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We present experimental and theoretical results on a new interferometer topology that nests a SU(2)
interferometer, e.g., a Mach-Zehnder or Michelson interferometer, inside a SU(1,1) interferometer, i.e., a
Mach-Zehnder interferometer with parametric amplifiers in place of beam splitters. This SU(2)-in-SU(1,1)
nested interferometer (SISNI) simultaneously achieves a high signal-to-noise ratio (SNR), sensitivity
beyond the standard quantum limit (SQL) and tolerance to photon losses external to the interferometer, e.g.,
in detectors. We implement a SISNI using parametric amplification by four-wave mixing (FWM) in Rb
vapor and a laser-fed Mach-Zehnder SU(2) interferometer. We observe path-length sensitivity with SNR
2.2 dB beyond the SQL at power levels (and thus SNR) 2 orders of magnitude beyond those of previous
loss-tolerant interferometers. We find experimentally the optimal FWM gains and find agreement with a
minimal quantum noise model for the FWM process. The results suggest ways to boost the in-practice
sensitivity of high-power interferometers, e.g., gravitational wave interferometers, and may enable high-
sensitivity, quantum-enhanced interferometry at wavelengths for which efficient detectors are not available.

DOI: 10.1103/PhysRevLett.128.033601

The use of squeezing [1,2] and entanglement [3,4]
allows advanced interferometers to detect signals that
would otherwise be buried in quantum mechanical noise.
The signal-to-noise ratio (SNR) is a central figure of merit
in any such sensing application. The signal strength can be
increased by using a larger flux of photons, while quantum
noise can be reduced below the shot-noise level using
nonclassical states of light [1]. Approaches that use single
squeezed beams and SU(2) interferometers, e.g., Michelson
or Mach-Zehnder interferometers [5], have been successful
in producing more than 10 dB of noise suppression [6,7]
and have been applied in interferometers with very high
photon flux [8,9] to achieve both large and quantum-
enhanced signal-to-noise ratios. In gravitational wave
detectors, a variety of effects limit the useful power such
that both high flux and nonclassical input are required to
achieve maximum sensitivity [10].
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A current limitation of this approach is the loss of
squeezing that accompanies optical losses, which break the
photon-photon correlations of a strongly squeezed state. In
Aasi et al. [9], for example, 2.2 dB of extra sensitivity was
achieved, even though 10.3 dB of squeezing was available,
due in large part to the 44% system efficiency. Losses
external to the interferometer itself, including photodetec-
tion inefficiency, significantly impact the achievable quan-
tum advantage [9-11].

An alternative approach is to use in-principle-noiseless
quantum optical methods to amplify the interferometer
signal, rather than aiming to suppress quantum noise. For
example, the SU(1,1) interferometer [12] (SUI) has the
topology of the Mach-Zehnder interferometer (MZI), but
the splitting and recombination elements are parametric
amplifiers (PAs), rather than passive beam splitters [13].
The SNR of the SUI can be insensitive to external loss,

© 2022 American Physical Society
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Comparison of SQ-MZI and SISNI in theoretical simulations. (a),(b) Topology of SQ-MZI and SISNI, respectively. BHD,

balanced homodyne detection. Insets show the various input states in the amplitude quadrature (X;)—phase quadrature (X,) phase
space. For both interferometer types, a coherent state |a) feeds the “bright input” port of the SU(2) interferometer, while a nonclassical
state feeds the “dark input” port. (c) Signal gain dX'/d¢ versus local oscillator phase ¢y o for SQ-MZI (red) and SISNI (blue), for the
lossless case. Both configurations have |a|? = 36. (d) Shading indicates Wigner distributions for the output mode k and k,, versus signal
phase ¢ (three equispaced ¢ values are shown in X, X, phase space) and versus external loss L,. For larger loss values, degradation of
SNR, i.e., overlap of uncertainty areas, is evident in the SQ-MZI case, but not that of SISNI. (e),(f) Quantum sensitivity advantage
A, = (6¢%)/ (6¢2)SQL in decibels, calculated from Egs. (2) and (3), as a function of internal and external loss for (left) SISNI and (right)

SQ-MZLI.

i.e., to losses outside of the loop formed by the two paths
and PAs [14]. Similar advantages can be obtained in a
“truncated” SUI that replaces the second PA with correlated
phase-sensitive detection [15].

The SUI approach has its own limitations. The PAs, as
their name suggests, are used as amplifiers rather than light
sources per se. To increase photon flux and signal strength,
seed light is introduced into the upstream PA to stimulate the
generation of bright two-mode squeezed beams. While the
PA process can be noiseless in theory, the best implementa-
tions to date are based on atomic four-wave mixing (FWM),
which inevitably introduces additional noise [16-22]. This
FWM noise grows faster with seed power than does the
signal, thereby setting an intrinsic limit to SNR. This
drawback has to date limited the phase-sensing light power
to tens of microwatts in SUI interferometers [13,23,24].
Similarly, nonlinear-optical effects limit the practical twin-
beam power of FWM in optical fiber [25].

Here we propose and demonstrate a new SUI-based
approach, the SU(2)-in-SU(1,1) nested interferometer
(SISNI), which combines advantages of SU(1,1) and

SU(2) interferometry. As illustrated in Fig. 1(b), a SU(2)
interferometer is nested inside a SU(1,1) interferometer: the
“signal” beam from the upstream PA (PA;) is fed into the
dark input port of a SU(2) interferometer, while a bright
coherent state is fed into the bright input port. The light
emerging from the SU(2) dark output port is then recom-
bined with the idler beam in the downstream PA (PA,). The
advantage of the SISNI can be explained as follows: in the
dark fringe condition, the SU(2) dark output is a noiseless
copy of the dark input, displaced by an amplitude « |a|p.
The displacement indicates the phase ¢, boosted by the
strong coherent state magnitude |a|. The SU(1,1) interfer-
ometer, meanwhile, is a loss-tolerant detector of trans-
lations [14]. In this way, the SISNI achieves the large signal
strength of SU(2) interferometry and the loss-tolerant
quantum noise reduction of the SUI approach.

In principle, the same advantages can be achieved with
single-mode squeezers at the input (for sub-shot-noise
operation) and at the output (for loss tolerance) [1]. The
SuU(1,1) provides both functions in a simple implementa-
tion and also gives one the possibility to sense with one
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wavelength and detect at another [26]. Another modified
SUI was recently proposed, the so-called “pumped-up SUI”
[27], which achieves large photon flux by detecting inter-
ference of the signal, idler, and also pump. This approach
appears attractive for atomic interferometry, with possible
implementation in spinor Bose-Einstein condensates [28]
or hybrid atom-light systems [29].

The quantum optical performance of each strategy can
be analyzed by considering cascaded linear input-output
relations [30,31]. For a SU(2) interferometer, e.g., MZI, the
input and output have the relation

where Ny, = /LDy + /Li(1=L,)/2(By —Cy) and

n=(1-L;)(1-L,). A strong coherent state |a) is
injected into the MZI bright input A,,;, vacuum enters by
modes B, C v, and D,,, and L; and L, indicate internal
(affecting both beams of MZI) and external (after the
second MZI beam splitter) photon loss probabilities,
respectively. The dark fringe condition is ¢ = @y + @,
where ¢y = 0 is the operating point and ¢y, < 1 is the
signal phase. The term in sin(ggg/ 2)A contributes the
signal, which can be large if mode A contains a bright
coherent state. In low-loss conditions, the term in
cos((psig/2)13M contributes nearly all the noise; mode A,
being a coherent state, contributes unit noise scaled down
by the small prefactor sin(gy;,/2).

A squeezed-light MZI (SQ-MZI), injects squeezed light
into the MZI dark input, as shown in Fig. 1(a). This places
the mode b, in Eq. (1) in a vacuum squeezed state; that is,
by = Gay + gal,, where G = \/1 + ¢ is the amplifica-
tion gain of the single-mode squeezer and @, is a vacuum
state. This suppresses noise in one quadrature of mode b M
and increases the SNR. The SNR, after optimization of the
squeezing and interferometer phases, is

’7|a|2(ﬂ§ig
[+ lG=g7—1]°

(2)

{so-mz1 =

where |a|? is the input power and (G + g)~2 is the degree of
squeezing at the dark port input. When (G + g)=2 = 1, the
above equation describes a conventional MZI with standard
quantum limit (SQL) sensitivity. Following Eq. (2), we
show how a phase coded squeezed state evolves with loss in
the left part of Fig. 1(d). We note the noise is extremely
sensitive to loss since its noise level is lower than that of a
vacuum state.

The SISNI method can help us to overcome the loss
sensitivity, as shown in Fig. 1(b). A nondegenerate optical
parametric amplifier is used to generate twin beams ¢ and

d, then the signal mode dis injected into the dark input port

of the MZI. When the MZI is locked at a dark fringe, the
noise at the dark output will be still correlated to the “idler”
mode 2. Finally, mode / and & are injected into the second
PA, where destructive interference partially cancels quan-
tum noise at the output. Here the noise term l;M in
Egq. (1) is replaced by one of the twin beams, i.e., dy =
(Gia + gb")e??, where 6 is the common-mode phase of
the SU(1,1) interferometer paths. The relative phase is
irrelevant to the signal (see Supplemental Material [30]).
The optimized SNR of SISNI is

n,Galal* 93,
Gs+ng)(Gr+g3) —4 .G,G ’
nsG3 +1:9:) (G + g1) — 4/n11:G1G2919
(3)

where L =L, +g5(1-L,)L; +G5(1 —L,)L;; and Ly
with B € {is, ii, e} indicate, respectively, internal loss of
the signal mode [including loss in the SU(2) interferometer]
and idler mode of the SU(1,1) interferometer and external

loss after PA,. G| = /1 + g and G, = /1 + g3 are the
amplification gains of PA; and PA,, respectively, where
1/(G, + g;)? indicates the degree of two-mode squeezing
generated by PA|. The right part of Fig. 1(d) represents
Eq. (3), which shows the same noise performance as SUL
We note that the SISNI improves the SNR relative to the
conventional MZI with the same |al|?.

To demonstrate the above-described quantum advantage
at large signal strength, we implemented a SISNI as shown
in Fig. 2(a). PA; and PA, are implemented as FWM
processes [32] in 83Rb, with amplification gains G, and G,.
A MZI, formed by two linear beam splitters and mirrors
with piezoelectric transducers (PZTs), is nested in one arm
of the SUI The two input ports of PA, are fed with vacuum
to avoid excess noise from the FWM process. Laser light is
injected into the bright input port of the MZI. Local
oscillator (LO) beams are generated by FWM process to
implement balanced homodyne detection. We note that the
interferometer becomes a simple MZI if the PAs’ pump
light is blocked. The relative phase ¢ of the two PA pumps
is locked to minimum net amplification by a quantum noise
locking technique [33], and a coherent modulated locking
technique is used to maintain the MZI at the dark fringe
condition [34]. To lock the phase of the LO on the phase
quadrature, we use a method described by Liu et al. [25], in
which the input coherent state is amplitude modulated and
the envelope of modulations seen at the homodyne detector
is fed back to the LO phase.

The output performance of SISNI and MZI under the
same operating conditions are shown in Fig. 2. The black
trace in Fig. 2(b) is the output noise level of MZI at the
dark fringe, which is also the vacuum noise level. The blue
trace in Fig. 2(b) shows the noise level of PA,, 6 dB above
vacuum noise. To have an experimentally accessible

Z.:SISNI = L+ (
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FIG. 2. Experimental demonstration of quantum enhancement of the SISNI. (a) Schematic of experiment. BS, 50/50 beam splitter;
PM, mirror mounted with piezoelectric transducer as phase modulator; DPD, differential photodetector; BL, beam block. Inset shows
the double-A level structure of the PA process, which uses the D1 line of 8Rb. The two pump beams (red arrows) are frequency
degenerate, A = 1 GHz and 6 = 2 MHz. PA| and PA, act as a source of two-mode squeezing and amplifier, respectively. (b) Noise of
the MZI and SISNI. Graph shows measured noise of the output phase quadrature in a bandwidth of 100 kHz about 1.7 MHz, versus time
as ¢, the relative phase of the PAs, is scanned using PMj;. MZI phase is locked to dark fringe. Traces show MZI SQL (black),
implemented by blocking both PA pumps, MZI output amplified by PA, (blue), implemented by blocking only PA; pump, and SISNI
when MZI locked at dark fringe as the SU(1,1) phase is scanned (red). (c) Measured noise spectra of MZI (black) and SISNI (red)
outputs, acquired as in (b), but with PAs relative phase locked to noise minimum and a sinusoidal phase signal at 1.7 MHz applied via
PM;. (d) Measured SNR, defined as spectral peak over white background level from spectra as in (c), versus phase-sensing light
intensity (1) for MZI (black) and SISNI (red). Error bars show + 10 statistical variation. Lines show fits with SNR = A\a|2. The QNG
of PA; and PA, are G, =4 dB and G, = 6 dB, respectively.

measure of PA gain, we define the quantum noise gain
(QNG) as G, = (5°X(0)) resulting from vacuum inputs.
For an ideal PA, G, = G* 4 ¢*. The red trace in Fig. 2(b)
shows noise reduction (minimum) and antireduction (maxi-
mum) by scanning the phase of twin beams with the MZI
locked at the dark fringe. It shows 2.4 dB of noise reduction
below the noise level of PA,, while the QNG of PA; is set
as 4 dB. The inset in Fig. 2(c) shows the power spectrum of
MZI (black trace) and SISNI (red trace) when a signal at
1.7 MHz is introduced by modulating the PZT. As above,
both the MZI and SUI are locked at their respective dark
conditions. The measured SNRs [35] of the MZI and SISNI
are 4.8(2) and 7.0(3) dB, respectively, which indicates a
2.2(5) dB SNR enhancement.

The above results were obtained for optimal gains
G, =4 dBand G, = 6 dB. The existence of an optimum
is an important characteristic of the SISNI with atomic
FWM, not present in models with ideal PAs. As shown in
Fig. 3, the SNR enhancement, measured as described
above, increases with increasing PA, gain until saturation,
and in the range studied decreases with increasing PA
gain. This behavior can be understood as the result of
atomic dephasing: this introduces excess noise in the PA;
output, which is further amplified by PA,. A detailed model
including atomic dephasing and internal losses of 16%
and 10% in the signal and idler arms, respectively, agrees
well with all experimental results (see Supplemental
Material [30]).

To verify that our scheme is able to maintain the SNR
enhancement at high photon flux, we measure the SNR of
MZI and SISNI while increasing the laser input power. As
can be seen in Fig. 2(d), both MZI and SISNI performance
are well fit by SNR = A|a|?, which confirms their photon

SNR Enhancement (dB)
|
N

QNG of PA, (dB)

FIG. 3. Characterization of the trade-off between gain and
FWM noise in the SISNI. Horizontal axis shows QNG of PA,,
adjusted by control of the pump power. Vertical axis shows the
SNR advantage of the SISNI over the MZI at equal coherent state
input power, with positive values indicating advantage for the
SISNI. Points and error bars indicate mean and +1 standard
deviation from repeated measurements. Red, blue, and magenta
data points and curves correspond to PA; QNG levels 4, 6, and
8 dB, respectively. Curves show fits based on a minimal PA noise
model [30,36].
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shot-noise limited performance. By the fit, the SISNI SNR
is 2.2 dB above that of the MZI, comparable to that seen in
other SUI experiments [25,34,37]. The advantage is
observed up to nearly 1 mW, which is hundreds of times
higher than the yW levels of previous SUIs [13,23,38].
The interferometer, built from dielectric mirrors and beam
splitters, could withstand much higher powers. In a SISNI,
the PAs need not support high powers.

The SISNI is tolerant of loss in the detection process,
because the PA process boosts the signal above the vacuum
noise level. PA processes, e.g., FWM, have been demon-
strated from radio [39] to XUV [40] wavelengths, whereas
high-quantum-efficiency detectors exist for a much more
limited range. Provided these PA processes can be quantum
noise limited, the SISNI will enable sensitive, quantum-
enhanced measurements in previously inaccessible spectral
regions. The SISNI, like the SUI, can use one wavelength
to sense and another to detect, as in [41], and can make
simultaneous measurement of phase and amplitude, one at
each mode [25]. Possible use cases include reduced-
damage probing of materials [42] and nanoimaging [43].

In conclusion, we have experimentally demonstrated a
new interferometer topology, the SU(2)-in-SU(1,1) nested
interferometer. A detailed analysis shows that this topology
combines the loss tolerance of SU(1,1) interferometry with
the large signal strength of SU(2) interferometry.
Experimentally, we have demonstrated 2.2 dB of signal-
to-noise ratio improvement beyond the standard quantum
limit, with optical power levels, and thus signal-to-
noise ratios, beyond the reach of traditional SU(1,1)
interferometry.

W.Z. acknowledges support by the National Key
Research and Development Program of China under
Grant No. 2016YFA0302001, the National Natural
Science  Foundation of China under  Grants
No. 11654005, the Quantum Information Technology,
Shanghai Municipal Science and Technology Major
Project under Grant No. 2019SHZDZXO01, and also addi-
tional support from the Shanghai talent program. W.D.
acknowledges the support from the fellowship of China
Postdoctoral ~ Science  Foundation  under  Grant
No. 2021M702147. J. K. acknowledges the support from
NSFC through Grants No. 12005049 and No. 11935012.
G. Z. B. acknowledges the support from the fellowship of
China Postdoctoral Science Foundation under Grants
No. 2020TQ0193 and No. 2021M702146. P.Y.Y.
acknowledges the support from the fellowship of China
Postdoctoral ~ Science  Foundation  under  Grant
No. 2021M702150. J.J. acknowledges support from the
China Scholarship Council. C.H.Y. acknowledges the
support by the National Natural Science Foundation of
China under Grant No. 11974111. J. F. C. acknowledges
the Guangdong Provincial Key Laboratory under Grant
No. 2019B121203002 and No. 2019ZT08X324. Z. Y. O.
acknowledges the U.S. National Science Foundation under

Grant No. 1806425. M. W. M. acknowledges H2020 Future
and Emerging Technologies Quantum Technologies
Flagship projects MACQSIMAL (Grant Agreement
No. 820393) and QRANGE (Grant Agreement
No. 820405); H2020 Marie Skitodowska-Curie Actions
project  ITN  ZULF-NMR  (Grant = Agreement
No. 766402); Spanish Ministry of Science ‘“‘Severo
Ochoa” Center of Excellence CEX2019-000910-S, and
project OCARINA [PGC2018-097056-B-100 project
funded by MCIN(Ministerio de Ciencia e Innovacién)/
AEI /10.13039/501100011033/ FEDER “A way to make
Europe”]; Generalitat de Catalunya through the CERCA
program; Agencia de Gestié d’Ajuts Universitaris 1 de
Recerca Grant No. 2017-SGR-1354;  Secretaria
d’Universitats i Recerca del Departament d’Empresa i
Coneixement de la Generalitat de Catalunya, cofunded
by the European Union Regional Development Fund within
the ERDF Operational Program of Catalunya (project
QuantumCat, ref. 001-P-001644); Fundaci6 Privada
Cellex; Fundacié Mir-Puig; 17FUNO3 USOQS, which
has received funding from the EMPIR programme cofi-
nanced by the Participating States and from the European
Union’s Horizon 2020 research and innovation program.

*morgan.mitchell@icfo.eu
"wpz@sjtu.edu.cn

[1] C.M. Caves, Phys. Rev. D 23, 1693 (1981).

[2] R.E. Slusher, L. W. Hollberg, B. Yurke, J. C. Mertz, and
J.E. Valley, Phys. Rev. Lett. 55, 2409 (1985).

[3] M.J. Holland and K. Burnett, Phys. Rev. Lett. 71, 1355
(1993).

[4] M. W. Mitchell, J. S. Lundeen, and A. M. Steinberg, Nature
(London) 429, 161 (2004).

[5] B. Yurke, S. L. McCall, and J. R. Klauder, Phys. Rev. A 33,
4033 (1986).

[6] M. Mehmet, S. Ast, T. Eberle, S. Steinlechner, H.
Vahlbruch, and R. Schnabel, Opt. Express 19, 25763
(2011).

[7] H. Vahlbruch, M. Mehmet, K. Danzmann, and R. Schnabel,
Phys. Rev. Lett. 117, 110801 (2016).

[8] The LIGO Scientific Collaboration, Nat. Phys. 7, 962
(2011).

[9] J. Aasi et al., Nat. Photonics 7, 613 (2013).

[10] M. Tse et al. (LIGO Scientific Collaboration), Phys. Rev.
Lett. 123, 231107 (2019).

[11] F. Acernese et al. (Virgo Collaboration), Phys. Rev. Lett.
123, 231108 (2019).

[12] B. Yurke, S. L. McCall, and J. R. Klauder, Phys. Rev. A 33,
4033 (1986).

[13] F. Hudelist, J. Kong, C. Liu, J. Jing, Z. Y. Ou, and W. Zhang,
Nat. Commun. 5, 3049 (2014).

[14] G.Frascella, S. Agne, F. Y. Khalili, and M. V. Chekhova, npj
Quantum Inf. 7, 72 (2021).

[15] B. E. Anderson, P. Gupta, B. L. Schmittberger, T. Horrom,
C. Hermann-Avigliano, K. M. Jones, and P. D. Lett, Optica
4, 752 (2017).

033601-5


https://doi.org/10.1103/PhysRevD.23.1693
https://doi.org/10.1103/PhysRevLett.55.2409
https://doi.org/10.1103/PhysRevLett.71.1355
https://doi.org/10.1103/PhysRevLett.71.1355
https://doi.org/10.1038/nature02493
https://doi.org/10.1038/nature02493
https://doi.org/10.1103/PhysRevA.33.4033
https://doi.org/10.1103/PhysRevA.33.4033
https://doi.org/10.1364/OE.19.025763
https://doi.org/10.1364/OE.19.025763
https://doi.org/10.1103/PhysRevLett.117.110801
https://doi.org/10.1038/nphys2083
https://doi.org/10.1038/nphys2083
https://doi.org/10.1038/nphoton.2013.177
https://doi.org/10.1103/PhysRevLett.123.231107
https://doi.org/10.1103/PhysRevLett.123.231107
https://doi.org/10.1103/PhysRevLett.123.231108
https://doi.org/10.1103/PhysRevLett.123.231108
https://doi.org/10.1103/PhysRevA.33.4033
https://doi.org/10.1103/PhysRevA.33.4033
https://doi.org/10.1038/ncomms4049
https://doi.org/10.1038/s41534-021-00407-0
https://doi.org/10.1038/s41534-021-00407-0
https://doi.org/10.1364/OPTICA.4.000752
https://doi.org/10.1364/OPTICA.4.000752

PHYSICAL REVIEW LETTERS 128, 033601 (2022)

[16] A.L. Gaeta, R. W. Boyd, and G. S. Agarwal, Phys. Rev. A
46, 4271 (1992).

[17] R. W. Schirmer, M. Y. Lanzerotti, A.L. Gaeta, and G. S.
Agarwal, Phys. Rev. A 55, 3155 (1997).

[18] R. Boyd, G. Agarwal, W. Davis, A. Gaeta, E. Nagasako, and
M. Kauranen, Acta Phys. Pol. A 86, 117 (1994).

[19] M. Kauranen, A. L. Gaeta, and R. W. Boyd, Opt. Commun.
103, 211 (1993).

[20] V. V. Iruvanti and R.W. Boyd, Opt. Commun. 118, 46
(1995).

[21] W. V. Davis, M. Kauranen, E. M. Nagasako, R.J. Gehr,
A. L. Gaeta, R. W. Boyd, and G. S. Agarwal, Phys. Rev. A
51, 4152 (1995).

[22] M. T. L. Hsu, G. Hétet, A. Peng, C. C. Harb, H.-A. Bachor,
M.T. Johnsson, J.J. Hope, P.K. Lam, A. Dantan, J.
Cviklinski, A. Bramati, and M. Pinard, Phys. Rev. A 73,
023806 (2006).

[23] M. Manceau, G. Leuchs, F. Khalili, and M. Chekhova, Phys.
Rev. Lett. 119, 223604 (2017).

[24] B.E. Anderson, P. Gupta, B. L. Schmittberger, T. Horrom,
C. Hermann-Avigliano, K. M. Jones, and P. D. Lett, Optica
4, 752 (2017).

[25] Y. Liu, J. Li, L. Cui, N. Huo, S. M. Assad, X. Li, and Z. Y.
Ou, Opt. Express 26, 27705 (2018).

[26] G.B. Lemos, V. Borish, G.D. Cole, S. Ramelow, R.
Lapkiewicz, and A. Zeilinger, Nature (London) 512, 409
(2014).

[27] S.S. Szigeti, R. J. Lewis-Swan, and S. A. Haine, Phys. Rev.
Lett. 118, 150401 (2017).

[28] D. Linnemann, H. Strobel, W. Muessel, J. Schulz, R.]J.
Lewis-Swan, K. V. Kheruntsyan, and M. K. Oberthaler,
Phys. Rev. Lett. 117, 013001 (2016).

[29] B. Chen, C. Qiu, S. Chen, J. Guo, L.Q. Chen, Z.Y.
Ou, and W. Zhang, Phys. Rev. Lett. 115, 043602
(2015).

[30] See  Supplemental Material at http:/link.aps.org/
supplemental/10.1103/PhysRevLett.128.033601 for de-
tailed calculation of the SQ-MZI and SISNI input-output
relations and signal-to-noise ratios, and details of the para-
metric amplifier noise model.

[31] W.Du, J. F. Chen, Z. Y. Ou, and W. Zhang, Appl. Phys. Lett.
117, 024003 (2020).

[32] C.F. McCormick, A. M. Marino, V. Boyer, and P. D. Lett,
Phys. Rev. A 78, 043816 (2008).

[33] K. McKenzie, E. E. Mikhailov, K. Goda, P. K. Lam, N.
Grosse, M. B. Gray, N. Mavalvala, and D. E. McClelland,
J. Opt. B 7, S421 (2005).

[34] W. Du, J. Jia, J. F. Chen, Z. Y. Ou, and W. Zhang, Opt. Lett.
43, 1051 (2018).

[35] J. Kong, F. Hudelist, Z. Y. Ou, and W. Zhang, Phys. Rev.
Lett. 111, 033608 (2013).

[36] Z.Y. Ou, Phys. Rev. A 85, 023815 (2012).

[37] E. A. Brian, G. Prasoon, L.S. Bonnie, H. Travis, H.-A.
Carla, M. J. Kevin, and D. L. Paul, Optica 4, 752 (2017).

[38] D. Linnemann, H. Strobel, W. Muessel, J. Schulz, R.]J.
Lewis-Swan, K.V. Kheruntsyan, and M. K. Oberthaler,
Phys. Rev. Lett. 117, 013001 (2016).

[39] J.F. Federici, IEEE Trans. Plasma Sci. 19, 549 (1991).

[40] F. Bencivenga, R. Cucini, F. Capotondi, A. Battistoni, R.
Mincigrucci, E. Giangrisostomi, A. Gessini, M. Manfredda,
I. P. Nikolov, E. Pedersoli, E. Principi, C. Svetina, P.
Parisse, F. Casolari, M. B. Danailov, M. Kiskinova, and
C. Masciovecchio, Nature (London) 520, 205 (2015).

[41] G.B. Lemos, V. Borish, G.D. Cole, S. Ramelow, R.
Lapkiewicz, and A. Zeilinger, Nature (London) 512, 409
(2014).

[42] F. Wolfgramm, C. Vitelli, F. A. Beduini, N. Godbout, and
M. W. Mitchell, Nat. Photonics 7, 28 (2013).

[43] R. C. Pooser, N. Savino, E. Batson, J. L. Beckey, J. Garcia,
and B.J. Lawrie, Phys. Rev. Lett. 124, 230504 (2020).

033601-6


https://doi.org/10.1103/PhysRevA.46.4271
https://doi.org/10.1103/PhysRevA.46.4271
https://doi.org/10.1103/PhysRevA.55.3155
https://doi.org/10.12693/APhysPolA.86.117
https://doi.org/10.1016/0030-4018(93)90446-C
https://doi.org/10.1016/0030-4018(93)90446-C
https://doi.org/10.1016/0030-4018(95)00195-E
https://doi.org/10.1016/0030-4018(95)00195-E
https://doi.org/10.1103/PhysRevA.51.4152
https://doi.org/10.1103/PhysRevA.51.4152
https://doi.org/10.1103/PhysRevA.73.023806
https://doi.org/10.1103/PhysRevA.73.023806
https://doi.org/10.1103/PhysRevLett.119.223604
https://doi.org/10.1103/PhysRevLett.119.223604
https://doi.org/10.1364/OPTICA.4.000752
https://doi.org/10.1364/OPTICA.4.000752
https://doi.org/10.1364/OE.26.027705
https://doi.org/10.1038/nature13586
https://doi.org/10.1038/nature13586
https://doi.org/10.1103/PhysRevLett.118.150401
https://doi.org/10.1103/PhysRevLett.118.150401
https://doi.org/10.1103/PhysRevLett.117.013001
https://doi.org/10.1103/PhysRevLett.115.043602
https://doi.org/10.1103/PhysRevLett.115.043602
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.033601
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.033601
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.033601
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.033601
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.033601
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.033601
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.033601
https://doi.org/10.1063/5.0012304
https://doi.org/10.1063/5.0012304
https://doi.org/10.1103/PhysRevA.78.043816
https://doi.org/10.1088/1464-4266/7/10/032
https://doi.org/10.1364/OL.43.001051
https://doi.org/10.1364/OL.43.001051
https://doi.org/10.1103/PhysRevLett.111.033608
https://doi.org/10.1103/PhysRevLett.111.033608
https://doi.org/10.1103/PhysRevA.85.023815
https://doi.org/10.1364/OPTICA.4.000752
https://doi.org/10.1103/PhysRevLett.117.013001
https://doi.org/10.1109/27.90319
https://doi.org/10.1038/nature14341
https://doi.org/10.1038/nature13586
https://doi.org/10.1038/nature13586
https://doi.org/10.1038/nphoton.2012.300
https://doi.org/10.1103/PhysRevLett.124.230504

