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The Voyager profiles (Fig. 4, B and C) look
very different from ours, but a few features clear-
ly correspond to known rings. Stellar occultations
have revealed that two uranian rings have broad,
optically thin components (17): Ring h has a 55-
km outward extension and ring d has a 12-km
inward extension. The h ring’s extension pro-
vides a natural explanation for its rapid growth in
brightness as B decreases. Furthermore, Fig. 4C
shows a subtle inflection closely aligned with
ring d, suggesting that its optically thin com-
panion is glowing brighter at small B. Ring l
illustrates how a dusty ring should appear in
our data (Fig. 4C). It is visible but at a level
about 150 times as faint as that in the high-
phase Voyager image. Such a ratio is com-
patible with the typical light-scattering proper-
ties of micron-sized dust. A broad feature at
43,000 km (from the center of Uranus) could
also be related to dust seen by Voyager, but this
feature remains somewhat ambiguous in our data
because it was only detected on the south ansa
(Fig. 2).

Many of the other ring components are
difficult to reconcile with known rings. If such
features are long-term members of the system,
then they somehow escaped detection. Consid-
er the region near 45,000 km, which is nearly
devoid of dust according to Voyager but is
about half as bright as the h ring in our profile.
One can devise an optically thin, backscat-
tering population that fits the data, but ex-
tensive imaging by Voyager revealed no such
population.

Even stranger is the z ring, which shifted
radially from the Voyager epoch to the present.
Because of the different phase angles, one can-
not make any conclusive inferences about the
particle sizes. Nevertheless, we require a broad,
backscattering population centered at 40,000 km
from the center of Uranus and an overlapping,
slightly less backscattering population shifted
inward by several thousand kilometers. Such an
explanation seems rather ad hoc, and it is dif-
ficult to understand how particles of slightly dif-
ferent sizes and scattering properties could
become spatially segregated.

A simpler alternative is that the faint ma-
terial we see is indeed dust but that its radial
distribution has changed since 1986, in fact
much more dramatically than was suggested a
year ago (7). One usually assumes that ring
systems are static, but we now have several
counterexamples. At Saturn, the D ring has
changed substantially from the Voyager epoch
(1980–1981) to the present (18), and the F
ring also shows numerous changes (19). At
Neptune, the pattern of dusty arcs in the
Adams ring is very different now as compared
with that from Voyager’s first images in 1989
(20, 21). We conclude that changes in dusty
rings over ~20-year time scales are common.
The changes seen in Uranus’ ring system, how-
ever, are much larger in scale than anything seen
previously.

Changes over year-to-decade time scales are
dynamically plausible because the dust popula-
tions that we see represent extremely tiny
amounts of material, and the orbits of small dust
grains evolve rapidly in response to nongravita-
tional forces (e.g., Poynting-Robertson and plas-
ma drag, Lorentz forces) (22). The rings were
once expected to represent a steady state between
dust creation and removal processes. However,
we now realize that these states are far from
steady and may be dominated by infrequent
events, such as large impacts, that inject highly
visible quantities of dust, as has been discussed
for Saturn’s A ring (23).
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Probing Quantum Commutation Rules
by Addition and Subtraction of Single
Photons to/from a Light Field
Valentina Parigi,1 Alessandro Zavatta,2 Myungshik Kim,3 Marco Bellini1,4*

The possibility of arbitrarily “adding” and “subtracting” single photons to and from a light field may give
access to a complete engineering of quantum states and to fundamental quantum phenomena. We
experimentally implemented simple alternated sequences of photon creation and annihilation on a
thermal field and used quantum tomography to verify the peculiar character of the resulting light states. In
particular, as the final states depend on the order in which the two actions are performed, we directly
observed the noncommutativity of the creation and annihilation operators, one of the cardinal concepts of
quantum mechanics, at the basis of the quantum behavior of light. These results represent a step toward
the full quantum control of a field and may provide new resources for quantum information protocols.

Classically, the operation of deterministi-
cally adding an object to an ensemble and
then subtracting another leaves the statis-

tics unaltered, as long as all the objects are iden-
tical. The probability distribution would just shift
by one unit toward larger values when one object
is added and then shift back to its initial position
when another is extracted. For an ensemble of

identical quantum particles, however, the situa-
tion may be different. For example, if the par-
ticles were photons in a single-mode radiation
field, one would naturally use the bosonic cre-
ation and annihilation operators %a†and %a to per-
form the addition and the subtraction of single
photons to and from the light field. Indeed, for the
general case of a quantum light field described by
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quantum operator on the light state (Fig. 1). Two
combinations of half-wave plates and polarizing
beam splitters, together with on/off photodetec-
tors in the reflected channel, form the photon-
subtraction modules that are placed in the path of
the thermal light field, respectively before and
after the parametric crystal that, with the on/off
photodetector in the trigger channel, forms the
photon-additionmodule. By rotating the two half-
wave plates, we can control the beam-splitter re-
flectivities to alternately switch off one or both of
the subtraction modules. Then, by choosing the
right combination of clicks coming from the mod-
ule detectors, we can select the desired quantum
operation, or any sequence of them.A single click
simply conditions the generation of a photon-
added or photon-subtracted thermal state, whereas
a double click can either produce a first-subtracted-
then-added thermal state or vice versa, depending
on the combination of clicks. We use a synchro-
nized, ultrafast, time-domain, balanced homodyne
detector (9) to analyze the conditionally prepared
states by repeatedly measuring their electric field
quadratures and building up quadrature distribu-
tions. The reference field (usually named “local
oscillator”) for the homodyne measurements
comes from the same picosecond pulsed laser,
which provides the thermal seed field and, once
frequency-doubled, the pump pulses for the para-
metric crystal (Fig. 2). As the generated states are,
by construction, phase independent, we have ac-
quired about 105 quadrature measurements per
state, leaving the phase of the local oscillator un-
locked. As the combined action of addition and
subtraction is rather rare (with only about 10
double-click events every second), a full quadra-
ture distributionmay take up to 5 hours to acquire
in such cases.

We have first measured the unperturbed ther-
mal light field, then the state resulting from single-
photon addition, single-photon subtraction, and
from both the addition-subtraction and subtraction-
addition sequences. Figure 3 shows the experi-
mental quadrature distributions for all the states
obtained from an initial thermal distribution with
n ¼ 0:57, together with the curves calculated
while keeping all experimental inefficiencies into
account (2). Next to them, the corresponding pho-
ton number probability distributions are plotted
as theoretically calculated and as reconstructed
from the experimental data by means of an itera-
tivemaximum likelihood algorithm (10–12), cor-
recting for the finite detection efficiency (2).

The first interesting result appears when com-
paring the mean photon numbers of the states:
For the photon-added state one finds, quite na-
turally, that the mean photon number is larger
than in the original thermal light state, but un-
expectedly the same result occurs for the photon-
subtracted state. The operation of removing one
photon from the field has increased (doubled) its
final mean photon number. Such an increase also
takes place for the sequence of operators that
should intuitively bring the field back to the
initial state.

The experimentally reconstructed density
matrix elements for the states have then been used
to obtain their corresponding Wigner functions
(WFs) (13). Quasi-probability distributions fully
describe the state of a quantum system in phase-
space (the space spanned by two orthogonal
quadratures of the electromagnetic field for a
single-mode state of light, as in this case) in the
same manner as a positive-definite probability
distribution characterizes a classical system.
The negativity of the WF is indeed a good in-
dication of the highly nonclassical character of
the state.

A clear negativity of the reconstructed WFs
(which survives even without correcting for de-
tection losses) is obtained in all the cases where
photon addition is the last operator acting on the
states, thus showing their high degree of non-
classicality. However, the WFs of states resulting
from the two sequences of addition and subtrac-
tion show other interesting features (Fig. 4). The

two final states are different from each other and
from the original thermal state. In both cases, the
WF exhibits a clear central dip, which is absent in
the WF of the thermal field; such a dip reaches
negative values for the subtract-then-add se-
quence, whereas it stays well in the positive re-
gion for the add-then-subtract sequence (14). This
provides a direct experimental verification of the
noncommutativity of the quantum bosonic cre-
ation and annihilation operators and gives a visu-
ally convincing demonstration that a simple view
of classical particle addition and subtraction is
incorrect in this case. The noncommutativity of
bosonic annihilation and creation operators is at
the basis of many “weird” quantum phenomena
of light. The mere existence of a vacuum field
(with spontaneous emission, the Lamb shift, or
the Casimir effect as some of its main manifesta-
tions) is a direct consequence of this. Furthermore,
the difference in the resulting states obtained by
applying noncommuting quantum operators in re-

Fig. 3. Experimental quadrature distribution histograms and theoretical curves (superposed solid lines)
for (A) the original thermal state; (B) the photon-subtracted state; (C) the photon-added state; (D) the
photon-added-then-subtracted state; (E) the photon-subtracted-then-added state. The second column
shows the corresponding theoretical (red bars) and experimentally reconstructed (solid circles with error
bars) photon number distributions. States resulting from a final photon addition present a very small
vacuum contribution, which makes them highly nonclassical. The residual vacuum term derives from
imperfections in the preparation of the states and is satisfactorily accounted for by the theoretical model
(2). The mean photon number in the state is also shown as calculated from the reconstructed distributions.
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quantum operator on the light state (Fig. 1). Two
combinations of half-wave plates and polarizing
beam splitters, together with on/off photodetec-
tors in the reflected channel, form the photon-
subtraction modules that are placed in the path of
the thermal light field, respectively before and
after the parametric crystal that, with the on/off
photodetector in the trigger channel, forms the
photon-additionmodule. By rotating the two half-
wave plates, we can control the beam-splitter re-
flectivities to alternately switch off one or both of
the subtraction modules. Then, by choosing the
right combination of clicks coming from the mod-
ule detectors, we can select the desired quantum
operation, or any sequence of them.A single click
simply conditions the generation of a photon-
added or photon-subtracted thermal state, whereas
a double click can either produce a first-subtracted-
then-added thermal state or vice versa, depending
on the combination of clicks. We use a synchro-
nized, ultrafast, time-domain, balanced homodyne
detector (9) to analyze the conditionally prepared
states by repeatedly measuring their electric field
quadratures and building up quadrature distribu-
tions. The reference field (usually named “local
oscillator”) for the homodyne measurements
comes from the same picosecond pulsed laser,
which provides the thermal seed field and, once
frequency-doubled, the pump pulses for the para-
metric crystal (Fig. 2). As the generated states are,
by construction, phase independent, we have ac-
quired about 105 quadrature measurements per
state, leaving the phase of the local oscillator un-
locked. As the combined action of addition and
subtraction is rather rare (with only about 10
double-click events every second), a full quadra-
ture distributionmay take up to 5 hours to acquire
in such cases.

We have first measured the unperturbed ther-
mal light field, then the state resulting from single-
photon addition, single-photon subtraction, and
from both the addition-subtraction and subtraction-
addition sequences. Figure 3 shows the experi-
mental quadrature distributions for all the states
obtained from an initial thermal distribution with
n ¼ 0:57, together with the curves calculated
while keeping all experimental inefficiencies into
account (2). Next to them, the corresponding pho-
ton number probability distributions are plotted
as theoretically calculated and as reconstructed
from the experimental data by means of an itera-
tivemaximum likelihood algorithm (10–12), cor-
recting for the finite detection efficiency (2).

The first interesting result appears when com-
paring the mean photon numbers of the states:
For the photon-added state one finds, quite na-
turally, that the mean photon number is larger
than in the original thermal light state, but un-
expectedly the same result occurs for the photon-
subtracted state. The operation of removing one
photon from the field has increased (doubled) its
final mean photon number. Such an increase also
takes place for the sequence of operators that
should intuitively bring the field back to the
initial state.

The experimentally reconstructed density
matrix elements for the states have then been used
to obtain their corresponding Wigner functions
(WFs) (13). Quasi-probability distributions fully
describe the state of a quantum system in phase-
space (the space spanned by two orthogonal
quadratures of the electromagnetic field for a
single-mode state of light, as in this case) in the
same manner as a positive-definite probability
distribution characterizes a classical system.
The negativity of the WF is indeed a good in-
dication of the highly nonclassical character of
the state.

A clear negativity of the reconstructed WFs
(which survives even without correcting for de-
tection losses) is obtained in all the cases where
photon addition is the last operator acting on the
states, thus showing their high degree of non-
classicality. However, the WFs of states resulting
from the two sequences of addition and subtrac-
tion show other interesting features (Fig. 4). The

two final states are different from each other and
from the original thermal state. In both cases, the
WF exhibits a clear central dip, which is absent in
the WF of the thermal field; such a dip reaches
negative values for the subtract-then-add se-
quence, whereas it stays well in the positive re-
gion for the add-then-subtract sequence (14). This
provides a direct experimental verification of the
noncommutativity of the quantum bosonic cre-
ation and annihilation operators and gives a visu-
ally convincing demonstration that a simple view
of classical particle addition and subtraction is
incorrect in this case. The noncommutativity of
bosonic annihilation and creation operators is at
the basis of many “weird” quantum phenomena
of light. The mere existence of a vacuum field
(with spontaneous emission, the Lamb shift, or
the Casimir effect as some of its main manifesta-
tions) is a direct consequence of this. Furthermore,
the difference in the resulting states obtained by
applying noncommuting quantum operators in re-

Fig. 3. Experimental quadrature distribution histograms and theoretical curves (superposed solid lines)
for (A) the original thermal state; (B) the photon-subtracted state; (C) the photon-added state; (D) the
photon-added-then-subtracted state; (E) the photon-subtracted-then-added state. The second column
shows the corresponding theoretical (red bars) and experimentally reconstructed (solid circles with error
bars) photon number distributions. States resulting from a final photon addition present a very small
vacuum contribution, which makes them highly nonclassical. The residual vacuum term derives from
imperfections in the preparation of the states and is satisfactorily accounted for by the theoretical model
(2). The mean photon number in the state is also shown as calculated from the reconstructed distributions.
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quantum operator on the light state (Fig. 1). Two
combinations of half-wave plates and polarizing
beam splitters, together with on/off photodetec-
tors in the reflected channel, form the photon-
subtraction modules that are placed in the path of
the thermal light field, respectively before and
after the parametric crystal that, with the on/off
photodetector in the trigger channel, forms the
photon-additionmodule. By rotating the two half-
wave plates, we can control the beam-splitter re-
flectivities to alternately switch off one or both of
the subtraction modules. Then, by choosing the
right combination of clicks coming from the mod-
ule detectors, we can select the desired quantum
operation, or any sequence of them.A single click
simply conditions the generation of a photon-
added or photon-subtracted thermal state, whereas
a double click can either produce a first-subtracted-
then-added thermal state or vice versa, depending
on the combination of clicks. We use a synchro-
nized, ultrafast, time-domain, balanced homodyne
detector (9) to analyze the conditionally prepared
states by repeatedly measuring their electric field
quadratures and building up quadrature distribu-
tions. The reference field (usually named “local
oscillator”) for the homodyne measurements
comes from the same picosecond pulsed laser,
which provides the thermal seed field and, once
frequency-doubled, the pump pulses for the para-
metric crystal (Fig. 2). As the generated states are,
by construction, phase independent, we have ac-
quired about 105 quadrature measurements per
state, leaving the phase of the local oscillator un-
locked. As the combined action of addition and
subtraction is rather rare (with only about 10
double-click events every second), a full quadra-
ture distributionmay take up to 5 hours to acquire
in such cases.

We have first measured the unperturbed ther-
mal light field, then the state resulting from single-
photon addition, single-photon subtraction, and
from both the addition-subtraction and subtraction-
addition sequences. Figure 3 shows the experi-
mental quadrature distributions for all the states
obtained from an initial thermal distribution with
n ¼ 0:57, together with the curves calculated
while keeping all experimental inefficiencies into
account (2). Next to them, the corresponding pho-
ton number probability distributions are plotted
as theoretically calculated and as reconstructed
from the experimental data by means of an itera-
tivemaximum likelihood algorithm (10–12), cor-
recting for the finite detection efficiency (2).

The first interesting result appears when com-
paring the mean photon numbers of the states:
For the photon-added state one finds, quite na-
turally, that the mean photon number is larger
than in the original thermal light state, but un-
expectedly the same result occurs for the photon-
subtracted state. The operation of removing one
photon from the field has increased (doubled) its
final mean photon number. Such an increase also
takes place for the sequence of operators that
should intuitively bring the field back to the
initial state.

The experimentally reconstructed density
matrix elements for the states have then been used
to obtain their corresponding Wigner functions
(WFs) (13). Quasi-probability distributions fully
describe the state of a quantum system in phase-
space (the space spanned by two orthogonal
quadratures of the electromagnetic field for a
single-mode state of light, as in this case) in the
same manner as a positive-definite probability
distribution characterizes a classical system.
The negativity of the WF is indeed a good in-
dication of the highly nonclassical character of
the state.

A clear negativity of the reconstructed WFs
(which survives even without correcting for de-
tection losses) is obtained in all the cases where
photon addition is the last operator acting on the
states, thus showing their high degree of non-
classicality. However, the WFs of states resulting
from the two sequences of addition and subtrac-
tion show other interesting features (Fig. 4). The

two final states are different from each other and
from the original thermal state. In both cases, the
WF exhibits a clear central dip, which is absent in
the WF of the thermal field; such a dip reaches
negative values for the subtract-then-add se-
quence, whereas it stays well in the positive re-
gion for the add-then-subtract sequence (14). This
provides a direct experimental verification of the
noncommutativity of the quantum bosonic cre-
ation and annihilation operators and gives a visu-
ally convincing demonstration that a simple view
of classical particle addition and subtraction is
incorrect in this case. The noncommutativity of
bosonic annihilation and creation operators is at
the basis of many “weird” quantum phenomena
of light. The mere existence of a vacuum field
(with spontaneous emission, the Lamb shift, or
the Casimir effect as some of its main manifesta-
tions) is a direct consequence of this. Furthermore,
the difference in the resulting states obtained by
applying noncommuting quantum operators in re-

Fig. 3. Experimental quadrature distribution histograms and theoretical curves (superposed solid lines)
for (A) the original thermal state; (B) the photon-subtracted state; (C) the photon-added state; (D) the
photon-added-then-subtracted state; (E) the photon-subtracted-then-added state. The second column
shows the corresponding theoretical (red bars) and experimentally reconstructed (solid circles with error
bars) photon number distributions. States resulting from a final photon addition present a very small
vacuum contribution, which makes them highly nonclassical. The residual vacuum term derives from
imperfections in the preparation of the states and is satisfactorily accounted for by the theoretical model
(2). The mean photon number in the state is also shown as calculated from the reconstructed distributions.
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Figure 1: Histogram showing number of detected photons as a function of energy from
a temperature-controlled cavity coupled to a tungsten transition-edge sensor via single-
mode telecommunication fiber. The solid curves show the received blackbody photons
for temperatures from 0�C through 70�C in steps of 10�C (from low count to high count)
and has a bin width of 6.42 meV. The dashed curve shows the histogram of counts from
a pulsed 1550 nm laser (bin width of 3.21 meV) used for calibration of the energy scale.

environment, hundreds to thousands of photons per second are seen on the detectors.
These photons were confirmed to be coming from the high-energy tail of the black-body
distribution for the 300 K environment of the fiber end.

2. BACKGROUND-LIMITED PHOTON COUNTING

To study the rate of background photons as a function of source temperature we
connected the room-temperature end of the fiber into an optically-tight temperature-
controlled laser diode module. With the laser unpowered (always o�), the laser diode acts
as a temperature-controlled source of blackbody-emitted photons. The laser module (i.e.,
the source “cavity”) temperature was adjusted and the photon count rate was measured.
Fig. 1 shows histograms of detected photons for the temperature-controlled cavity at
temperatures from 0�C through 70�C (in steps of 10�C) superimposed on a histogram
of a pulsed 1550 nm laser diode. The pulsed laser histogram was used to calibrate the
energy scale by noting the positions of the 1-photon, 2-photon, and 3-photon absorption
peaks. As seen in Fig. 1, the energy of the blackbody photons does not measurably
change as a function of temperature, but the rate of blackbody photons increases with
increasing cavity temperature. The total photon rate in the blackbody peak as a function
temperature is shown in Fig. 2 fit to the expected photon count rate.
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Real-time	single-photon	imaging



Real-time	single-photon	imaging



Single-Photon	Detectors

• Key	metrics:
• Wavelength	range				(10	microns	to	100nm)
• Device	quantum	efficiency	/system	detection	efficiency	(>90%)
• Dark	count	rate		(none)
• Maximum	count	rate		(100Mhz	unclocked,	625Mbps	clocked)
• Timing	jitter		(<10ps	– SNSPD,	~10ns	TES)
• Arrays	(100’s)

• Other	considerations:
• Size
• Operating	temperature
• Photon-number	resolution	/	Energy



Quantum	States	of	Light

• Lots	of	options
• Lasers
• Squeezed	Light
• Atoms	/	Ions
• Artificial	Atoms:		Quantum	Dots,	Defects	in	Diamond,	Silicon	Carbide
• Four-wave	mixing,	Spontaneous	Parametric	Downconversion
• Photon	Subtraction	/	Addition



Nonlinear	Quantum	Optics

“CMOS-compatible” implementations have relied on electron-
beam lithography fabrication techniques and often include cus-
tom-tailored silicon thicknesses that are typical in silicon photonics
but are incompatible with advanced CMOS microelectronics,
preventing monolithic integration of electronics and quantum
photonics on a single chip. While utilization of CMOS materials
and fabrication processes offers certain processing benefits, until
now, monolithic integration of quantum photonic sources within
a microelectronics platform has not been investigated.

Recently, monolithic integration of classical photonics in
commercial CMOS processes has been pursued in the context of
enabling energy-efficient optical interconnects between processors
and memory [36], resulting in the demonstration of a chip-to-
chip optical link [37]. The IBM 12SOI 45 nm CMOS process
[38], utilized for the device in this paper, has proven to be a
particularly well-suited platform for the integration of photonic
devices alongside millions of transistors [39] and has enabled con-
trol of photonic components by on-chip digital electronics for an
optical transmitter and receiver [40]. In addition, this CMOS
node is at the core of the third-, fourth-, and fifth-highest per-
forming supercomputers in the world [41]. High-performance
classical photonic components such as 5 fJ/bit modulators [42],
record tuning-efficiency filters [43], and highly efficient fiber-to-
chip grating couplers [44] have also been demonstrated in this
CMOS process. Furthermore, microelectronic circuits in the
45 nm SOI CMOS process used here have been shown to operate
at cryogenic temperatures [45], potentially enabling additional
integration with cryogenic quantum systems. In this paper, we
demonstrate the first source of quantum-correlated photon pairs
directly integrated in an unmodified advanced CMOS process.

2. DEVICE DESIGN

As a photon pair source we use a microring resonator [Fig. 1]
fabricated in the crystalline silicon (c-Si) CMOS layer typically
used for the body of a transistor [Fig. 2(a)]. The fabrication is

performed within a CMOS foundry without any processing
changes while maintaining compliance with the existing
CMOS design rules. Upon delivery from the foundry, the silicon
handle wafer is removed as a postprocessing step via a XeF2 etch,
as described in [39], to provide confinement for the optical mode,
since the buried oxide layer (<200 nm) is not sufficiently thick to
prevent optical leakage into the silicon substrate. This single post-
processing step has been shown to preserve integrated transistor
performance characteristics to within 5% [39]. We note that the
sub-100-nm-thick [46] c-Si guiding layer results in a significant
portion of the optical mode extending into the SiN and SiO2

cladding, as shown in Fig. 2(b). This not only confines a small
fraction of the modal power within the silicon core, the dominant
Kerr medium, but also prevents the design of a resonator with
zero group velocity dispersion. Four-wave mixing (FWM) is
greatly enhanced by the presence of a large density of photonic
states, which conserve energy and momentum. When a degener-
ate pump beam is tuned on resonance, adjacent resonances are
intrinsically momentum matched, but dispersion results in a
difference between adjacent free spectral ranges (FSRs) introduc-
ing an energy mismatch [47]. This effect of dispersion becomes
negligible if the difference in FSRs, ΔνFSR , is significantly smaller
than the linewidths of the resonances involved. Simulations of
ΔνFSR are shown in Fig. 2(c) for a pump wavelength near
1550 nm for various ring widths and radii. A ring width of
1.08 μm and outer radius of 22 μm with a predicted difference
in FSRs of 1.4 GHz are chosen in order to obtain a small mode
volume while also supporting a suitably small ΔνFSR . A transmis-
sion spectrum [Fig. 3(a)] of the CMOS foundry-fabricated device
shows a difference in FSRs of 1.8 GHz centered around a pump
resonance near 1558 nm. The 0.4 GHz difference between

Fig. 1. Optical micrograph of the (a) top and (b) bottom of the
CMOS chip with (c) zoom-in of the ring resonator pair source and gra-
ting couplers.

Fig. 2. (a) Schematic of a typical transistor composed of a crystalline
silicon (c-Si) body and a polysilicon gate, (b) cross section illustration of
the microring resonator pair source showing how the sub-100-nm c-Si
transistor body layer can be used to confine light after removal of the Si
handle wafer. The fundamental resonator mode contours are superim-
posed in red to illustrate how the majority of the modal field extends
into the cladding. (c) Simulated difference in FSR ΔνFSR at 1550 nm
due to dispersion with the chosen design predicted to be a negligible
1.4 GHz.
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Spontaneous	Parametric	
Downconversion

Four-wave	mixing



www.spdcalc.org

Handles	/	Calculates:	
𝜒"
Phasematching
Periodic	Poling
Noncollinear geometries
Fiber	coupling
Heralding	efficiency
Spectral	Purity
2	and	4	photon	Hong-Ou-Mandel

Web	app	for	designing	photon	pair	sources

Development	led	by	NIST-Boulder	with	contributions	
from	experts	from	around	the	world

Krister Shalm
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God’s	Dice		/	Random	number	beaconGod’s Dice

Loophole-free Bell test

Loophole-free	Bell	Test
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”Standard	Quantum	Limit”
Laser Light:
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Interferometric phase measurement is widely used to pre-
cisely determine quantities such as length, speed and material 
properties1–3. Without quantum correlations, the best phase 
sensitivity Δφ achievable using n photons is the shot-noise 
limit, Δφ ∕ n=1 . Quantum-enhanced metrology promises 
better sensitivity, but, despite theoretical proposals stretch-
ing back decades3,4, no measurement using photonic (that is, 
definite photon number) quantum states has truly surpassed 
the shot-noise limit. Instead, all such demonstrations, by dis-
counting photon loss, detector inefficiency or other imper-
fections, have considered only a subset of the photons used. 
Here, we use an ultrahigh-efficiency photon source and detec-
tors to perform unconditional entanglement-enhanced pho-
tonic interferometry. Sampling a birefringent phase shift, we 
demonstrate precision beyond the shot-noise limit without 
artificially correcting our results for loss and imperfections. 
Our results enable quantum-enhanced phase measurements 
at low photon flux and open the door to the next generation of 
optical quantum metrology advances.

It has been known for several decades that probing with vari-
ous optical quantum states can achieve phase super-sensitivity, 
that is, measurement of the phase with an uncertainty below the 
shot-noise limit (SNL)3,4. It has been shown theoretically that 
multi-photon entangled states, such as NOON states, may achieve 
super-sensitivity and can, in principle, saturate the Heisenberg 
limit, the ultimate bound on sensitivity3–5. For this reason, they are 
of great interest for maximizing the information that can be col-
lected per photon, which is useful for investigating sensitive sam-
ples6. NOON states are superpositions of N photons across two 
arms of an interferometer, each of which is a single optical mode: 
Ψ = ∕ +N N1 2 ( 0 0 )NOON . We use the term ‘photonic’ 

to refer to states like this because they possess a definite photon 
number, and these photons are counted in detection. By contrast, 
we exclude from the term ‘photonic’ those schemes using states of 
indefinite photon number and continuous-wave-like measurement, 
such as squeezed states and homodyne detection. Such techniques 
have genuinely beaten the SNL (see, for example, refs. 7,8), but they 
work over narrow bandwidths and cannot directly achieve the theo-
retical maximal sensitivity per resource. The key feature of NOON 
and similar photonic states9 is that they produce interference fringes 
that oscillate faster than any classical interference pattern, a fea-
ture called phase super-resolution10. Super-resolution interference 
experiments have been reported using two-11–14, three-15, four-16,17, 
six-9,10 and eight-18,19 photon states.

Super-resolution, however, is not enough, in itself, to surpass the 
SNL10,20,21. High interference fringe visibility and high transmission 

and detection efficiency are also required, and they must exceed the 
threshold at which these imperfections cancel the quantum advan-
tage. For imperfect NOON-state interferometry, a handy estimate of 
this threshold was introduced in ref. 10. A genuine quantum advan-
tage requires the interference visibility υ and the combined single-
photon transmission and detection efficiency η to satisfy η υ >N 1N 2 .  
(For precise evaluation of the potential for super-sensitivity, Fisher 
information can be used to analyse experimental schemes and 
data21, as described below.)

Here, we have performed the first phase-sensing experiment 
with N =  2 photon NOON states that unconditionally demon-
strates phase uncertainty below the SNL. This result was enabled 
by construction of a spontaneous parametric downconversion 
(SPDC) source22 that was optimized for high photon transmission 
and required no spectral filtering in order to achieve high quantum 
interference visibility υ. This allowed us to fully exploit the benefits 
of high-efficiency detector configuration23, yielding an ultrahigh 
heralding efficiency24, equivalent to the single-photon efficiency η. 
We emphasize that high-efficiency (95%) detection at a wavelength 
of 1,550 nm has been available since 200825, but photonic metrol-
ogy beyond the SNL has not yet been achieved. This is because the 
capability to reach the required quantum interference and efficiency 
simultaneously requires a source capable of producing photons of 
exceptional spatial and spectral purity without filtering.

Unlike previous experiments, our measurement apparatus does 
not require post-selection to achieve phase uncertainty below that 
achievable in an ideal, lossless classical interferometer. For our 
experimental apparatus, we expected υ ≈  0.98 and symmetrical 
interferometer arm efficiencies of η ≈  0.8 (which includes the detec-
tor efficiency), resulting in η υ ≈ .N 1 23N 2 . Thus, we anticipated 
a violation of the SNL, which we tested in the two experiments 
described below.

For fair comparison with the SNL, an accurate accounting of 
resources is required. In the archetypal NOON-state phase-sensing 
protocol, preparation and use of an N-photon NOON state consti-
tutes a trial. In the ideal case, each trial leads to a detection event 
at the output of the interferometer. Because each trial gives only 
a little information about the phase, a number of such trials may 
be performed. In our work, two-photon NOON states were gener-
ated probabilistically at random times by the SPDC source. Each 
detection event (that is, any combination of detector registrations) 
represented a recorded trial. We counted k such detection events to 
complete the protocol. However, due to imperfect transmission and 
detection efficiency η, some NOON states did not lead to detections. 
Furthermore, due to higher-order SPDC events (the occasional 
simultaneous emission of 4, 6,…  photons), the resources equivalent 

Unconditional violation of the shot-noise limit in 
photonic quantum metrology
Sergei Slussarenko! !1, Morgan M. Weston1, Helen M. Chrzanowski1,2, Lynden K. Shalm3, 
Varun B. Verma3, Sae Woo Nam3 and Geoff J. Pryde1*
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Quantum	Advantage	with	Photonic	States	???

•Very	challenging	for	Quantum	Metrology
•Quantum	states	of	light	are	fragile	(loss)
•Photons	don’t	interact	with	each	other	(usually)
•Light	Matter	interactions	are	important… Future	
relies	on	this

•Routing	/	coupling	of	light	efficiently	remains	a	
challenge



Future	/	Partnerships?

•Superconducting	detectors	for	”optical”	photon	
are	unmatched	in	performance	
•How	do	we	scale	to	Megapixel	and	beyond?
• Infrastructure	needs	to	be	addressed:

• Supply	of	people
• SWaP:		packaging

•Addressing	needs	/	finding	a	match



“Invisible	Cryogenics”

• 6U	high,	2ft	deep
• <300	Watts
• <100	lbs
• <2.5K	(He4),	<1.5K	(He3)
• Sufficient	to	run	at	many	nanowire	
detectors

• 30	Hz	compressor
• Funded	by	LTS,	DARPA,	Quantum	
Opus

23
"

Pulse tube
compressor

JT compressor

JT gas
purifier

Heat
rejection

Vacuum shell
for cryostat



Dilution	Refrigerator	on	your	desk… I	think	so.

• How	far	can	we	push	the	
technology?

• Mechanical	Engineering
• Cryogenic	Engineering
• Reliability	Engineering



Outlook

• Photonics	will	always	be	a	part	of	Quantum	Communications	/	
Cryptography

• The	potential	of	quantum	based	protocols	is	unprecedented
• Requires	development	of	techniques	and	technology	of	
unprecedented	precision	and	accuracy	(will	need	NIST	to	
verify)

• Requires	integration	of	work	from	a	variety	of	mathematical,	
science,	and	engineering	disciplines



Ion	height	40	um

313nm
Detector:	1.1%	of	solid	angle	(0.8%	of	light)	
RF	amplitude:	0.5-3	V	@	30	MHz
DC:	+/- 10	VDC	max

Collaboration with 
D. Wineland’s
group to develop 
integrated ion 
traps and 
detectors

Ion	Traps	+	SNSPDs	in	the	UV

D.	H.	Slichter,	Opt.	Express 25,	8705-8720	(2017)



Ion	trap	integration	with	SNSPD

D.	H.	Slichter,	Opt.	Express 25,	
8705-8720	(2017)



Any Light Particle Search (ALPS) at DESY –
Light-Shining-through-a-Wall?

ALPS-I: �in ⇠ 1021 1/s �meas = (2 ± 13) ⇥ 10�3 1/s

K. Ehret, et al., Physics Letters B 689 (2010) 149
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Setting up a TES detector for ALPS

Very brief history

I 2011: gaining experience (Trieste, Camerino,
Berlin, . . . ) and connecting to small
TES-community

I 2012: 30 mK in ALPS-IIa lab, DESY

I 2013: 1064 nm single photons and more. . .

TES detector for ALPS:

I
Sensor: high-e�cient fiber-coupled
TES from NIST

I
Read-out: low-noise SQUIDs from PTB

I
mK-cryogenis:

cryostat from Entropy GmbH


