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Abstract
Fiber optic gyroscopes (FOG) based on the Sagnac effect are a valuable tool in sensing and navigation
and enable accuratemeasurements in applications ranging from spacecraft and aircraft to self-driving
vehicles such as autonomous cars. Aswith any classical optical sensors, the ultimate performance of
these devices is bounded by the shot-noise limit (SNL). Quantum-enhanced interferometry allows us
to overcome this limit using non-classical states of light. Here, we report on an entangled-photon
gyroscope that uses path-entangledNOON-states (N=2) to provide super-resolution and phase
sensitivity beyond the shot-noise limit.

1. Introduction

Among themany applications of optical interferometry, optical gyroscopes based on the Sagnac effect are an
invaluable tool in sensing and navigation. First observed byGeorges Sagnac in 1913 [1, 2]—in an attempt to
observe the ‘relative circularmotion of the luminiferous ether within the closed optical path’ [3, 4]—the Sagnac
effect refers to the relative phasefS(Ω) experienced by counter-propagating light waves in a rotating
interferometer. To this day, this experiment, together with that ofMichelson andMorley [5], is considered one
of the fundamental experimental tests of the theory of relativity [6].While the relativistic correction of the effect
is still under discussion [7–10], amass product has evolved from its application [11]. The effect allows us to
determine the absolute rotationΩwith respect to inertial space [7] and has since found application in navigation
systems for spacecraft [12] and aircraft [13] as well as self-driving vehicles such as autonomous cars [11].

Theprecisionof anoptical gyroscope is determinedby thephase response∂f/∂Ω aswell as theminimumphase
resolutionΔf. Thephase responseor Sagnac scale factor ST, is proportional to the area enclosedby the counter
propagatingwaves and inverse proportionality to thewavelengthλof the interferingwave. In commercialfiber optic
gyroscopes (FOG), thephase response is amplifiedby increasing the effective area enclosedby theoptical paths by
using anopticalfiber-coil. Another strategy to improve theprecision is touse shorterwavelengths. Therefore, the
Sagnac effectwas examinedwith x-rays [14] aswell aswithde-Brogliewaves such as electrons [15], neutrons [16], and
atoms [17–19]. The generation andguiding of suchwaves, however, is rather difficult in comparison tooptical
electromagneticwaves, and the area enclosedby such gyroscopes is rather small compared to the FOG.

Theminimumphase resolution of a FOG is limited by various sources of noise. Themost fundamental
reason for limited precision is the so-called shot noise, which is caused by the quantization of the
electromagnetic field itself. For coherent states, the number of photons detected in a time interval τ follows a
Poissonian distribution and thus varies—without phase change—with M (i.e. the standard deviation) around
the average number of detected photonsM. Therefore, the shot-noise limit (SNL) f fD = < DM1SNL
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constitutes a fundamental boundary for the phase resolution achievable wit coherent or thermal states.While
the phase resolution can obviously be enhanced by increasing the average photon rate, arbitrarily accurate
measurements are prevented by additional phase noise resulting fromdetrimental effects like nonlinear Kerr
effects or coherent back-scattering induced at high power levels [20, 21]. Consequently, a trade-off between
these additional noise sources and the SNLhas to bemade tofind the optimal operating point in any
practical FOG.

Quantummetrology provides a route to improve the precision ofmeasurement to levels whichwould be
impossible with classical resources alone [22]. Quantum interferometry thereby pursues the approach of using
non-classical states of light in order tomeasure optical phaseswith a higher precision per photon. The canonical
example of such states are path-entangledNOON-states, for which the resultingmeasurement advantage is
based on the collective behavior ofN>1 photons. That is, allN photons are in an equal superposition of being
in either one of the twomodes of an interferometer, resulting in a shortened de-Broglie wavelengthλ/N, where
λ denotes the physical wavelength of the individual photons [23]. This leads to an increase of the interferometric
fringe pattern frequency by a factor ofN (super-resolution)without changing the physical wavelength of the
photons, allowing the latter to be chosen for optimized transmission through optical single-mode-fibers (SMF).

Only considering quantization-noise, the phase uncertainty resulting from an average of νN=M/N
consecutively detectedNOON-states (i.e.M photons are detected in total) is given by fD = NM1NOON .

This entanglement-enhanced phase precision is smaller by a factor N1 than the SNL fD = M1SNL . In
particular, usingNOON-states the relative phase imparted on the interferometricmodes can be determined
with the same precision as if consecutive single photonswithN-fold energy (N times shorter wavelength), orN
timesmore photonswere detected. Note that the fundamental limit in quantummechanics is theHeisenberg
limitΔfHL=1/M, which retains its validity for arbitrary photon states.

Quantummetrology usually assumes a restricted amount of photons available for themeasurement (at the
input of the interferometer). In such a scenario, the vulnerability to loss of the photonic states is of crucial
importance and certain transmission thresholds required for actual sensor improvement can be calculated
[24–28]. This assumption is generally not true forfiber optic gyroscopes, as the interplay of the noise sources
does not equate to a limitation of the number of photons used for themeasurement. For FOGs, the key question
is the extent towhich different photonic states respond to individual noise sources to verify that the trade-off
between these effects represents a net increase in precision.

At the count rates we use, quantization-noise is the dominant source of error. Thus theminimal achievable
phase resolution, which results from an interplay of all sources of noise cannot yet bemeasured. However, it is
possible to verify experimentally the sub-SNL or entanglement-enhanced phase sensitivity of FOGusing
NOON-states at achievable count rates.

While the applicability of these non-classical states inmetrology has already beenwidely demonstrated in
other interferometric settings [29–33], themeasurement advantage, or quantum enhancement, has not yet been
used tomeasure a phase shift imparted by accelerated or rotationalmotion. In this work, we demonstrate an
entanglement-enhanced phase sensitivity in afiber optic gyroscope [34]. The gyroscope is based on a compact
source of entangled photon pairs that wasmounted together with afiber coil on a rotating platform (see
figure 1(a)).We investigated the interference signal of the counter-propagatingmodes in the FOGat different
rotational speeds and use the canonical example of a two-photonN00N state (N=2) to provide phase
sensitivity beyond the SNL.Ourwork nowdemonstrates the experimental accessibility of entangled photon
states in Sagnac interferometry and thus represents an important step towards reaching quantum-enhanced
sensitivity of FOG.

2.Methods

A rigid three-level crate containing the optical setup and battery-powered electronic control equipment was
mounted on amodified cementmixer (see figure 1(a)). A remotely controlled computer on boardwas used to
store all relevant data and to control the experiment. By controlling themotor bymeans of a variable-frequency
drive, wewere able to adjust the rotational speed of the Sagnac interferometer. An additional commercial
gyroscope (Dytran, VibraScout 6D, 5346A2)wasmounted at the cementmixer to log the rotational velocity.

2.1. Photon source
The optical setup (see figure 1(b)) generates, detects, and analyzes photon pairs and has proven its stability in
previous experiments [35]. A continuous-wave laser at 405 nm is focused into a periodically poled Potassium
Titanyl Phosphate (ppKTP) crystal. The photons from the pump laser are convertedwithin the crystal via
spontaneous parametric down conversion (SPDC) into pairs of signal and idler photonswith horizontal (H) and
vertical (V) polarization, respectively. In order to guarantee wavelength-degenerate quasi-phasematching at
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810 nm, the temperature of the crystal is stabilized at   37.375 C 0.01 C. Thewavelength-dependent splitting
is realizedwith two dichroicmirrors.While the signal and idler photons are coupled into one polarization
maintaining single-mode optical fiber (PMF). The birefringence of the ppKTP crystal leads to a longitudinal
walk-off between the down converted photons. In order to create aNOON-State with two indistinguishable
photons, one has to compensate this polarization dependent time delaywith further birefringent components of
the right length. For this purpose, we have used an additional neodymium-doped yttriumorthovanadate (Nd:
YVO4) crystal, considering the birefringence of the PMF. This source produces ameasured photon rate of

950 kcps at 810 nmwith a pumppower of 27.5 mW. Because of photon losses within the system, only a fraction
of the photons leaves the PMF as a pair.Wemeasure a photon pair rate of 191 kcps. Both rates aremeasuredwith
a photon detection efficiency ofPSiAPD=0.64 (data sheet of themanufacturer).

2.2. Interferometer
Ahalf-wave plate (HWP) at 22.5° transforms the two-photon state Y ñ = ñ∣ ∣1 , 1PMF

H V at the output of the PMF

to aNOON state in polarizationmodes ñ - ñ(∣ ∣ )1 2 2 , 0 0 , 2H V H V , where both photons are either horizontal
or vertical polarized.

Additionally, for providing referencemeasurements with consecutive single photons, the one-photon state
ñ∣1 , 0H V could be generated by inserting a horizontally oriented polarizer directly after the PMF. After the

transmission through aHWP, the single photon is anti-diagonal polarized and its state can bewritten as a
superposition ofH andVpolarization ñ = ñ - ñ∣ (∣ ∣ )0 , 1 1 2 1 , 0 0 , 1D A H V H V .

The polarizing beamsplitter (PBS) of the Sagnac interferometer (seefigure 1(b)) converts the polarization
modes to spatialmodes, which are both coupled to the different ends of a coiledfiber loop. Transmitted photons
thus propagate in a clockwise () and reflected in a counterclockwise ( ) direction through thefiber. The
resultingN-photon state in the Sagnac interferometer is given by

ñ - ñ   (∣ ∣ ) ( )N N
1

2
, 0 0 , , 1

withN being either 1 or 2 in case of ameasurement with orwithout the polarizer, respectively. After traversing
thefiber loop, the photons impinge on the PBS a second time, fromwhere they are guided to output port-d. The
polarization changes in thefiber-coil where compensate by an additionalHWPand an in-fiber-polarization-
controller (seefigure 1(b)).

Figure 1.Experimental arrangement (a): a rigid three-level crate containing a photon source, a fiber based Sagnac interferometer and
electronic equipmentwasmounted on amodified cementmixer. The optical fiber coil was passively stabilized against temperature
drifts with a cardboard box and bubblewrap.Optical setup (b): light from the laser diode (405 nm)produces signal and idler photons
at a wavelength ofλ=810 nmvia spontaneous parametric down conversion (SPDC). A polarizing beamsplitter with ports a,b,c and
d converts the polarizationmodes to spatialmodes, which are coupled to the different ends of a singlemodefiber (SMF) coil. The
photons in port-d aremeasured in theDA-basis. Two silicon-avalanche photo diodes (SiAPD) generate electrical pulses which are
recorded in timewith a time taggingmodule (TTM).
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2.3. Sagnac-phase
The rotationwith an angular velocityΩ leads to a phase differencefS(Ω) between counter propagatingwaves,
called the Sagnac-phase. TypicallyfS(Ω) is considered as a consequence of a kinematic effect of the special theory
of relativity which ensues from the relativistic law of velocity composition [7, 36]. The difference in arrival time
Δt at the PBS, between clockwise and counterclockwise propagating waves, reads:

D W =
W

- W
( ) ( )t

L r

c r c

2

1
, 2

2 2 2 2

where c denotes the speed of light, ~r 7.8 cm is the radius of the fiber coil, and ~L 270.5 m is the length of the
fiber. Ignoring relativistic corrections due to the slow rotational velocity in our experiment, the Sagnac phase
[10] is given by

f
p
l

p
l

W = D W
W

= W = W( ) ( ) ( )c t
L r

c
S

2 4
1.09 , 3S T

where l = 810 nm is thewavelength of the down-converted photons.

2.4.Detection
Thefinal state after transmission through the Sagnac loop (in port-d of the PBS) reads:

Y ñ = ñ - ñf fW +∣ ( ) (∣ ∣ ) ( )( ( ) )N N N
1

2
, 0 e 0 , . 4Nd

H V
i

H VS 0

wheref0 accounts for an initial offset caused by the birefringence of thefiber coil. The detectionmodule consists
of aHWPat 22.5° followed by a PBS and two silicon-avalanche photo diodes (SiAPD), one in each output. This
setup projects the state Y ñ∣ ( )Nd onto the diagonal/anti-diagonal (D/A) polarization basis. Thewhich-way
information (/ ) is inaccessible in this basis, resulting in interference between the twomodes. Note that the
N-photon rate fµ W +( ) ( ( ))R N N Scos 22

0 shows a linear increase of the fringe oscillation frequencyω
(N)=(SN)/2withN.

3. Results

Two sequentialmeasurement runswere performed using a one-photon state (N=1) and a two-photon
NOON-state (N=2), with andwithout the polarizer, respectively. For each run, the angular velocity was
increased stepwise fromΩ=0 to W = -5.6 rad s 1, resulting in a full 2πphase shift according to equation (4).
For each setting ofΩwe accumulated data for a total of~19 s and evaluated the one-photon (two-photon)
count ratesRN=1 (RN=2)with integration time t == 5 msN 1 (t == 20 msN 2 ), leading to 3800 (950) data-
points per angular velocity setting. Note that using different integration times formeasurements accounts for
the different rates of detected one-photon and two-photon states and thus results in roughly the same number of
detected photons per data point for bothmeasurements. Figure 2(a) shows the one-photon count rateRN=1 of
SiAPD2 obtained in thefirstmeasurement run, whereasfigure 2(b) shows the two-photon coincidence count
rateRN=2 between SiAPD1 and SiAPD2 of the secondmeasurement run. Comparison of the two graphs clearly
shows the increased fringe oscillation frequency ofRN=2. Both count rates infigure 2 are fittedwith the function

Figure 2.Count rate versus angular velocity: rate of one-/two-photon state detection events ((a)/(b)). The blue dots indicate the
experimentally determined number of single-photon and two-photon counts per second. Each of the 64,688 (16,204) points was
measured over t == 5 msN 1 (t == 20 msN 2 ). The solid black line is a fit function of the formof equation (5). The dashed lines
indicate the 99% confidence interval around thefitted function if only Poissonian error of the predicted count rate is assumed. Those
lines contain 97.25% (95.88%) of themeasured data.
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R(N) (see equation (5)) using the fitting parameters presented in table 1. The error estimation of thefit
parameters was determined via bootstrapping and confirmed byMonte Carlo simulation.

f= W + +⎜ ⎟⎛
⎝

⎞
⎠( ) ( ) ( )R N

M

N

N
S Bcos

2
. 52

0

The phase shift caused by the fiber coilf0 was set to∼π/2 using thefiber-polarization-controller. The
backgroundB resultsmainly fromuncorrelated residual background counts but also from imperfect overlap of
the counter propagatingmodes. Note that the amplitude infigure 2(a) is about twice as large as infigure 2(b), but
M∼2000 is approximately the same for bothmeasurement runs.Here,M denotes the total number of photons
detected per integration time τN=1(2), in the respective photon state. Thefiber coil is not perfectly circularly
wound andhas extra loops for the polarization controller and the PBS connections, therefore equation (3) is a
rough estimation of the expected scale factor ST, which agrees nicely with the fitted parameter S.

The vertical distribution of the individualmeasurements in figure 2with respect to the fit function ismainly
caused by statistical count-rate fluctuations. The horizontal distribution of the individualmeasurements stems
fromvariations in the rotational velocity of themodified cementmixer (due to an imbalanced ball bearing
mechanism). This deterministic variation ofΩwasmeasuredwith the commercial gyro sensor. By knowing the
timing of individual detection events, wewere also able to resolve those variationswith the FOG. Therefore, this
variation does not affect further error calculations. The correlation of the coincidence count rate and the
rotational velocity asmeasured by the commercial gyro sensor is shown infigure 3.

The uncertainty in themeasured velocity attributed toPoissonnoise ofRN canbe estimated via propagation of
uncertaintyDW = ¶W ¶( ) ∣ ( ) ∣R R R RN

E
N N N

E , whereΩE (RN) is the rotational velocity estimated via the inverse
fit function (equation (5)). The uncertainty estimated in thisway is plotted infigure 4 as a black solid line.Usually,
such gyroscopes are operated at the point of best precision,which is called bias-point. The expected precision at the
bias-pointDWBias

E is numerically compared toDW = ( )S M1SNL andDW = ( )SM1HL in table 2.

With the inverse fit function, a rotational velocity W ( )RN
E j can be assigned to eachmeasured count rate

(blue points infigures 2(a) and (b)). Those values deviate from the referenceΩ, asmeasuredwith the commercial
gyro-sensor. The absolute value of those deviations are plotted infigure 4 (green points), together with the
sample standard deviation (black error bars) of each block ofmeasurements (measurements with similar
rotational velocity). The blockwith the best precision of eachmeasurement run is colored blue and the
respective sample standard deviationΔΩmin can be found in table 2.

4.Discussion

In summary, we have demonstrated the effect of super-resolution in a FOGusing two-photonNOON-states.
The increased fringe oscillation frequency of the two-photon count rateRN=2 with respect to the one-photon

Figure 3.Two-photon count rateRN=2 and angular velocity versus time: variation in time of the angular velocityΩ asmeasuredwith
the commercial gyro-sensor (black solid line). The blue dots indicate the two-photon count rateRN=2, with integration time of 20 ms.

Table 1. Fit parameters of equation (5) as plotted infigure 2.

N M (t =
-

( )N 1 2
1 ) B (t =

-
( )N 1 2

1 ) S f0 (rad)

1 1955 63 ( )1.091 8 1.676(7)
2 1956 49 1.089(0) 1.662(9)
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count rateRN=1, is shown in figure 2. From the fit parameters of table 2, a fringe oscillation frequency ratio of

w w = =  ´= =
-( ) ( ) ( ) ( )S S2 1 1.995 0.4 10N N2

1

2 1
3 can be found. This value deviates from the theoretically

expected value 2. The deviation is on the order of 10 standard deviation and therefore not fully covered by the
specified error, whichmay be due to systematic errors such as drift of the birefringence of thefiber coil or scale
factor S variations. Nevertheless, the inconsistency is rather small, given the poor thermal andmechanical
stabilization of thefiber.However, the ratio is significantly greater than 1, bymeans of 2487 standard deviations,
which bears witness of super-resolution.

Furthermore we have investigated the precision of theNOON-statemeasurements close to the bias-point
ΔΩmin (see table 2).We found that,mainly due to background, it is slightly worse than the theoretical predicted
limitDW = -2 0.014 6 rad sSNL 1. Nevertheless, themeasured precision of the two-photon state performs
better than the one-photon state, and is better thanΔΩSNL. Such sub-SNL precision can never be achievedwith
coherent states of light.

5. Conclusion

In conclusion our result suggest a possible improvement of the accuracy of FOGusing non-classical states of
light. In particular, when usingNOON-states with largeN, one can significantly reduce the de-Broglie
wavelength of the photon state, without altering thewavelengths of the actual photons.Hence the de-Broglie
wavelength can potentially be shifted outside of the transmissionwindowof the FOG. At this point we should
stress, however, that the presented technology is not yet competitive with a classical FOG. Laser-driven FOG [20]
use an optical power of approx. m20 W, which corresponds to a rate of 156×1012 photons per second (at
l = 1550 nm). In contrast, the detected photon rate of theNOON state is 100×103 in our experiment. This
relatively lowphoton rate was limited by the detectors used, whose efficiency decreases with increasing
count rate.

Figure 4.One-photon versus two-photonmeasurement precision. The precision of the rotational velocity,measuredwith the one-/
two-photon state is shown in ((a)/(b)). Absolute value of theDeviation W - W∣ ( ) ∣RN

E j j (green dots). Sample standard deviation of
W - W[ ( ) ]RN

E j j for eachmeasurement blockDWwith estimated errors (black error bars). SNL of themeasurement system DWSNL

(dashed line). Uncertainty estimated viafit function DW W( ( ))RN
E (solide black line). Themeasurements with the smallest standard

deviation DWmin is colored blue. These data are shown enlarged in the upper right corner.

Table 2.Comparison of themeasurement precisionwithM=1955 photons
detected on average. Standard quantum limit DW = ( )S M1SNL and
Heisenberg limitΔΩHL=1/(SM) of themeasurement system,with the scale
factor S=1.09. Best precision of the respectivemeasurement runΔΩmin (blue
colored data in figure 4). Precision at the bias pointDWBias

E , estimated viafit
function. All values are given in rad s−1.

N DWSNL ΔΩmin DWBias
E ΔΩHL

1
0.0207

> 0.025(0) 0.024 8 >
469×10−6

2 > 0.018(9) 0.018 3 >
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Hence, while our sensor is not yet competitive with commercial gyroscopes, we believe that our work can be
considered an important first step towards reaching the ultimate sensitivity limits in Sagnac interferometry.
With experiments and applications becoming increasingly demanding—so does the severity of the limitation
imposed by noise.Moreover, since power circulating in the interferometer cannot be increased arbitrarily, due
to detrimental power-dependent effects such as to coherent back-scattering [20] or nonlinear Kerr effects [21],
methods and techniques fromquantummetrologywill play a significant role in reaching the ultimate sensitivity
limits of FOG and enable evermore demanding applications in fundamental science and technology.With the
speed of ongoing developments in advancing detector technology and increasingly brighter photon sources, a
technical application of such a systemmay become feasible in the foreseeable future.We hope that ourworkwill
inspire further research in this direction.

Acknowledgments

Wewould like to thankRoland Blach for preparing and testing the concretemixer. Financial support from the
AustrianResearch PromotionAgency (FFG contract 854022, 866025 and 844360) aswell as the Austrian
Academy of Sciences is gratefully acknowledged. JPDwould like to acknowledge support from theAir Force
Office of Scientific Research, the ArmyResearchOffice, the Chinese academy of science, theDefense Advanced
Research Projects Agency, theNational Science Foundation, and theNorthropGrummanCorporation.

ORCID iDs

Matthias Fink https://orcid.org/0000-0001-7459-4508

References

[1] SagnacG1913CRAcad. Sci. 157 708–10
[2] SagnacG2008AbrahamZelmanov J. 1 74–6
[3] SagnacG1913CRAcad. Sci. 157 1410–3
[4] SagnacG2008AbrahamZelmanov J. 1 77–80
[5] MichelsonAA andMorley EW1887 SiderealMessenger 6 306–10
[6] LogunovAA andChugreev YV1988 Soviet Physics Uspekhi 31 861
[7] MalykinGB2000Phys. Usp. 43 1229
[8] MalykinGB2002Phys. Usp. 45 907
[9] Ghosal SK, Raychaudhuri B, ChowdhuryAK and SarkerM2003 Found. Phys. 33 981–1001
[10] Gift S J G 2018Phys. Essays 31 228–32
[11] KajiokaH,Kumagai T,NakaiH,DohshoT, SoekawaHandYuhara T 1996Proc. SPIE 2837 18–33
[12] WangX, ZhangC, Jin J and SongN 2012Optimum length offiber coil in space-borne interferometric fiber optic gyroscopeAdvances in

Electric and Electronics (LectureNotes in Electrical Engineering) edWHuvol 155 (Berlin: Springer) pp 683–8
[13] Sanders S J, Strandjord LK andMeadD 2002 Fiber optic gyro technology trends—aHoneywell perspective 15thOptical Fiber Sensors

Conf. Technical Digest. OFS 2002(Cat. No.02EX533) vol 1 pp 5–8
[14] Vysotskii V I, VorontsovV I, Kuz’minRN, Bezirganyan PA andRostomyanAG1994Phys. Usp. 37 289
[15] Hasselbach F andNicklausM1993Phys. Rev.A 48 143–51
[16] Werner SA, Staudenmann J L andColella R 1979Phys. Rev. Lett. 42 1103–6
[17] Riehle F, Kisters T,Witte A,Helmcke J and BordeC J 1991Phys. Rev. Lett. 67 177–80
[18] Lenef A,HammondTD, Smith ET, ChapmanMS, Rubenstein RA and PritchardDE 1997Phys. Rev. Lett. 78 760–3
[19] GustavsonTL, Bouyer P andKasevichMA1997Phys. Rev. Lett. 78 2046–9
[20] Chamoun JN, Evans A,Mosca FA andDigonnetM J F 2014Proc. SPIE 9157 91570E
[21] LefevreHC2014The Fiber-optic Gyroscope (London: ArtechHouse)
[22] Dowling J P 2008Contemp. Phys. 49 125–43
[23] Jacobson J, BjörkG, Chuang I andYamamoto Y 1995Phys. Rev. Lett. 74 4835–8
[24] DornerU,Demkowicz-Dobrzanski R, Smith B J, Lundeen J S,WasilewskiW, BanaszekK andWalmsley I A 2009Phys. Rev. Lett. 102

040403
[25] Demkowicz-Dobrzanski R, DornerU, Smith B J, Lundeen J S,WasilewskiW, BanaszekK andWalmsley I A 2009Phys. Rev.A 80

013825
[26] KacprowiczM,Demkowicz-Dobrzański R,WasilewskiW, BanaszekK andWalmsley I A 2010Nat. Photon. 4 357–60
[27] Thomas-PeterN, Smith B J, Datta A, Zhang L,DornerU andWalmsley I A 2011Phys. Rev. Lett. 107 113603
[28] Zhang YM, Li XW,YangWand JinGR 2013Phys. Rev.A 88 043832
[29] EdamatsuK, Shimizu R and ItohT 2002Phys. Rev. Lett. 89 213601
[30] Steuernagel O 2002Phys. Rev.A 65 033820
[31] Walther P, Pan JW,AspelmeyerM,Ursin R, Gasparoni S andZeilinger A 2004Nature 429 158–61
[32] BotoAN,Kok P, AbramsDS, Braunstein S L,WilliamsCP andDowling J P 2000Phys. Rev. Lett. 85 2733–6
[33] Giovannetti V, Lloyd S andMaccone L 2004 Science 306 1330–6
[34] KolkiranA andAgarwalG S 2007Opt. Express 15 6798–808
[35] FinkM,Rodriguez-Aramendia A,Handsteiner J, ZiarkashA, Steinlechner F, Scheidl T, Fuentes I, Pienaar J, RalphTC andUrsin R

2017Nat. Commun. 8 15304
[36] Vugal’ter GA andMalykinGB1999Radiophys QuantumElectron. 42 333–41

7

New J. Phys. 21 (2019) 053010 MFink et al

https://orcid.org/0000-0001-7459-4508
https://orcid.org/0000-0001-7459-4508
https://orcid.org/0000-0001-7459-4508
https://orcid.org/0000-0001-7459-4508
https://doi.org/10.1070/PU1988v031n09ABEH005624
https://doi.org/10.1070/PU2000v043n12ABEH000830
https://doi.org/10.1070/PU2002v045n08ABEH001225
https://doi.org/10.1023/A:1025621628746
https://doi.org/10.1023/A:1025621628746
https://doi.org/10.1023/A:1025621628746
https://doi.org/10.4006/0836-1398-31.2.228
https://doi.org/10.4006/0836-1398-31.2.228
https://doi.org/10.4006/0836-1398-31.2.228
https://doi.org/10.1117/12.258177
https://doi.org/10.1117/12.258177
https://doi.org/10.1117/12.258177
https://doi.org/10.1007/978-3-642-28744-2_89
https://doi.org/10.1007/978-3-642-28744-2_89
https://doi.org/10.1007/978-3-642-28744-2_89
https://doi.org/10.1109/OFS.2002.1000487
https://doi.org/10.1109/OFS.2002.1000487
https://doi.org/10.1109/OFS.2002.1000487
https://doi.org/10.1070/PU1994v037n03ABEH000014
https://doi.org/10.1103/PhysRevA.48.143
https://doi.org/10.1103/PhysRevA.48.143
https://doi.org/10.1103/PhysRevA.48.143
https://doi.org/10.1103/PhysRevLett.42.1103
https://doi.org/10.1103/PhysRevLett.42.1103
https://doi.org/10.1103/PhysRevLett.42.1103
https://doi.org/10.1103/PhysRevLett.67.177
https://doi.org/10.1103/PhysRevLett.67.177
https://doi.org/10.1103/PhysRevLett.67.177
https://doi.org/10.1103/PhysRevLett.78.760
https://doi.org/10.1103/PhysRevLett.78.760
https://doi.org/10.1103/PhysRevLett.78.760
https://doi.org/10.1103/PhysRevLett.78.2046
https://doi.org/10.1103/PhysRevLett.78.2046
https://doi.org/10.1103/PhysRevLett.78.2046
https://doi.org/10.1117/12.2059692
https://doi.org/10.1080/00107510802091298
https://doi.org/10.1080/00107510802091298
https://doi.org/10.1080/00107510802091298
https://doi.org/10.1103/PhysRevLett.74.4835
https://doi.org/10.1103/PhysRevLett.74.4835
https://doi.org/10.1103/PhysRevLett.74.4835
https://doi.org/10.1103/PhysRevLett.102.040403
https://doi.org/10.1103/PhysRevLett.102.040403
https://doi.org/10.1103/PhysRevA.80.013825
https://doi.org/10.1103/PhysRevA.80.013825
https://doi.org/10.1038/nphoton.2010.39
https://doi.org/10.1038/nphoton.2010.39
https://doi.org/10.1038/nphoton.2010.39
https://doi.org/10.1103/PhysRevLett.107.113603
https://doi.org/10.1103/PhysRevA.88.043832
https://doi.org/10.1103/PhysRevLett.89.213601
https://doi.org/10.1103/PhysRevA.65.033820
https://doi.org/10.1038/nature02552
https://doi.org/10.1038/nature02552
https://doi.org/10.1038/nature02552
https://doi.org/10.1103/PhysRevLett.85.2733
https://doi.org/10.1103/PhysRevLett.85.2733
https://doi.org/10.1103/PhysRevLett.85.2733
https://doi.org/10.1126/science.1104149
https://doi.org/10.1126/science.1104149
https://doi.org/10.1126/science.1104149
https://doi.org/10.1364/OE.15.006798
https://doi.org/10.1364/OE.15.006798
https://doi.org/10.1364/OE.15.006798
https://doi.org/10.1038/ncomms15304
https://doi.org/10.1007/BF02677577
https://doi.org/10.1007/BF02677577
https://doi.org/10.1007/BF02677577

	1. Introduction
	2. Methods
	2.1. Photon source
	2.2. Interferometer
	2.3. Sagnac-phase
	2.4. Detection

	3. Results
	4. Discussion
	5. Conclusion
	Acknowledgments
	References



