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Quantum phenomena do not 
occur in a Hilbert space. They 

occur in a laboratory.
A. Peres



Topics:

Nonlinear quantum optics: 

Metrology beyond the quantum standard limit.

Spontaneous Parametric Down Conversion (SPDC).

Quantum Imaging: 

Induced coherence without induced emission. 

IR Quantum Spectroscopy with visible light.

Discussion.
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Metrology beyond the quantum standard limit.

Quantum Standard Limit
==

Shot Noise Limit

Inquiry: precise phase measurement
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Metrology beyond the quantum standard limit.

For homodyne detection of a coherent state in 
an SU(2) interferometer we have:

We can pass SNL by Using Squeezed state instead: 

Inquiry: precise phase measurement
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Metrology beyond the quantum standard limit.

We can improve the resolution of phase measurement 
by using single photon in interferometer:

Inquiry: precise phase measurement
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Metrology beyond the quantum standard limit.

Also, using entangled N00N states in interferometer
can help us to reach Heisenberg limit. 

Inquiry: precise phase measurement
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For example: LIGO Interferometer: 



Non-linear Interferometer
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Nonlinear Interferometer: 
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SU(1,1) nonlinear Interferometers: 



Interferometers are such fundamental devices that they are the
irreplaceable elements in precision measurement and have
wide applications in modern metrology1. The state of the art is

the laser interferometer for gravitational wave detection2.
However, because of the vacuum quantum noise injected into
the unused port, the sensitivity of the interferometers in precision
phase measurement is limited to the shot noise limit (SNL):
DjSNL¼ 1/

ffiffiffiffi
N

p
with N as the photon number sensing the phase

change3,4. The SNL is also known sometimes as the standard
quantum limit (SQL), which is set for interferometry with
classical fields. It was pointed out by Caves3 that the vacuum
noise can be suppressed by using the squeezed state of light.
Soon after, sub-SNL interferometry was demonstrated
experimentally5,6. Recently, such a strategy was applied to the
laser interferometers for gravitational wave detection in a
prototype device7 and in GEO600 (ref. 8). Following this
approach, different types of quantum states9 with special noise
behaviour are studied for quantum noise suppression to improve
the sensitivity of a conventional interferometer (CI). Quantum
entanglement, which allows the correlation of quantum
fluctuations of distinct systems, can also be used to subtract out
quantum noise via quantum destructive interference10,11.

Reducing noise is the most straightforward way to increase the
sensitivity of an interferometer. On the other hand, the sensitivity
of an interferometer can also be improved by signal enhance-
ment. This is the approach in recent research using the so-called
NOON state, a photon number maximally entangled state, for
improving phase measurement sensitivity12–14. The NOON states
produce an interference fringe with super resolution that is more
sensitive to phase change than CIs15. The Heisenberg limit, with a
phase measurement sensitivity of DjHL¼ 1/N , can be reached
with this strategy in principle. It was claimed and experimentally
shown that the SQL can be beaten by a projected NOON state
with post-selection detection16. However, a further analysis shows
that challenges still exist for surpassing the SQL with post-
selection17. NOON-state interferometry beyond four photons was
also demonstrated18. However, difficulty in obtaining NOON
states with larger photon numbers hinders the practical
applications of such a scheme.

CIs use beam splitters or the equivalent as the basic elements.
A non-conventional approach for interferometry was adopted by
Yurke et al.19, who, in the quest for the Heisenberg limit,
proposed to use parametric processes for wave splitting and
recombination to form a non-conventional SU(1,1) inter-
ferometer. A similar approach was used by Jacobson et al.20

who used a cavity-QED device to split a coherent state into a
Schrödinger cat-like superposition state. Ou21 also proposed to
use a hypothetical interaction to split an N-photon state into a
NOON state. Such an interaction was later realized by Leibfried
et al.22 via a quantum simulator in a trapped ion system. This was
the first realization of a non-conventional interferometer (NCI)
even though the quantum number is small (3 at most).

It should be noted that recently there is another class of
interferometers that measures a ‘nonlinear’ phase shift23–26,
which is induced in a nonlinear process. The phase measured
there is totally different from the phase we measured here and has
a sensitivity limit that follows different photon number scaling
laws24–26. Moreover, the interferometrical technique used there is
still the conventional one using beam splitters.

In this Article, we report the experimental implementation of
the SU(1,1) NCI with parametric amplifiers for precision phase
measurement. However, different from the original proposal by
Yurke et al.19, which also suffers the shortcomings of low photon
number, we adopt a variation proposed by Plick et al.27 to use
coherent state injection for photon number ‘boost’. We initially
reported its classical version28. Here we concentrate on the

quantum nature of its performance. We find that the fringe size
(that is, the peak-to-peak output intensity) of the interferometer
is increased via parametric amplification while the noise level is
kept low, close to vacuum noise level, due to destructive quantum
interference. We compare the performance of our NCI with a
conventional Mach–Zehnder (MZ) interferometer and observe an
improvement of 4.1 dB in signal-to-noise ratio under the same
phase-sensing intensity conditions. As a CI operates at the SNL,
the phase measurement sensitivity of our NCI beats the SNL by a
factor of 1.6 in root-mean-square value (rms). The enhancement
is mostly limited by the losses inside the interferometer, but
unlike the squeezed state scheme, our interferometer is less
sensitive to the external losses such as detector inefficiency. Like
the NOON-state scheme, the improvement in sensitivity in our
approach here is because of the increase in the signal related to
the phase change with an amplified fringe. However, our scheme
is not limited by photon number.

Results
Comparison between different types of interferometers. As
mentioned before, the increase in phase measurement sensitivity
in the NCI is not due to noise reduction but due to signal
enhancement. In order to demonstrate this, we experimentally
compare it with a CI, which works at the SNL. As the SNL is
related to the phase-sensing photon number. We make the
comparison under the same condition of phase-sensing light
intensity.

We first look at the principle of operation for the two kinds of
interferometers. The schematic diagrams of an SU(1,1) NCI and a
conventional MZ interferometer (CI) are shown in Fig. 1a,b. For
the NCI, beam splitters are replaced by parametric amplifiers
(PA1, PA2), which amplify the incoming ‘signal’ field ains
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Figure 1 | Schematic diagram and interference fringes for two types of
interferometers. (a) An SU(1,1) NCI; (b) a conventional MZ interferometer.
PA, parametric amplifier; G,g, amplitude gains of PAs; j, overall phase shift;
d, small phase change; I0, average input intensity; Ips, the intensity that
senses the phase change; HD, homodyne detection. (c) The interference
fringes at the outputs of the NCI (blue) and the CI (red) with the same

phase-sensing intensity INCIps ¼ ICIps ¼ 60mW. The fringe enhancement of NCI

to CI is BS¼ 5.5¼ 7.4 dB.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4049
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The fringe enhancement of SU(1,1) w.r.t. SU(2) Int.
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Idea: 

Using SPDC as two-mode squeezer in 

a non-linear interferometer, for the 

purpose of high precision phase 

measurement for Spectroscopy and 

characterization of optical 

component. 
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)SPDC( Spontaneouse Parametric Down-Conversion

15
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Frequency and Phase Matching in SPDC
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)SPDC( Spontaneouse Parametric Down-Conversion



Bell inequality Test & 
Quantum Tomography



Can the yellow paths interfere?
Two SPDC sources

NO! 
Because d  and f carry information 

as to where the detected yellow 
photon came from

Laser

Beam 
splitter

detector
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Zou, Wang, Mandel, Phys Rev. Lett. 67, 318 (1991)

(A)|T|=0.91

(B)|T|=0 
NO coincidence detectio

ns!

This is NOT two photon interference! 

Only one pair of photons is generated! 

Can the yellow paths interfere? Yes
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Induced Coherence without Induced 
Emission
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Experimental setup

Paterova, A., et al. "Measurement of infrared optical constants with visible photons." New Journal of Physics 20(4): 043015. (2018).  
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Measurement and Optical characterization
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0 2 1t t t tD = + -

Measurement and Optical characterization
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:ناراکمھ

يدواد يدهم رتکد

یبانوت يرهم یلع رتکد

یهلارون هزمح رتکد

)يرتکد يوجشناد(يربکا دیعس



Questions??

Thank you for your attention
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