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Zeptosecond-Scale Single-Photon Gyroscope

Fabrizio Sgobba, Danilo Triggiani, Vincenzo Tamma, Paolo De Natale,

Gianluca Gagliardi, Saverio Avino,* and Luigi Santamaria Amato*

This work presents an all-fiber telecom-range optical gyroscope employing a
spontaneous parametric down conversion crystal to produce ultra-low
intensity thermal light by tracing-out one of the heralded photons. The
prototype exhibits a detection limit on photon delay measurements of 249 zs
over a 72 s averaging time and 26 zs in differential delay measurements at

t = 10* s averaging. The detection scheme proves to be the most
resource-efficient possible, saturating > 99.5% of the Cramér—Rao bound.
These results are groundbreaking in the context of low-photon regime
quantum metrology, paving the way to novel experimental configurations to

bridge quantum optics with special or general relativity.

1. Introduction

Fringe interferometry represents the most sensitive tool for op-
tical metrology. The ability to discern tiny variations of interfer-
ence patterns allows accurate measurements of environmental
or sample parameters with a sensitivity scaling as the inverse
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frequency of the radiation source. Many
different geometries, such as Michelson,
Fabry-Pérot, Mach-Zehnder or Sagnac
schemes to name a few, have been success-
fully investigated over time and employed
in a wide variety of applications includ-
ing high precision geometry,[!l relativistic
testing and gravitational wave detection
(as in the LIGO/VIRGO experiments,?))
spectroscopy!®! as well as accurate real-time
ranging.!*]

First demonstrated by Sagnac in 1913,1%]
the interferometric technique carrying his
name is arguably one of the most robust
among all interferometric configurations.
Here, a single beam of light is separated into two counter-
propagating beams and introduced in a closed loop, that may
be arranged in different geometries where the square or circular
shape are most common ones.[® An interference pattern arises
whenever the loop undergoes rotation, due to the difference in
path-lengths between the two counter-propagating beams. Since
both beams travel along the same path, such configuration is
intrinsically insensitive to variations in temperature or envi-
ronmental noise, such as mechanical vibrations, occurring on
timescales much larger than the round-trip time (as is usually the
case for most environmental noise), thus making it particularly
appealing for its intrinsic robustness.

Since the dawn of fiber-optic communication, Sagnac inter-
ferometry proved to be naturally suited to be implemented in
all fiber-based setups, giving rise to the now widely diffused
fibre-optic gyroscope (FOG) interferometry!”) a competitive
alternative to the more complex free-space ring laser gyroscope
(RLG),!8] where an active Sagnac interferometer generates two
measurable optical beating notes. These techniques became
progressively more sensitive and reliable following the techno-
logical advances of the recent decades in optical fiber coupling
as well as fiber-coupled optical sources and detectors, finding
their application in so many different fields,! from geodesy to
hydrophony and geophony for military and civil applications,
to precise ground positioning, that a comprehensive list would
become a review on its own (see Refs. [10, 11]) In addition to
FOG performances, which are rapidly improving, and to its fields
of application, which are ever-expanding;®! a great deal of effort
is being expended to produce increasingly small FOG.['2l On
the other hand, the latest advances in single photon detection
techniques!™ led to a strongly renewed scientific interest
toward quantum optics and quantum interferometry beyond
more direct application areas such as quantum communica-
tion, teleportation, or quantum key distribution. For example,
Hong-Ou-Mandel interferometry!’>1¢ sensing capabilities
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when complemented by Fisher information analysis!'”8] as well
as delayed choice quantum erasers!!*! led to attosecond-level res-
olution in delay measurements in low optical intensity regimes,
paving the way for noninvasive biosensing and non-perturbing
optical metrology. Increasing applications of integrated devices
based on Sagnac effect in quantum optics are expected in the near
future as development of quantum sources?’! and sensors!?!]
just to name a few. In a quantum experiment aiming to highlight
the interplay and coexistence of general relativistic effects with
quantum mechanics, a sharp distinction has to be made between
classical behaviors and quantum mechanics-related behaviors, as
well as between general relativistic and Newtonian descriptions.
If such boundary results more blurred when massive particles
are involved,??! a fully optical experiment involving gravitational
effects represents the ideal candidate due to the masslessness of
the photon. Hence, the latest results in quantum metrology are
reported in Refs. [17, 19] together with challenging experiments
adopting similar setups both for test of fundamental physics!?324]
and for more practical applications,?>?°] have fueled a wave of
theoretical investigations on quantum-relativistic interface
experiments both in free space and in fiber.[?7-°]

Brady et al.,[?] e.g., were able to estimate a lower bound on
photon delay detection limit (c) needed for the detection of the
Sagnac effect due to Earth’s rotation, using an interferometer
of total area A, via the figure of merit F, defined as F = %.

The bound retrieved was F ~ 1071 s km™2, which means that
attosecond-level (% 1078 5) delay sensing would require a total
interferometer area A > 1000 m?.

This paper presents what is, to the best of our knowledge, the
first ultra-low photon regime delay sensor based on a 2 km fiber
FOG with quadrupole-winding designed to operate in the tele-
com region (1550 nm) to minimize attenuation. The combina-
tion of highly performing near-infrared single-photon detectors,
together with quadrupole-winded FOG interferometry and ser-
rodyne modulation, not employed in other single photon FOG
setups,!?*%] led to establish a new limit both on the measurement
of the key quantity F = % ~2x 107" s km2at t = 72 s integra-
tion time and on the delay detection limit itself, obtaining for the
first time an uncertainty as low as 249 zs in 72 sec integration
time and 26 zs in differential delay measurements, which, so far,
had never been achieved in photon counting regime.

2. Experimental Setup

In the proposed setup the optical source was composed of twin
photons source (TPS, panel 1. in Figure 1), where a contin-
uous wave (CW) diode laser, centered at 775 nm, pumped a
periodically-poled Lithium-Niobate (PPLN) crystal cut for type-II
spontaneous parametric down conversion (SPDC), and specifi-
cally designed to maximize its down conversion efficiency at the
center wavelength of 1550 nm, provided that its temperature was
actively stabilized at 33.9° C.

Each correlated photon pair produced by the TPS was then sep-
arated via a polarizing beam splitter (PBS, panel 2. in Figure 1),
so that it was always possible to select a single photon (having
horizontal polarization) from the pair.

The selected photon entered in the fiber-coupled optical circu-
lator from the input port A (see panel 3. in Figure 1).
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Figure 1. 3D realistic sketch of the employed experimental setup. 1.) Twin
photon source, 2.) polarizing beam splitter, 3.) optical circulator, 4.) wave-
form generator, 5.) gyroscope, 6.) polarization rotation paddles, 7.) Su-
perconductive nanowires single-photon detectors, and 8.) Time tagging
electronics.

The circulator allowed light entering from port A to come out
of port B, whereas light entering from B to come out of port
C. Port B was therefore connected to one of the inputs/outputs
of a 2 km-long FOG of total area A = 125 m?. The FOG pre-
sented itself as a fiber spool having average radius of 12.5 cm
(refractive index n = 1.471) and a total volume of = 6000 cm?.
Therefore, the 2 km fiber was wound up into N ~ 2550 coils.
The interferometer was engineered in such a way that the for-
ward and backward propagating paths underwent as similar
environmental conditions as possible. In order to obtain this
goal, the coils were wrapped in a quadrupole configuration,
that ensured time-dependent temperature and strain variations
affect in the same way both propagation directions. Embed-
ded within the spool was a fiber-coupled electro-optical modu-
lator (EOM), tasked to provide a voltage-driven time-dependent
phase shift between two propagating directions i.e., serrodyne
modulation.[*"]

In the serrodyne modulation, the voltage had to be applied
via a waveform generator (panel 4. in Figure 1) in the form of
a saw-tooth wave having a period equal to twice the round-trip
time inside the interferometer. In this specific case, the repeti-
tion rate resulted to be v,,,, = 54.795 kHz. In this experimen-
tal configuration, the total phase delay A¢ established between
counter-propagating paths was directly proportional to the peak—
peak voltage applied to the EOM (V, with reference to Figure 1).

It was helpful to introduce the parameter 7 = {— which cor-

responded to a relative temporal delay between ‘the counter-
propagating paths that would generate the dephasing A¢ at cen-
tral angular frequency w,. 7 is, in turn, proportional to the applied
voltage V,,. Therefore, it could be expressed as

T=aV, (1)

Where the proportionality constant @ was introduced, the estima-
tion of which had to be performed by calibration. For example, ifa
specific applied voltage V;; provides a total dephasing of A¢ = 7
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for a 4, = 1550 nm photon between forward and backward prop-
agating paths,
_Ao(Ve) _ =

Ao
V,) = == =22=1294%x10""s=1.294fs 2
(Vo) @, 2w, 4c )

Where c is the speed of light in vacuum. Hence,

(Vo) _ 1.294x1070 s
Vi Vi %

I

oax =

3)

One of the two input/outputs of the gyroscope was then con-
nected to the first channel (Chl) of the detector, consisting in
a two-channels array of He-cooled superconducting nanowires
single photon detectors (SNSPDs, panel 7. in Figure 1). The sec-
ond channel (Ch2) was connected to port C of the optical circu-
lator so that light coming from the gyroscope and entering into
port B could be collected in Ch2. Since SNSPDs efficiency was
strongly dependent on impinging light polarization, each chan-
nel was provided with a polarization rotation paddle (panel 6. in
Figure 1) in order to rotate the photon polarization to maximize
the detectors efficiency.

Both channels were connected to a time-tagging device (panel
8. in Figure 1) for data collection.

3. Theoretical Framework

The pure photon-pair state generated via type-2 SPDC can be
written as

%) = /Rdw g(@)a, (@)a} (@, - @)|0) “

where ), is the pump frequency, g(w) is the joint spectral ampli-
tude, and a; v(@) denotes the photonic creation operator asso-
ciated with a photon with frequency @ and polarization H or V.
The effect of the polarizing beam splitter, selecting only the pho-
tons with vertical polarization, is to trace out from Equation (4)
the horizontally polarized photon. The state injected in the FOG
is thus mixed and reads

p= | doda plo,)al (@10)0, @) 5
where
plo, o) = /R dw, (0lay, (@)ay (@) [¥)(Pla); (@')ay (@,)]0)

= Ig(@)*5(e — o) (©)

is the matrix representation of p.

For all extents, the FOG introduced in the previous section can
be treated as a Sagnac interferometer, or a Mach-Zehnder inter-
ferometer where input and output beam splitters (BS) coincide,
as shown in Figure 2

In the proposed setup, the photon enters from port 2, with ref-
erence to Figure 2. Since, for all practical purposes, the photon
polarization state is irrelevant for the remainder of these calcu-
lations, for simplicity we will omit the subscript H from Equa-
tion (5) and we replace it with a subscripti = 1, 2, R, L indicating,
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Figure 2. Schematic depiction of a Sagnac interferometer.

again with reference to Figure 2, the channel in which the pho-
ton propagates. The evolution of the operator a; (w), impinging
on the beam splitter and undergoing the phase differential Agp
first, and then exiting the interferometer, is given by

al(w) - L (a) (@)’ +al (@) -

T2
% [a) (@) (€27 + 1) + a (@) (624 — 1)]. (7)

The state at the output of the interferometer can thus be written
as

Pout = % /Rda)lg(w)lz [“;(w)(emd) +1)+ ai(w)(em"’ - 1)]
10401 [, (@) (7 +1) + a, () (7 1) ®)

where A¢ = wr is the relative dephasing between the two
counter-propagating paths.

The probabilities to register a click at the first or second chan-
nel, respectively P, and P,, can therefore be written as

Py = [ 4o Ola, @00, (0)0)
R

= %(1 + /R do |g(w)]? cos(an-)) ©)

For a photon having a Gaussian spectral distribution with a
linewidth o, and a center angular frequency w,, described by a
normalized spectral distribution

(w-wg)?
so 1

lg(@)|” = e o (10)
\/27c?

the probability distribution reads

rrzr

2
Py, = %(1 +e T cos(aJOr)) (11)
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From Equation (11), it follows that by measuring the counts
events on each channel (which are proportional to the outcome
probability P, , once the dark counts are removed), it is possi-
ble to retrieve the value of the delay = between propagating and
counter-propagating probability amplitudes, and ultimately to re-
trieve the rotational angular velocity Q of the reference frame
to which the Sagnac interferometer is bound. In order to obtain
the most sensitive possible experimental condition for the mea-
surement of the parameter 7 it results mandatory to evaluate the
Fisher information, namely the variance of the score (defined as
the gradient of the logarithm of the likelihood function).l7:31:32]
As extensively discussed in Ref. [31] given a parameter 6 con-
ditioning the measurement outcomes m € M with a probability
distribution P(m|6), which expresses the probability of outcome
m given 6, the Fisher information is defined as

1 ) 2
F(6) = sz BonTal (55P0mi6)) (12)

The importance of the Fisher information resides in the fact that
it yields the maximum precision achievable in the unbiased es-
timation of = with a given measurement scheme through the
Cramér—Rao bound**’

o (N) » ——— (13)

T NF@R)

where o6, (N) is the uncertainty associated with the estimation,
and N is the number of repetitions of the experiment, namely
the total number of detected photons. Hence, larger values of the
Fisher information yield better sensitivities.

Once the Fisher information and the number of detected
photons have been determined, the degree of saturation of the
Cramér-Rao bound (i.e. the quantity S(z) = (v/NF (7)o, (N))7?,
S < 1) is a powerful metric to determine how efficiently the ex-
perimental setup is capable to extract information by each one
of the detected photons. A fully saturated (S(r) = 1) Cramér—Rao
bound therefore qualifies the experimental procedure as the most
efficient to estimate the chosen parameter, all other experimental
conditions being equal.

The partial derivative squared of the probability function P,
with respect to the conditioning parameter 7 follows from Equa-
tion (11) as

2

c 22 W, 22

2
(0P, ))* = %(:7”1«;—”7 cos(w,7) F 7%—“7 sin(coof))

= %e“’ifz (627 cos(w,T) + w, sin(wor))2 (14)

The Fisher information of this system, as a function of the pa-
rameter 7, reads therefore

. 2
Fle) = oo (627 cos(w,T) + w, sin(w,7))

= (15)
1—e %" cos?(w,T)

The linewidth of the SPDC source employed results to be ¢, ~
0.25 THz, whereas w, = 2rv, ~ 1.21x10° THz. The Fisher
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Figure 3. Simulation of the Fisher information F(r) for the system re-
ported in Figure 1, the inset shows F(r) in the first 50 fs.

information evaluated for a delay varying in the range 7z €
[0,5000 fs] is reported in Figure 3.

In low delays regime, where 0,7 < 1 and 627 <« o), Equa-
tion (15) becomes

F(r) » o) (16)

everywhere except for wyz = (21+ 1)z, 1 € N.

4, Results and Discussion

4.1. Gyroscope Characterization and Sensor Calibration

In order to determine precisely the inflection point for the prob-
abilities in Equation (11), where A¢; = Z, we decided to operate
in high-intensity regime and we replaceé the twin photon source
with a superluminescent light emitting diode (SLED) filtered at
1550 nm with a bandwidth of 1 nm. The output power has been
then measured as a function of the voltage V,, applied to the wave-
form generator by means of an optical power meter. Acquired
data have been plotted and fitted with a sine function

fiulVo) = f, + Asin (;:%) (17)

for both gyroscope outputs (see Figure 4).

The values of the parameters A, w, f;, V; have been extracted
from the plot in Figure 4 and summarized in Table 1 with their
respective fit errors. From these, the final value for the inflection
point has been retrieved via weighted average as

< V,; >=3.8596 + 0.0095 V (18)

Consequently, the proportionality constant « results

a=(335+003)x 1002 (19)
v
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Figure 4. Optical power output of the FOG while employing a filtered in-
coherent bright source for Ch1 (in black) and Ch2 (in red), measured at
a fixed applied Voltage (V). A reference line is reported for V, = 3.8596 V.
The fits of Ch1 and Ch2 with the function fg (V,) are reported as blue and
cyan lines respectively.

It can be observed how, if the half-period w results comparable
within the fit error, the amplitude A and the offset f; differ be-
tween the channels. The & 10% discrepancy in amplitude has to
be traced back to unbalanced losses in the channels that cannot
be attributed to the FOG or to the particular detector employed
(since the output power on both channels for the bright-source
setup has been measured with the same optical power meter),
but arguably depends on the fibers and on the circulator. The
residual offseton Chl, f; — A ~ 120 nW, can be attributed to back-
reflections happening before the EOM and affecting the output
connected to Ch1 itself as well as to non perfect visibility. Resid-
ual offset on Ch2 results instead comparable to the background
noise seen by the power meter.

Figure 4 shows, that for an applied voltage V,, comprised be-
tween the values of 3.6 and 4.4 V, both channels show linearity
between applied voltage and optical power. Hence, this region
results to be the best candidate to perform a calibration of the
delay sensor.

The actual delay sensor calibration and the subsequent mea-
surements have been therefore performed with the single photon
setup shown in Figure 1.

For V,, € [3.6 ,4.4 V], each value of the applied voltage V,, (and
consequently delay 7) will return a value of single count events
on each channel (C, ) linearly dependent on V.

The introduction of

X. = X < (20)
T C+G, 2T C+C,

Table 1. Parameters retrieved from fit.

Channel Voi [V] w V] A [nW] fo [nW]

Ch1 3.85+0.01 7.84 +0.04 364 + 1 482 + 1

Ch2 3.93+0.03 7.79 +0.03 327 +£1 334 +1

www.advquantumtech.com
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Figure 5. The experimental values of AX = X; — X;, and the correspond-
ing applied delays 7 at which have been retrieved, fitted with a linear cali-
bration curve.

allows to renormalize the single count events by the sum of all
tagged counts in order to rule out fluctuations coming from the
optical pump. The calibration curve can be written as (AX = X; —
X)

AX = K7 + K, (1)

To reduce the amount of dark count events, both the calibration
and the measurements reported in the following sections have
been performed after sunset. In these conditions, each chan-
nel experienced stable dark counts of dc ~ 20 — 30 Hz, close
to electronics-related dark counts (= 10 — 20 Hz) and negligible
with respect to the signal on each channel during the measure-
ment (C; = C, ~ 300 — 350 kHz).

The calibration routine consisted in 100 steps between the val-
ues of V,, = 3.6 V and V, = 4.4 V. Each step has been acquired
ten times with an acquisition time of 100 ms in order to retrieve,
for each step, an average value of (X;, X,, AX) and an error, evalu-
ated propagating the error resulting from the standard deviation
on C, , of the ten acquisitions per step.

The calibration of the delay sensor is reported in Figure 5,
and the retrieved calibration parameters K;, K, are reported in
Table 2.

4.2. Long-Term Measurement
Right after the calibration we performed a 9 h-long acquisition
over night, using an integration time of T =1 s per point. The

function generator commands were set to provide a sawtooth
wave of peak-to-peak amplitude V, = 3.86 V.

Table 2. Parameters retrieved from calibration.

Ky [fs™] K,

1.0937 + 0.0036 —1.3432 + 0.0049
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Figure 6. Long term acquisition with acquisition time expressed in hours
(hh), T =1 s integration time, V, = 3.86 V applied voltage. In red, the
same data smoothed by adjacent average at 72 s integration time.

A Python script was used to convert acquired single count
events on each channel into delays = by means of Equation (21),
employing the values of K;, K, reported in Table 2. The whole
acquisition is reported in Figure 6.

As can be observed from Figure 6, the system experiences a
long-term drift of =~ 10 as over 9 h. Such drift can be associ-
ated to variations in temperature, affecting in particular the EOM
piezoactuator embedded within the gyroscope.

In the medium-short term (< 10 min) the instabilities of the
pump are still recognizable, even after the renormalization.

A time-domain frequency stability analysis allows both to as-
sess the detection limit that the proposed delay sensor is capable
to achieve at different integration times as well as to effectively
investigate the different contributions to the noise affecting the
signal. It is worth pointing out that, in this case, the detection
limit (DL) of the sensor is intended as the measured time delay
that can be achieved with a unitary signal to noise ratio (SNR),
hence DL(t) = o(t).

For this reason, we performed an overlapping Allan (OA)
deviation analysis of the long-term measurement reported in
Figure 6, where, given a set of N datapoints {x,, ... xy} acquired
at integration time t,, the OA variance at a given time (t = mt,) is
defined ast®*

1 N=2m+1 /j+m—1 2
2 _ _
GOA,x(t) - zmz(N —2m+ 1) Z ( ; xi+m xi> (22)

=

Several quantum metrology applications!!”1%32] perform dif-
ferential measurements on their conditioning parameter (in this
case, 7) to achieve better long-term stability performances. To al-
low a more straightforward comparison with such literature, we
decided to slice the data acquired and perform the OAdev analysis
to even and odd data points separately (retrieving detection limits
for z,,,, and 7, respectively), de facto obtaining a Az = 0 differ-

ential measurement that represents the ultimate detection level
achievable, once all noise sources (both coming from the source
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Figure 7. OAdev analysis of the long term measurement reported in
Figure 6, sliced into even datapoints (in olive green), odd datapoints (in
wine) and the deviation of their difference (in yellow). The red and blues
dashed lines represent the Cramér—Rao bounds for the detection of = and
Az, respectively, as a function of the averaging time, proportional to the
detected photons. Red and blue arrows and circles highlight the detection
limit for 7 at 72 s and Az at 10* s.

and the environment) are ruled out. The analysis has been plotted
and reported in Figure 7.

The average count rate of both channels combined during the
long term measurement (R) reported in Figure 6 corresponded
to R = 631.6 kHz. Therefore, since the 7,,,,, 4 values are updated
once every 2s, the theoretical Cramér—Rao bound CRB(r) derived
from Equation (15) becomes (red dashed line in Figure 7)

1 2
—_—r [ — 23
V FN w(z)Rt (23)

For t < 60 s, i.e. before medium term oscillations and long term
drifts, the proposed system proves to saturate up to 93 — 95%
of the Cramér—Rao bound. In particular, from the OA deviation
analysis in Figure 7 emerges that the detection limit on = (red
circle) is achieved for t,,; = 72 s, in correspondence of which the
best value is

op =2.49x 107" s = 249z5 (24)

Medium-term oscillations related to the instability of the pump
make the OA deviation to increase for t > 80 s. As expected from
t ~ 600 s the OA deviation for the single r experiences the afore-
mentioned long term drift, which is caused by temperature vari-
ations affecting both fibers and EOM response.

The differential detection (At), which is unaffected by pump
instability or drifts, shows a saturation S(A7) > 99.5% for averag-
ing times t ~ 10? — 103 s. Moreover, at t = 10* s (blue circle), the
total detection limit for differential measurements results

O, R 26128 (25)
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5. Conclusion

In this paper, we implemented high-resolution single photon
Sagnac interferometry in a 2 km long single mode, polarization
maintaining FOG with a quadrupole winding geometry.

Our quantum-based delay sensor, operating in the telecom re-
gion and entirely fiber-coupled, shows the best sensitivity per-
formances ever reported in literature for low photons regime
Sagnac interferometry, capable to detect delays as low as 249 zs at
72 s integration time, and outperforming similar quantum sen-
sors by more than an order of magnitude.['”° The proposed ex-
perimental procedure proved to be the most resource-efficient
way possible to measure a delay harnessing single photon quan-
tum probability with a Sagnac interferometer since the differ-
ential measure At is capable to achieve a Cramér—Rao bound
saturation S > 99.5% for integration times t > 10%s, and sensi-
tivities as low as 26 zs at averaging times ¢t = 10* s, correspond-

ing to a detection limit on 7 of 26/ V2~18zsina set-up free
from pump noise and drift. The detection limit of 26 zs corre-
sponds to a bias instability of a classical FOG operated with in-
tense light of ~ 0.96°h~! proper of an intermediate grade FOG.
Since the employed FOG presents a total area of 125 m?, the
aforementioned drift-free sensitivity at t = 10* s corresponds to
a figure of merit F = °—/: ~1.4x1076 skm™. To fully appreci-
ate the breadth of these results it is helpful to recall that Brady
et al.[?%) estimated an upper bound on the detection limit per unit
area F ~ 1071 s km™ for the detection of Sagnac effect due to
Earth rotation.

Hence, provided that the whole setup is mounted on an appo-
sitely designed platform capable to tilt by a certain angle (similar
to the one proposed in Refs. [23, 35] it will be possible to perform
tests based on Sagnac effect due to earth rotation in single pho-
ton regime.

Corresponds to a bias instability
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