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It is known that quantum interference can disappear with the mere possibility of distinguishability with-
out actually performing the act but can be restored by erasing the path information. A common erasure
method is by conditional projective measurement known as a “quantum eraser.” On the other hand, the
essence of quantum interference is amplitude addition. So, direct amplitude measurement and subsequent
addition can also lead to the recovery of interference. In this paper, we create temporal distinguishability
in an unbalanced SU(1,1) interferometer and observe no interference in the direct photodetection of the
outputs. Different from the quantum eraser scheme, we recover interference via amplitude measurement
by homodyne detection even with distinguishability in photon generation but no conditional projec-
tive measurement. The new mechanism of recovering interference can be applied to other unbalanced
interferometers and should have practical applications in quantum metrology and sensing.
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I. INTRODUCTION

It is well known that the outcome in the observation of a
quantum system is highly dependent on the measurement
process. Hence, whether we can observe an interference
effect depends on how we make the measurement [1,2].
This is well illustrated in Wheeler’s delayed choice exper-
iment [3—5] and its variance [6], and in the quantum eraser
experiments [7,8], where the outcome even depends how
we analyze the data after the measurement [9,10].

Furthermore, the occurrence of quantum interference
phenomena relies on whether it is possible to distinguish
the interfering paths. This quantum complementarity prin-
ciple is demonstrated in the phenomenon of induced coher-
ence without induced emission [11,12] in parametric pro-
cesses where one (first) of the generated twin photons can
be used for path distinguishability of the other twin photon
(second). It seems that the disappearance of interference is
predetermined by the possibility of distinguishing the first
photon even without the actual act for distinction on the
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photon. Nevertheless, such distinguishability can be erased
by conditional projective measurement of the first photon
to recover interference of the second photon [7-9].

On the other hand, the essence of interference is the
superposition of the amplitudes of the interfering fields.
If we can make an amplitude measurement of the fields
and add them subsequently, this should lead to interfer-
ence. This is the principal idea behind the experiment that
we describe in the following, which can recover the inter-
ference via homodyne measurement even when there is
distinguishability in photon generation but no projective
measurement to erase it as required by the quantum eraser
schemes. The observation of interference is demonstrated
in an SU(1,1) interferometer [13] shown in Fig. 1(a), where
parametric amplifiers (PA1, PA2) are used to replace beam
splitters for wave splitting and mixing [14—-16]. Such kinds
of nonlinear interferometers have recently been applied in
many areas such as quantum imaging and spectroscopy
with undetected photons [17—20], quantum state engineer-
ing [21-23], and quantum metrology [24—26]. The pump
field to the parametric amplifiers is a train of pulses of
equal separation for the generation of photon pairs in
well-defined temporal mode. The interferometer is either
balanced or has one of the interfering fields delayed by
the whole multiple of the pulse separation. We make
direct power detection (PD) of intensity and homodyne
detection (HD) of amplitude at the two outputs of the
interferometer (after PA2) simultaneously. When the

Published by the American Physical Society
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FIG. 1. Observation of quantum interference in an SU(1,1)
interferometer. (a) Schematics for the SU(1,1) interferometer
(PZT: piezoelectric transducer for phase scan); interference
fringes in (b) direct power detection (PD) and (d) homodyne
detection (HD) at the output for path-balanced interferometer;
(c) disappearance of interference in direct power detection and
(e) recovery of interference fringe in homodyne detection for the
path-unbalanced interferometer.

interferometer’s paths are balanced, interference fringe is
observed in both intensity and homodyne detection, as
shown in Figs. 1(b) and 1(d). However, when the path
difference is the whole multiple of the pulse separation
(approximately 20 ns), interference does not occur in the
direct power measurement, as shown in Fig. 1(c) but shows
up in homodyne detection, as shown in Fig. 1(e).

The results of direct intensity measurement in Figs. 1(b)
and 1(c) are straightforward to understand as follows. We
notice that the SU(1,1) interferometer shown in Fig. 1(a)
has similar arrangement as the frustrated two-photon inter-
ferometer [27], which is a variation of the experiment of
induced coherence without induced emission [11,12]. The
appearance of interference in idler (signal) side output, as
shown in the observation results in Fig. 1(b), is a result
of indistinguishability [11,12] of the signal (idler) photon
generated from either the first (PA1) or the second (PA2)
parametric processes when the paths are balanced. How-
ever, when a delay in the signal or idler field is introduced
in the interferometer, since the generation of signal and
idler photon pair is time gated by the pump pulse, this
makes it possible to distinguish which parametric process
produces the signal or idler photon. This will wipe out
interference in the other field (idler or signal), as shown
in Fig. 1(c) in the direct intensity measurement. The result

of homodyne measurement in the balanced case shown in
Fig. 1(d) is also straightforward from the perspective of the
SU(1,1) interferometer [13,16].

On the other hand, the appearance of interference in
the homodyne detection at the output of the unbalanced
SU(1,1) interferometer is a surprise and is counterintuitive
to the argument above about dependence of interference
on photon indistinguishability since photon generation is
well distinguished due to pulsed pumping in two PAs for
the unbalanced case.

In this paper, we analyze the homodyne-detection mea-
surement process for the pulsed situation and apply the
analysis to the unbalanced SU(1,1) interferometer. We
find that the recovery of interference in the pulse-pumped
unbalanced SU(1,1) interferometer is a result of the com-
bined effect of the unique nature of quantum measure-
ment of amplitudes by homodyne detection and the slow
response of the detection process for erasing the temporal
distinguishability. In other words, the indistinguishabil-
ity is exhibited in the homodyne measurement process
of amplitude through slow detection. So, interference
occurs really due to indistinguishability at measurement
[2] although indistinguishability in path is often exhib-
ited in most of the previous discussions on this topic.
This discovery reinforces the general statement about mea-
surement dependence in observation of quantum phenom-
ena [1] and demonstrates another mechanism of recov-
ering interference by direct amplitude addition. We start
our analysis with a description of the pulsed homodyne-
detection process and the mode coupling in pulse-pumped
parametric processes.

II. HOMODYNE DETECTION WITH A LOCAL
OSCILLATOR IN A PULSE TRAIN

Consider the scheme shown in Fig. 2 for homodyne
detection where a pulse train serves as the local oscillator
(LO), which can be written as

EM) =) ar(t—jAD, (1)
J

where a; (1) = & (¢) has a fixed and normalized temporal
profile f (). AT is the separation between pulses. Assume
the incoming quantum field to be detected is also described
by the same temporal modes:

E@ =) a"ra—jan, )
J

where operator @' is for the j th temporal mode.
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s(t)=zj:aw(t—jAT)

FIG. 2.
pulses.

Schematics for homodyne detection with a train of

We can write the output current of the homodyne detec-
tion in operator form as [28]

o) = [ dekt— o) Y IGX @ (0~ AT
Tr j
~ &) Ykt —jADIX Y (g), 3)
J

where k(7) is the response function of the detector and has
a width Tk much larger than the pulse width of f (¢) so that
we can pull it out of the time integral and make the approx-
imation in the last line of the equation above. X ) (p) =
aVe™ 4 aVe with e = £)/|&| as the phase of the
LO field is the operator of quadrature-phase amplitude.

I1I. MODE COUPLING IN PARAMETRIC
PROCESSES PUMPED BY A PULSE TRAIN

Consider a train of pumping pulses described as

&) = Epoay(t—j AT), )
J

where a, (1) = f dwp,a, (wp)ei‘*’l” is the profile of the sin-
gle pump pulse. Assume the pump has a Gaussian profile
ap(wp) = e~ @ =@p0)* /295 yith a bandwidth of o,.

For a single pump pulse described by £, (¢) to inter-
act with a piece of nonlinear fiber through four-wave
mixing, it is known to generate two EPR-entangled fields
denoted as “signal” and “idler” that evolve under the
unitary operator

~ 1 N
U= exp {—h / dl‘Heq(l‘)} , (5)
i
where the equivalent Hamiltonian /.4 (f) is such that

1 N
%/dtHeq(f) = /da)lda)zF(a)l,a)z)&s(a)l)&[(wz)+h.c.
l

=K Z rk;lkf?k + h.c., (6)
k

where the joint spectral function (JSF) F(w;,w,) can be
expressed by singular value decomposition as F'(w;, w;) =
Ky, rigpr(@) Y (w2) with two sets of orthonormal func-
tions ¢y (w1), ¥r(wy) and normalized mode coefficients
rr in descending order (r; > 7, >r3 > --- ,Zkri =1).
Ar = [dogr(w)as(@1), By = [ dwryi(w2)a;(w,) define
the kth pair of temporal modes of profiles gi(¢) =
1/V27 [ doige(wne® and  h(t) = 1/v/2m [ dwyy

(wy)e™2!. The temporal modes are pairwise coupled by

A = 4 cosh Kry + E;(HT sinh K7y,
B = BiM cosh Kry + /ECHT sinh Kry. N

The signal and idler fields can be written as
N 1 . ~
EV@) = — / dw,ag(w))e ™1 = “(£)Ag,
P «/ﬂ 1 1 ;gk k
o 1 . ~
EV@) = — / dandi(w)e ™ =Y (B, (8
, 5= | dentie: ; 10B,  (8)

due to completeness relation of the mode functions:
2P (@)9" () = (@ — ), ) Y (Y (o) =

— @'). The superscript ' denotes fields pumped by a
single pulse.

In general, the fields are of multimode nature [29]. In the
special case when F(w;,w;) is factorized, the entangled
fields are in single mode. For the simplicity of discussion
without loss of generality, let us assume that a single pump
pulse will produce single-mode entangled signal and idler
fields described by temporal mode functions g(%), i(?).
For a delayed pump pulse o, (t — AT), the pump spec-
trum becomes a,(w,)e “r~" so that the JSF becomes
F(wy, wy)e 18T e=iAT  This causes the temporal modes
to be also shifted by ATto g(t — AT), h(t — AT). Thus, for
a train of pump pulses described in Eq. (4), the generated
entangled fields are described by

En =) gt—jAni?,
J

Ei()y =) h*(t—jADBY, )
J

where we omit other higher-order orthogonal temporal

modes in Eq. (8) and AV, BY) are the operators for the cor-
responding pulses (temporal modes). Only operators in the
same pulse (j ) are coupled through Eq. (7).

IV. UNBALANCED SU(1,1) INTERFEROMETER

Referring to Fig. 3, the SU(1,1) interferometer with
delays is formed by two pulse-pumped parametric ampli-
fiers (PA1,PA2) which produce two coupled fields known
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as signal and idler. We write the corresponding fields as
Em() =) g"(t—jATAY,
J

Em(t) =Y _h*(t—jADBY, (10)
J

with m = 0 for the initial fields, m = 1 for the fields after
the first parametric amplifier, and m = 2 for the fields after
the second parametric amplifier. Here, 121,(,’;),35,];) describe
the j th signal and idler quantum pulsed fields in single tem-
poral modes of g(t —j AT), h(t — j AT), respectively. But
between the two amplifiers, we introduce uneven delays
for the signal and idler fields so that the input fields for the
second amplifier (Fig. 3) are

E (=) g"t—( + AT "
J
=Y g t—janay V"
J

By =) "h*(t—jAT)BY, (11
J

where the primed signal field £/, (#) (Fig. 3) denotes the
field delayed by an extra pulse separation AT and shifted
by a phase of 6. Using Eq. (7) for the parametric amplifiers,
we have the coupling relations for PA1

/EY) = /ig) cosh K —|—Bgﬁ sinh K,

BV = BY cosh Kk, + 49" sinh K, (12)
and for PA2
A9V = 4V7Ve cosh Ky + BV sinh K,
BY = BV cosh K, + AV e~ sinh K, (13)

where for simplicity without loss of generality, we assume
single-mode operation for PA1, PA2 with gain parameters
K1, K;. Note that because of the extra delay of AT in the
signal field, mode fS’g’) is now coupled to mode /ig’_l) of
the next pulse at the output of PA2. Combining Egs. (12)
and (13), we obtain

Eg) _ E(()/‘) cosh K cosh K, + Eg_l)e_ie sinh K| sinh K,
+ /i(()j)T sinh K; cosh K,

+ A7 "¢ cosh K, sinh K, (14)

E, E 9 AT E, E,
—— —
PAl o PA2
~ ~ > ~, —
EIO Ell El EZ
FIG. 3. Anunbalanced SU(1,1) interferometer with two pulse-

pumped parametric amplifiers (PA1,PA2). Compared to the idler

A S

field [E;,(m = 0,1, 17,2)], signal field [E,(m = 0,1, 1’,2)] has
an extra delay of AT, which is the separation between pulses.

and similarly,
A7 = 4Y7 Ve cosh K, cosh K, + A9 sinh K, sinh K;
+ IA?g)T cosh K sinh K,

+ g(()j—l)w‘eie sinh K cosh K. (15)

To see if there is interference, let us first evaluate the result
of photodetection at the idler output of PA2:

(1) = / drk(t — ) (EL (D) En (1))

=Y k(t—jATV(BYBY),
J

(16)

where k(1) is the response function of the detectors and we
assume that the pulse width of g(¢) is much narrower than
the pulse separation AT and the response time Tx of k(r)
so that [ dtk(t — v)g*(t —jAT)g(r —j'AT) =~ §;/k(t —
j AT). Hence, averaging over the vacuum state for initial
input fields /Alg ),Bg ), we have

i)=Y kt—j M’)((ﬁg '497") sinh? K, cosh? K,
J

+ (ﬁgil)/igfm) sinh? K, cosh? Kl)

= Z k(t—j AT)( sinh® K cosh® K,
J

+ sinh? K, cosh? K1>, (17)
which shows no interference because of photon distin-
guishability between different temporal modes of /ig ) and
/ig ~1_ We obtain similar result for direct detection at the
signal output [is(7)].

On the other hand, for the balanced -case, /ig -b
is replaced by ﬁg) and Eg_l) by Bg) in Egs. (14)
and (15), which leads to interference due to indistin-
guishability between the first two terms and between
the last two terms in Eqgs. (14) and (15) because

they both originate from the same field of fig )
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or Eé’ ). Or, this results in an equivalent paramet-
ric amplifier with phase-sensitive overall gain param-
eters of Gr(0) = coshK, coshK, + e sinh K| sinh K>
and g7(9) = sinh K| cosh K, + e~ cosh K| sinh K. Then,
instead of Eq. (17), the result of photodetection at the idler
output of PA2 becomes

i) =) k(t—j ADgr(®)
J

= Zk(t —Jj AT)(sinh2 K, cosh’ K,
J

+ sinh® K cosh® K1) (1 + V cos 0), (18)
with

2 sinh K cosh K, sinh K, cosh K

4 - 12 2 - 12 2’
sinh“ K; cosh” K, + sinh” K, cosh” K

(19)

which shows the interference fringe with a visibility of V.
Notice that the appearance or disappearance of interfer-
ence is independent of the detector response k£(7) and this
is consistent with experimental observation.

Next, we check the result for homodyne detection. By
using Eq. (3), we find mode-matched pulsed homodyne
detection of the signal field of PA2 is equivalent to the
measurement of a current operator

inps() = €0l Y _k(t—jADX L (9),  (20)

J

where & = |Eyle’? is the peak amplitude of the local oscil-
lator pulse and X (¢) = 4’ e~ +Ag”e’¢. Using Eq.
(15) and reorganizing the indices, we have

Ips(t) = &0 Y k(t—j AT)[X () (¢ — 0) cosh K,
J

—|—)A(B%) @ —9) sinhKl] cosh K,

+ 1Y k(e —j ARV (p) sinh K,
J

+)?B({)+l)(—(,0) coshKl] sinh K,

= |El Y _k(t—j AT) [X2 (¢ — 6) cosh K,
J

—I—)A(B%) @ — ) sinhKl] cosh K,
+1&| Y Kt — (G — DATI[X) (¢) sinh K,
J
+)A(B%)(—<p) coshKl] sinh K>, 1)

where we shift index j of the second sum by 1 in the
second equation. Now, since Tz > AT, we have k[t—

G — I)AT] ~ k(t —J AT), that is, k(t) changes little when
shifted by AT « Tg. Then Eq. (20) becomes

inps () ~ €0l D k(t—j AT){[X 1] () sinh K sinh K,
J

+ X7 (¢ — ) coshK, coshK; |
+ [X9)(0 — ) sinh K, cosh K;
+ X4 (—¢) cosh K, sinhK>]}. (22)

Note that the expression above shows the addition of the
quadrature-phase amplitude operators X of the same pulse
(), so this is equivalent to the case of no delay between
the signal and idler fields in the SU(1,1) interferometer,
as we discussed about Eq. (18), and should give rise to
interference.

To see interference more clearly, we send the output cur-
rent of homodyne measurement to an electronic spectral
analyzer, which measures the time average of the variance
of the photocurrent [A?HDS = QHDS — GHDS(t))]:

Var = - / dt{A%Tups (1)), (23)
T)r

where the average () is over the quantum states of

modes /Alg ),f?g ), which are all in vacuum and 7 is the
total time for the spectral analyzer to take data. With

F OX00)), = 8 &0 = (X0©0) Xy O,
()A( A%))A( B% ))U = 0 for vacuum, a straightforward calculation
for the photocurrent in Eq. (21) gives

Var = Rp|50|2{ /dtkz(t)[l + 2sinh*(K, — K))
+ sinh 2K sinh 2K} ]
+ cos6 / dtk(Hk(t — AT)

x sinh 2K sinh ZKZ}
= VarSN[l + 2sinh?(K, — K3)
+ sinh 2K sinh 2K, (1 + Vip cos 0) (24)
with visibility
sinh 2K sinh 2K,
1 + 2 sinh?(K> — K;) + sinh 2K sinh 2K,

x [ / dik(Hk(t — AT) / f dtkz(t)}, 25)

where Vargy = R,|&|? [ dik?(t) is the shot-noise level of
HD measurement with R, as the repetition rate of the pulse
train. The result in Eq. (24) clearly shows the interference

Vip(AT) =
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effect as we scan phase 6 of the SUI, which explains the
result in Fig. 1(e), but the visibility Vup(AT) depends on
the delay AT as compared to the response k(¢) of the HD
detectors. For K, K, > 1, if k(¢) has a square shape of
width T, for example, we have Vyp(AT) = 1 — |AT|/Tx
when |AT| < Tk but Vuyp(AT) = 0 when |AT| > Tk. The
latter occurs when the detector can resolve each pulse.

The results in Egs. (16), (17), (21), and (22) show that
the difference in the observation of direct power mea-
surement and homodyne measurement is that the former
is intensity measurement, which, in the unbalanced case,
gives intensity addition due to distinguishability, whereas
the latter is amplitude measurement, which, even in the
unbalanced case, results in amplitude addition from dif-
ferent pulses due to the slowness of detectors and thus
cannot distinguish from which pulse the photon comes.
In the latter case, interference occurs because of photon
indistinguishability in the homodyne measurement process
even though there is distinguishability in photon gener-
ation in PA1 and PA2. This recovery of interference is
different from the quantum eraser schemes [7—9] where
distinguishability in photon generation is erased by con-
ditional projection measurement on the other correlated
photon.

Notice that the result in Eq. (24) does not depend on ¢,
the phase of local oscillator but only on 6, the phase of the
interferometer. This is consistent with experimental obser-
vation (see next section for details) and means that the LO
field does not participate in interference although it mixes
with the field from the output of the interferometer. Its role
is to make quadrature-phase amplitude measurement, as
required to reveal the interference.

V. DETAILED EXPERIMENT

A. Unbalanced SU(1,1) interferometer with delay of
multiple pulse separations

The details of our experimental setup for observing the
results in Fig. 1 are shown in Fig. 4. The SU(1,1) inter-
ferometer is formed by two PAs, which are based on four-
wave mixing (FWM) in dispersion-shifted fibers (DSFs)

[30]. PA1 consists of a DSF and a coarse wavelength divi-
sion multiplexer (CWDM); while PA2 consists of a DSF
and two CWDMSs. The two DSFs are identical with a zero-
dispersion wavelength of 1548.5 nm and a length of 150
m. They are submerged in liquid nitrogen (77 K) to sup-
press Raman scattering [31,32]. The generated signal and
idler fields are co-polarized with the pump. The central
wavelength of pulsed pumps for the two PAs (P1 and P2)
is set at 1549.3 nm, so that the phase matching condition
of FWM with a gain bandwidth up to 40 nm is achieved
in DSFs [33,34]. The CWDMs have three channels for
pump, signal, and idler fields, respectively, with a band-
width of 16 nm for each. They are used for the separation
or combination of fields at different wavelengths.

PA1 generates the entangled signal and idler fields via
spontaneous FWM, and CWDM1 is used to separate sig-
nall and idler1 fields from pump P1. After propagating the
two outputs of PA1 along different paths, CWDM?2 cou-
ples pump P2 and signall and idlerl fields into DSF2,
and CWDM3 separates signal2 and idler2 fields from P2.
The signal and idler fields at both the input and output
of PA2 are broadband due to the large bandwidth of the
CWDMs. Note that to ensure the modes of all the fields
involved in FWM in PA2 are well overlapped, there are
fiber polarization controller and adjustable delay lines in
both the signall and idler1 channels (not shown in Fig. 4).
The procedure and method used for optimizing the gain of
FWM by controlling the temporal and polarization modes
are described in more detail in our previous experiment
[26,35]. Varying the phase ¢ of P2 by scanning a piezo-
electric transducer (PZT) is equivalent to introducing a
phase shift & = ¢/2 in Eq. (11) (or Fig. 3).

The pulsed pumps and local oscillator of homodyne
detection are created by carving the output of a mode
locked fiber laser with a dual-band filter (DBF, not shown)
[35]. The laser output is in the range of 1520-1600 nm.
The pulse duration and repetition rate of the laser are 150 fs
and 50 MHz, respectively. So the time period AT between
two adjacent pulses is 20 ns. The wavelengths of the pump
and LO are set at 1549.3 and 1532.5 nm, respectively.
To achieve the required power, the pumps and LO carved

PA1 Delay PA2 {HD 1.0 \
; BS TIA LpF|
Signall = Signal?2] e >7=ESA

DSF1 E #g DSF2 g { s ]
Pumpl = 5 = ( |
° I o e G e )
Idlerl Idler2 ! |

Pump?2

FIG. 4. Experimental setup for observing quantum interference in the SU(1,1) interferometer, which is unbalanced when a 4.08-
m-long single-mode fiber (SMF) is inserted to introduce one pulse delay in the signal (or idler) channel between two PAs. PA1-2,
parametric amplifier; DSF1-2, dispersion-shifted fiber; PZT, piezoelectric transducer; CWDM1-3, coarse wavelength division multi-
plexer; SMF, single-mode fiber; F, filter; PD, power detector; HD, homodyne detection; BS, beam splitter; LO, local oscillator; TIA,
transimpedance amplifier; LPF, low-pass filter; ESA, electronic spectrum analyzer.
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out by DBF are, respectively, amplified by erbium-doped
fiber amplifiers and reshaped by the programmable filters
(Waveshaper 4000A from Finisar) [36]. The pulse dura-
tions of the transform-limited pulse trains for P1, P2, and
LO are about 12, 8, and 3 ps, respectively.

At the output of PA2, the signal2 and idler2 ports are,
respectively, analyzed by balanced homodyne detection
and direct power detection at the same time. The HD at sig-
nal2 output port is formed by a 50:50 beam splitter and two
photodiodes. The difference of the ac photocurrents from
two photodiodes is amplified by a transimpedance ampli-
fier (TIA) and passes through a 1.9-MHz low-pass filter.
So the response time of the HD is about 0.5 us, which is
much longer than the delay AT (20 ns). The direct power-
detection measurement is carried out at the idler2 output
port after passing through a filter (¥) to further isolate the
pump. The filter /' with a 3-dB bandwidth of 1 nm is cen-
tered at 1566.5 nm. We use two kinds of detectors for direct
intensity measurement: one is fast enough to resolve sin-
gle pulse, while the other is a slow one that is unable to
resolve each pulse. The fast PD is realized by launching
the attenuated idler2 field into an InGaAs-based single-
photon detector, which is operated in gated Geiger mode
and the gate rate is the same as the repetition rate of pump
pulses. The efficient gate width of the single-photon detec-
tor (about 500 ps), equivalent to the response time of the
PD, is much longer than the pump pulse duration (12 ps),
but is much shorter than the separation between two adja-
cent pump pulses, AT (20 ns). In the process of directly
measuring the power, the integration time of the single-
photon detector for each data point [see the solid squares
in Figs. 1(b) and 1(c)] is set to 10 ms. The slow PD is real-
ized by a detector having a response bandwidth of about
750 Hz. In our experiment, the phenomena observed by
PD are not dependent upon the detection response time,
which is consistent with the theory.

We first perform the measurement when the SU(1,1)
interferometer is balanced. In this situation, the path
lengths of signall and idler] fields between two PAs are
identical, the output of PA2 becomes phase sensitive and
its output noise is dependent upon the phase difference
between pump P2 and two input fields to PA2 [37]. So
the interference fringes in both intensity and homodyne
measurement are expected. During the measurement, the
average powers of the pumps P1 and P2 are 2.3 and 3.2
mW, respectively, and the power gains of PA1 and PA2
are G% = cosh?K; = 2.8 and G% = cosh’k, = 10, respec-
tively. This setting is to optimize the observed noise reduc-
tion (see later). In order to observe the interference effect,
the phase of P2 is slowly scanned at a rate of 1 Hz by
applying a ramp voltage on a piezoelectric transducer. It
is clear that interference can be observed in the results of
PD and HD measurement, as shown in Figs. 1(b) and 1(d),
respectively. The visibility is about 77% in Fig. 1(b) and
79% in Fig. 1(d). The deviation of the visibility from the
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FIG. 5. Noise levels in log scale measured by homodyne

detection as a function of phase scan when the SU(1,1) inter-
ferometer is (a) balanced and (b) unbalanced, respectively.

maximum value of 100% is because the gains of two PAs
have not been optimized [38]. However, under the cur-
rent pump powers of P1 and P2, we are able to observe
optimum noise reduction of two entangled fields by HD,
as shown in Fig. 5(a). The red line in Fig. 5 is obtained
by blocking P1, which means the input of PA2 is vac-
uum and the noise measured by HD corresponds to the
shot-noise level (SNL) in the PA-assisted entanglement
measurement scheme [37]. Comparing the blue curve and
SNL (red) in log scale in Fig. 5(a), we find the entangle-
ment between signall and idler] leads to a noise reduction
in the measured photocurrent, which is lower than the SNL
by 1.5 dB.

Next, we insert a 4.08-m-long standard single-mode
fiber (SMF) at signall channel, so that the SU(1,1) inter-
ferometer becomes unbalanced with a delay of exactly the
separation between adjacent pulses. In this experiment, all
the parameters are the same as the balanced case, except
the optical path delay induced in signall field. We simul-
taneously carry out the direct intensity measurement and
homodyne measurement at the two outputs of the unbal-
anced SU(1,1) interferometer, respectively. Figure 1(c)
shows that the power measured by PD stays constant, indi-
cating there is no interference observed; while the result of
HD in Fig. 1(e) is the same as that in Fig. 1(d), indicat-
ing the noise level at the individual output of unbalanced
SU (1,1) interferometer changes with the phase of pump
P2, showing the interference effect. Note that when the
one pulse delay is switched to idlerl field, the results are
the same as those in Figs. 1(c) and 1(e). The experimen-
tal results agree well with the theoretical prediction given
in Egs. (17) and (24). The noise levels in log scale in
this unbalanced case shown in Fig. 5(b) are the same as
in Fig. 5(a). The result indicates that although PA2 does
not function as a phase-sensitive amplifier and is unable
to coherently combine the two entangled fields generated
from PA1 due to the delay-induced unbalance, the low
noise performance of the SU(1,1) interferometer [13,37],
which is the key for its application in quantum sensing,
can be retained by maintaining quantum interference via
homodyne detection.
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FIG. 6. (a) An unbalanced SU(1,1) interferometer with two

pulse-pumped parametric amplifiers (PA1,PA2) and asynchro-
nized signal arm. LO consists of two pulses to measure the
asynchronized signal field for amplitude addition. HWP, half-
wave plate. (b) Observed interference fringe in the homodyne
measurement.

B. Unbalanced SU(1,1) interferometer with arbitrary
delay

In order to prove further that amplitude addition by
homodyne detection is what leads to the recovery of inter-
ference in the unbalanced SU(1,1) interferometer, we make
a variation of the unbalanced interferometer by setting the
delay of the signal arm not equal to a multiple of the pump
pulse separation but some arbitrary number [Tgelay # NAT
in Fig. 6(a)]. In this case, the second PA will not inter-
act with the delayed signal field generated in the first
PA with the corresponding idler field at all because the
pump pulse to the second PA is not synchronized with the
delayed signal field. So, the delayed signal field passes PA2
unchanged. But the idler field still interacts with the sec-
ond pump field in PA2 and produces a signal field (S2).
What we intend to observe is the interference between the
delayed original signal field (S1) and the PA2-produced
signal field (S2). To measure the asynchronized signal
field (S1), we produce an extra pulse in the LO via an
unbalanced Mach-Zehnder (MZ) interferometer so that the
homodyne detection still measures the amplitude of the
asynchronized signal field (S1) and adds it with the ampli-
tude of the signal field (S2) that is generated by the second
PA and is synchronous to the second pump pulse. The the-
ory for explaining this experiment is similar to Eq. (21)
except that there is no gain from PA2 for the delayed sig-
nal [K; = 0 in the terms containing X A%) and X, B%) or in the
terms containing qu) and Bgfm in Eq. (15)].

For the arrangement in Fig. 6(a), we replace the 4.08-
m-long fiber (corresponding to one pulse delay) with a
4.10-m-long fiber in the signal arm so that the signal field
generated by PA1 is not synchronized with the pump pulse

and idler field at PA2. For the homodyne measurement
of the delayed signal field, we create a second pulse in
the local oscillator by using an unbalanced MZ interfer-
ometer with the same delay. When the pump phase of
PA2 is scanned, interference fringe shown in Fig. 6(b) is
observed. In this experiment, the power gain of PA2 is set
at G5 = 2 for maximum visibility. When one arm of the
unbalanced MZ interferometer is blocked, no interference
is observed in HD measurement, demonstrating the role of
mode selection for the LO in this experiment.

To make the interference recovered by HD measurement
more dramatic, we insert a half-wave plate (HWP1) in
the delayed signal field and rotate its polarization by 90°
so the delayed signal field will simply pass through the
second DSF without interacting with PA2 because of its
orthogonal polarization. The corresponding LO also has
its polarization rotated 90° by inserting a HWP (HWP2)
in the delayed arm of MZ interferometer. In this way, there
is no interference in direct intensity measurement no mat-
ter what is done but we observe the same interference
fringe in homodyne measurement as Fig. 6(b). Since what
is measured in HD measurement is the amplitude of the
field mode matched to the LO, rotating the polarization of
the corresponding LO leads to no change in the theory as
long as the detectors are insensitive to the polarizations.
This further confirms the mode selectivity of homodyne
detection and the amplitude addition for the recovery of
interference.

VI. DISCUSSION

How to understand in a consistent way the disappear-
ance of interference in direct intensity measurement and
the recovery of interference by homodyne detection in the
unbalanced case? At first, it seems trivial since homodyne
measurement involves mixing of the local oscillator with
the detected fields and the result could be the interfer-
ence between LO and the field. However, this is ruled out
immediately because we observe in the experiment that
the interference depends only on the phase of the inter-
ferometer but not on that of the LO. Secondly, the slow
response of detectors in HD could also be a reason since
the signal measured in HD is analyzed by an electronic
spectral analyzer at 1 MHz while the detector in direct
intensity measurement has a response time of 0.5 ns and
can resolve the pulse trains of separation of 20 ns. So
we switch to a slow detector with a 3-dB bandwidth of
750 Hz for direct intensity measurement in the unbalanced
case. But no interference occurs as before. It is further
speculated that narrow band detection in homodyne mea-
surement might be the cause so it is suggested that optical
filtering will be able to lengthen the coherence time of the
field and allow the delayed signal field to overlap with the
signal field generated in PA2. To check this, we make a
variation of the unbalanced interferometer, in which the
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delay of the signal arm is not equal to a multiple of the
pump pulse separation and the polarization of delay signal
is rotated by 90°, as shown in Sec. V B. In this case, no
matter how narrow the filter is, there is no way to observe
interference in direct power detection since the polariza-
tions of the two signal fields are orthogonal. Therefore, the
role played by homodyne detection is not a simple narrow-
band detection. Our explanation of amplitude addition in
HD measurement is thus the consistent one.

Since the explanation of the appearance of interference
in homodyne detection is based on amplitude superposi-
tion, which is similar to the classical wave picture, a ques-
tion thus arises about classical explanation of the observed
results. Indeed, there exists a classical wave model in terms
of phase-sensitive amplification [39]. However, this model
should likewise predict the appearance of interference in
direct intensity measurement, as we discussed in Eq. (18)
for the balanced case. This is in contradiction with the
observation when a delay is present. On the other hand,
the photon (particle) picture in terms of distinguishabil-
ity in photon generation seems to give prediction of no
interference in both intensity and homodyne measurement.
Therefore, what we observed here is the wave-particle
duality at play again and it is exhibited in one experiment
(with delay) but in different measurement schemes. The
full quantum explanation we presented is required to give
correct results as observed in both cases. Furthermore, the
quantum feature for homodyne measurement stems from
the visibility formula in Eq. (25), which shows the depen-
dence on the time delay. This is because the vacuum states
for the temporal modes of different pulses [/ig ),/Ig D and
Bg ),Eg in Egs. (14) and (15)] are different and inde-
pendent, and therefore are distinguishable. But the slow
detection response in homodyne detection makes them
indistinguishable in amplitude, leading to interference.

VII. SUMMARY AND FUTURE PERSPECTIVE

In summary, we investigated an SU(1,1) interferome-
ter with the unbalanced paths. We observe no interference
in the direct intensity measurement but demonstrate the
reappearance of interference in homodyne detection. The
absence of interference is because of the photon distin-
guishability in the delayed path but the recovery of the
interference is a result of amplitude superposition in the
pulsed homodyne-detection measurement process. Such a
kind of measurement-dependent observation of quantum
interference demonstrates the dependence on measurement
in the observation of quantum phenomena.

The unbalanced interferometers have a practical impli-
cation in optical sensing where one arm of the interfer-
ometer usually goes through a long sample. If interference
exists in the unbalanced case, it is not necessary to intro-
duce path compensation in the other arm, creating flexi-
bility and convenience in quantum sensing applications.

In quantum probing by undetected photons, however, the
direct detection method by photon counting has so far been
used [17—20], which leads to no interference in the unbal-
anced case. Our approach with homodyne measurement
will be able to overcome this hurdle. Notice that because
of the short pulses for pumping and the phase matching
of parametric process in each PA, the signal and idler
fields are broadband and suitable for spectroscopic sens-
ing. Concerns may arise about the requirement of mode
match for homodyne measurement in both temporal and
spatial degrees of freedom. However, this is not a prob-
lem here because SU(1,1) interferometer is resilient to any
detection losses, to which mismatch in mode is equiva-
lent [37,40]. Furthermore, the role of homodyne is mode
selection. Large mode mismatch due to mode distortion
when light passes through medium will reduce indistin-
guishability and thus the visibility of interference. This
provides another quantity to measure for sensing, just like
the technique in imaging with undetected photons [17-20].

On the other hand, if detectors are fast and can resolve
the fields of different pulses, distinguishability will lead to
no interference in homodyne detection, as shown in Eq.
(25). This situation provides us further with a method to
remix the original fields with the delayed fields, creat-
ing superposition of different temporal modes, as shown
in Egs. (14) and (15), for the generation of cluster states
[41,42]. By comparing our experimental setup in Fig. 1(a)
to the setup reported in Refs. [41,42], one sees that the dif-
ference is that we replace the second beam splitter (BS2)
in the cluster state generating setup with the parametric
amplifier PA2. In the sense of combining signal and idler
beams generated by PA 1, the function of PA2 is equivalent
to that of BS2 in Ref. [41]. Thus, it is possible to gener-
ate a multipartite entanglement state with the unbalanced
SU(1,1) interferometer once the detector is fast enough,
though the specific configuration of the interferometer may
be slightly different from our setup.
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