state. This can be seen more
clearly from the expression of the squeezed coherent state
in photon number basis:

ja,n) = S(n)la) = Y Coalm) (1)

where S(n) = exp[(n*a® —na'?)/2] is the squeezing op-
erator and S(n) ~ 1+ (n*a? — na'?)/2 for n < 1. |a)
is the coherent state and |a) ~ 1 + «|1) +A(a2/\/§)\2>

for a < 1. Using the approximate forms of S, |a) under
7, < 1 and making an expansion in eq.(1), we obtain

CO ~ 1701 ~ a, 02 ~ (062 _77)/\/57
Cs ~ a(a? —377)/\/6,.... (2)

Notice that Co = 0 for a? = 1, leading to the disappear-
ance of the two-photon term in Eq.(1). It is straightfor-
ward to find that g = (: N2 :)/(N)? = 4]a? < 1(N =
ata), leading to anti-bunching effect.

The squeezed coherent state can be produced by inject-

ing a coherent state into a parametric amplifier. In the
experimental implementation, we employ a 6 mm-long
periodically poled lithium niobate (PPLN) waveguide on
a thin-film platform as the x(®-nonlinear medium for the
parametric process. The manufacture of the thin-film
ppln waveguide is based on a mature fabrication process
[19, 21], where a 600-nm-thick x-cut MgO-doped LNOI
wafer is employed with 220nm-etching depth, 60° sidewall
angle, and an 800-nm silica cladding. The PPLN waveg-
uide is pumped by a field at 780 nm to produce a pair
of down-converted photons at 1560 nm, which is also the
wavelength of the injected coherent state. Notice that
condition a? = 7 requires the phase lock between the
injected coherent state and the pump field of the two-
photon generation whose field amplitude is included in
1. For this, we generate the pump field at 780 nm by
using second-harmonic generation of a laser operating at
1560 nm, which also serves as the injected coherent state.
The experimental setup is shown in Fig.1 where the 1560
nm field from a laser (Santec) is first frequency-doubled
with a commercial PPLN waveguide (CPPLN, HC Pho-
tonics) to 760 nm. The leftover 1560 nm field is first fil-
tered by a 780 nm single-mode fiber, then passes through
780 nm fiber couplers, and is further attenuated to the
few-photon level. The intensity of the 1560 nm field is
fine-tuned and controlled by an ensemble of polarization
control elements without much reduction of the 780 nm
field. The combined field is coupled to and out of the
thin-film ppln waveguide by fiber lenses (FL). The out-
put field passes through a WDM to filter out the 780
nm field. The bandwidth of the filtered field is further
narrowed to 200 MHz via two Fabre-Perot (FP) plates
with different free spectral ranges before split and sent
to two superconducting nanowire single-photon detectors
(SNSPD). The digital pulses from SNSPDs are sent to a
time tagger (Swabian) for time-resolved coincidence mea-
surement.

We first characterize the two-photon state from the
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FIG. 2. Characterization of the broadband two-photon state
directly from the thin-film PPLN source. (a) Time-resolved
coincidence in 2 min. (b) Black trace: Coincidence-to-
accidental ratio (CAR) and red points: total coincidence in 2
min as a function of pump power.
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FIG. 3. Time-resolved coincidence counts in 50 min or in-
tensity correlation function I'z(7) for the narrow band two-
photon state after two Fabre-Perot filters. Time bin is 30 ps.

thin-film ppln waveguide and test its efficiency by block-
ing out the 1560 nm field completely with a dichroic mir-
ror (DMSP1180) before coupling on to the thin-film ppln.
We start with the broadband two-photon state directly
from the TFPPLN without the two narrowband Fabre-
Perot filters. The results are shown in Fig.2, where in (a)
we display the time-resolved coincidence measurement.
The coincidence time bin in Fig.2(a) is 30 ps and the
full width at half height is 250 ps, mainly resulting from
SNSPD’s time jitter uncertainty. The ratio of the peak
value to the flat background value on the two sides gives
the coincidence-to-accidental ratio (CAR) and is plotted
as a function of pump power in Fig.2(b) as the black
trace. The overall coincidence count in 2 min (red) is
displayed as well.

Next, we place the two F-P filters to narrow the band-
width of the down-converted photon pairs to 200 MHz,
leading to a correlation time of 5 ns so the detectors can
resolve in time. The measured time-resolved coincidence
measurement (Uy(7) = (: 1(t)I(t + 7) :)) is shown in
Fig.3 where the full width at half height is 5 ns, con-
sistent with the bandwidth of 200 MHz. The time bin
is again 30 ps and the total time of data taking is 50
min. Integrating over the whole range gives a total co-
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FIG. 4. Normalized intensity correlation function gz(7) for
the anti-bunched light field generated by mixing the narrow
band two-photon state with a weak coherent state. The error
bars are the size of the markers. The dashed red line is a fit
to Gaussian with a width of o = 3.4ns and a visibility of 0.65.

incidence of 62000, resulting in a detected pair rate of
Raprn, = 62000/ (50 x 60s) = 215~ 1.

The narrow band two-photon state is ready to be
mixed with the coherent state injection at the input. For
this, we take out the DMSP1180 to allow the 1560 nm
coherent field to pass and input into TFPPLN. The rel-
ative phase between the pump field and the coherent in-
jection is controlled and fine-tuned by an electro-optic
phase modulator (EOM). When the relative phase is set
correctly and the intensity of the injected coherent state
is properly adjusted to match its two-photon coincidence
rate to that of the narrow band two-photon state, we
record the time-resolved normalized intensity correlation
function go(7) = I'y(7)/T2(c0). The result is shown in
Fig.4, which clearly displays the anti-bunching effect of
g2(0) < ga2(7) with a minimum value of g5(0) = 0.35.
The red dashed line is a best-fit Gaussian with a width
of ¢ = 3.4 ns. The coincidence counts are collected
within a bin width of 200 ps in the central region, and
the large fluctuation arises from the relatively low coinci-
dence rate at I's(00) ~ 1200/18 min per data point. The
minimum value of go(7) is ¢g2(0) = 0.35, which is rela-
tively large compared to the theoretical value of 0.0003
(see estimation later), and is believed to be due to phase
drift /instability during the long data collection period of
more than 1000 s for building up good statistics. In the
meantime, we record a single-photon rate of 100 kHz,
which is mainly from the contribution of the injected co-
herent state as indicated from Eq.(1). This rate is sig-
nificantly higher than that of the current single-photon
source from single emitters such as ions and quantum
dots and can be improved depending on the two-photon
rate of SPDC, as shown below.

From the theory presented earlier, we find that the rate
of the anti-bunched field (o |«|?) is limited by the pair
rate (o |n|?) of the two-photon state: |a|? = |n|. Notice
that since we use a single-mode model in the theory part,



|| is the average photon number in one mode, which
has a temporal size of coherence time T, for the cw field.
So, the photon rate is on the order of Rypn ~ |af?/Te.
|n|? is the average number of pairs per mode so the pair
rate is Rapp, ~ |n|?/T.. The condition of |a|? = || leads
to Ripn ~ \/Ropn/Te. In our case here, from Fig.3, T,
is the width of the I's(7)-function, which is 5 ns, and
Ropn, = 215! is the total two-photon coincidence rate.
So, Ripn ~ /Ropn/T. ~ 6.4 x 10* Hz, which is con-
sistent with the measured single rate of 100 kHz. This
rate can certainly be improved considering the large over-
all chip coupling loss of more than 10 dB. However, as
the single-photon rate increases, the minimum value of
g2 = |a|?*(~ RipnT. ~ \/RopnT,) also increases, accord-
ing to the theory presented earlier, due to higher-order
contributions. In our case here, the theoretical estimate
is go ~ \/Rgpth = /5 x 1079 x 21 = 3 x 10~4, which is
very small even if we increase the single rate by 10 folds.
Notice that our experimentally observed value of 0.35 is
significantly higher than this theoretical value, indicat-
ing some technical imperfections, mainly due to phase
instability, as we discussed earlier.

Once a single-photon state is produced, a path-
entangled single-photon state can be generated with a
50:50 beam splitter with half the rate to each side. There
is a variant of the current two-photon interference scheme
for generating a single-photon state with path entangle-
ment. Instead of mixing the two-photon state with one
coherent state, we can separate the two photons and
mix each with individual coherent states, respectively,
as shown in Fig.5. This scheme was originally used for
the demonstration of violation of Bell’s inequality [22].
But here by canceling the two-photon state of |1, 1),
we can realize a path-entangled single-photon state of
I1ap) = (|1a,0p) + |04, 1p))/v/2. This can be seen in the
following derivation.

Referring to Fig.5, we write, up to two-photon terms,
the two coherent states and the two-photon state from
the spontaneous parametric process after the highly
transmissive beam splitters (R < 1) as

msi & [0) +nlls, 1) = [0) + nlla, 1),
|a)a & [02) +alla) + (0®/v2)[24)
1B)s ~ 10b) + Bl1y) + (8%/v/2)|2). (3)
Then the state of mode a, b becomes
|(I’>ab =

|n>si|a>a‘ﬂ>b

[0) + |14, 0p) + 8|04, 1) + (7 + aB)|1a, 1p)
+(a®/V2)24,00) + (8% /V/2)|04, 2)

= 10) + (|14, 0) + 104, 1)) + *(|24, 0p)

+100,2,))/V2 i B=a,n=—a" (4)

Q

Here, since the transmissivity T' ~ 1, we ignore the case
when photons go to the other side of the beam splitters.
Furthermore, we can neglect the two-photon state in the
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FIG. 5. Schematic for generating high rate path-entangled
single-photon state.

expression above if the coincidence measurement is per-
formed between a and b. Then the dominant term is
the path-entangled two-photon state (|14,0p) + |04, 15)),
which can be used for enhancing the signal rate in quan-
tum telescopy applications [11].

In summary, we use the technique of quantum two-
photon interference to generate an anti-bunched light
field, which is advantageous to the the traditional single-
photon sources from single emitters in that it has a high
photon flux with a well-defined spatial mode and its
wavelength can be arbitrary depending on the availabil-
ity of the corresponding nonlinear processes. Although
the photons are not deterministic because of the vacuum
contribution, it should be applicable to a wide range of
applications in quantum sensing and quantum imaging
for enhancing the signal levels.
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