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Sensing microscopic noise events by frequent quantum measurements
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We propose and experimentally demonstrate a general method allowing us to unravel microscopic noise
events that affect a continuous quantum variable. Such unraveling is achieved by frequent measurements of
a discrete variable coupled to the continuous one. The experimental realization involves photons traversing
a noisy channel. There, their polarization, whose coupling to the photons spatial wavepacket is subjected to
stochastic noise, is frequently measured in the quantum Zeno regime. The measurements not only preserve
the polarization state, but also enable the recording of the full noise statistics from the spatially-resolved
detection of the photons emerging from the channel. This method proves the possibility of employing photons
as quantum noise sensors and robust carriers of information.

I. INTRODUCTION

The existing approaches to sensing by quantum probes
[1-18] commonly consider the noise [19-26] affecting the
probed observables as a nuisance to be suppressed [27].
This can be done either by active dynamical control of the
probe [27-30] or (if possible) by confining the sensing to a
decoherence-free subspace of the probed object [31-33]. Yet,
noise sensing by a quantum probe can be a source of valu-
able information on the underlying stochastic processes and
their detrimental effect on quantum coherence, which is a
central obstacle to quantum information technologies [34-
43]. Existing noise sensing focuses on noise spectroscopy
by qubit probes [44-55], whose dynamical control can en-
hance their ability to extract noise characteristics, such as
the noise memory time [47]. However, all such methods are
sensitive only to statistical averages over many noise realiza-
tions, and restricted by two major assumptions that severely
limit their applicability [27]: i) the noise is a stationary pro-
cess (which is often untrue); ii) the probe and the bath, which
is the source of noise, remain uncorrelated, and the bath state
is unchanged by their interaction, i.e. the Born approxima-
tion holds.

Here we venture into the scarcely explored domain of probing
individual microscopic noise events without the restrictions of
noise stationarity and the Born approximation. To this end,
we resort to frequent projective measurements of the probe at
intervals that are shorter than (or comparable to) those of
noise events. As demonstrated here both theoretically and
experimentally, such measurements allow the unraveling of
the full statistics of individual noise events, thus providing
information impossible to obtain with existing noise sensing
methods.

Frequent measurements have been employed to slow down
the evolution of quantum systems coupled to baths, thus pro-
tecting them from relaxation or decoherence when the mea-
surement rate conforms to the quantum Zeno effect (QZE)

[27, 49, 56-66]. We have recently demonstrated [67] that po-
larization measurements of a photonic probe can disclose the
sign of correlations between consecutive polarization fluctu-
ations in a noisy medium (bath) that adheres to the Born ap-
proximation.

Here we consider a different and far more general scenario,
where the probe (system) and the bath become entangled by
each noise event (inducing decoherence on the system state),
and the probe measurements keep changing the (continuous-
variable) bath state. An appropriate probe-measurement rate
conforming to the QZE is shown to reveal the distribution of
random probe-bath couplings, particularly, the second mo-
ment of the distribution. This hitherto unavailable informa-
tion can be used to devise unexplored strategies of noise sens-
ing and control.

II. THEORETICAL FRAMEWORK

A. Sensing bath-induced noise by frequent probe
measurements

Consider a quantum system coupled to a bath via the in-
teraction Hamiltonian

Hy = —ﬂ(t)S ® B, (1)

where S and B are the operators of the system (S) and
the bath (B), respectively, k(t) is the time-dependent (here -
stochastic) coupling strength, and we assume that the Hamil-
tonian of both S and B vanishes.

The combined supersystem (S+B) evolves via the unitary op-
erator U(t) = e'¢W59B where G(t) = fot dr k(7). Let
the initial state of the supersystem be |¥;,) = |[¢) ® |f),
where [¢)) and |f) are the initial states of S and B, respec-
tively. The probability that S will remain in its initial state is
given by p(t) — Tr(TL, [ (1)) (W (1)), where T, — [)(¢]
and |U(t)) = U(t)|Vin). For sufficiently small ¢, we can ex-




pand the exponential in U (¢) up to second order, yielding
plt) = 1— G2(H)AS? B, @)

where B2 = (f|B?|f), S™ = (4|S™|¢)) and AS? = S2 —
5 is the variance of S in the state |t)). Assume that the
system S is measured in the state |y} at random instants t; in
the time interval [0, T'] and, immediately after each ¢; (j =

.,N; ty = T), itis coupled to a new bath in the same
state | f). If the intervals 7; = t; — t;_1 (where ¢, = 0) are
sufficiently short, then the total survival probability of the
system state |¢) is a product of expressions of the form of
Eq. (2), yielding

JNn

N
Pt =€V, Jy=AS"BY g2, (3)

Jj=1

where g; = ft dt k(t

Essentially, we treat the effective coupling g; as random. To
this end, ¢; can be either random or regular, as long as x(t)
is random.

For simplicity, we assume that the stochastic x(t) does not
change sign, i.e. k(t) > 0. Consider first the effect of unitary
evolution, so that there is only one measurement at the end
of the process, at t; = T Then

2

N
=AS*B? (> g . @

j=1

Ji = AS?B2G*(T)

Z?le g;. Thus, J; [Eq.
(4)] contains N2 terms, which are roughly of the same order.
By comparison, for N measurements during time 7', Jy in
Eq. (3) contains NV terms, which are a subset of the terms in
Eq. (4), implying that Jy/J; ~ 1/N.

Hence, the slowdown of the system state decay under N
stochastic system-bath coupling events that are interrupted
by N projections on the initial state is similar to the well-
known QZE scaling in the case of constant coupling [27].
The crucial insight transpiring from Egs. (3) and (4) is that
the decay of the system state in the stochastic QZE regime
[65] depends on the sum of the squared random couplings gJQ»,
as opposed to its dependence on the sum of g; in G(T) if
the decay is measured at the end of the evolution during 7.
Hence, a novel, unfamiliar role of projective measurements in
the QZE regime, beyond protecting the system state from de-
coherence, is revealed by this analysis: their ability to provide
information on the distribution of random, microscopic deco-

herence events induced by the coupling of the system to the
bath.

where we used the equality G(T') =

B. Continuous-variable noise unraveling by polarization
probe measurements

We will now show that these results allow unraveling noise
events that affect the photon polarization qubit, considered
as a probe system coupled to a bath realized by a transverse
spatial degree of freedom (DoF) of the photon. Namely, the
photonic qubit propagates through a noisy channel in which
decoherence occurs via coupling of the qubit with a spatial,
continuous variable of the photon, acting as the bath. The
propagation is a sequence of steps, each associated with a
noise event; in the j-th step, the coupling of the qubit with
the continuous DoF is realized by the coupling of the polar-
ization to the transverse position x of the photon, z being the
propagation axis, with strength randomly changing at each
step.

Specifically, the photonic qubit is dephased in the basis
{|H),|V)}, H and V denoting the horizontal and vertical po-
larizations, respectively. The decoherence manifests itself as
a spatial mismatch between the H and V polarization com-
ponents: H polarization is (slightly) spatially shifted along
the z axis by the unitary operator U; = exp(ig; P, @ ),
P, denoting the transverse momentum along the x direction
and [1y = |H)(H|.

In the general system-bath notation, S = Il and B = P,.
The initial joint state of the qubit and the bath is

|/¢9> ® |fac>7

where | f,) corresponds to the Gaussian wavepacket f(x) =
(z|fz) = W exp ( ) For the states in Eq. (5),

Win) = [¢6) = cos(0)|H) +sin(0)[V), (5)

1
AS? =sin?() cos?(0), B2 = 552" (6)

Since, in general, the bath state changes after each mea-
surement, the decay parameter in Eq. (3) is now given by

Zg B?;. (7)

JN = sin? cos

Here ﬁj is calculated for the spatial DoF wavepacket evolv-
ing between the (j — 1)th and jth measurements, whereas
B2%, = B2 According to Eq. (6), B2 is inversely pro-
portlonal to the square of the wavepacket width. Given
that B? = P2 applies the second derivative (with respect
to z) to the wavepacket, ﬁj generally decreases with the
wavepacket broadening. In our case, the wavepacket evolu-
tion consists in its splitting into different sub-packets which
recede from each other, resulting, as long as the distance be-
tween the sub-packets is less than their widths, in a broaden-
ing of the wavepacket. Therefore, the quantities ?j in Eq.
(7) are expected to decrease with j, causing a decrease of the
decay parameter J,,, in addition to the QZE.

In our scenario, the quantum channel hosts N noise
events, each characterized by a coupling strength randomly
chosen from a finite set of values, g; € {G1,...,Gp}, with



the probability p; of the G}, noise event being independent
of the events order. For example, in our proof-of-principle
implementation we have N = 6 and D = 5. In such a chan-
nel, the probability of observing {n1,...,np} events of the
type {G1,...,Gp} is given by the multinomial distribution

N! D D
M(nl, e ,nD) = m Hk’:l pzk, Where Zk::l ne =
N and Zszl pr = 1.
The corresponding (non-normalized) output state is:

N
(Wout) = HpUn ... U1 | Wi) = [vh) @ [ Bjlfz), (8)

j=1

where ITy = |1g) (0p| and B; = cos?(0)e™9i = +-sin?(0)14, Iy
being the identity operator in the Hilbert space of the spatial
DoF.

Since the B; operators commute with each other, we can
have H;V:1 B; = Hszl (cos?(0) e “x P + sin®(0) 1,) "
highlighting how the spatial profile of |¥,,) only depends
on the values of G}, and their multiplicity, not on their order-
ing. Hence, the probability of finding the photon in a specific
position z at the output of the quantum channel is

2
(o T, B 1f2)

(@| Ty BR*|£2)

Pn (w0, {nx}) =

o
[ da’

Since we are interested in the estimation of the probability
set {pr}, we need to quantify the numbers {n;} of the de-
coherence events {G}; }. This is achieved by minimizing, for
any position z, the statistical square distance AP ({ng}.) =
[dz [PS®(z) — Py (2, {ni}e)]’, PP (z) being the distri-
bution experimentally measured at the output of the quan-
tum channel and Py (z, {ny }.) the theoretical one given by

the set {ny}., with the integer index ¢ € [1, (D+]]VV*1)} la-
beling the theoretical distributions. The reconstructed set

{nr}r of the multiplicities of decoherence events is esti-
mated as

{nk}tr = argmjn AP({ng}e)s (10)

yielding the probabilities {py, } g, with pr, = ng/N. To re-
duce the uncertainty on the estimated pj, values, one can
repeat this procedure L times, thus obtaining each p; as

L (
Pk =220t pi(c )/L-

III. THE EXPERIMENT

In our setup, Alice exploits (Fig. 1) a laser source
at 700 nm attenuated down to the single-photon level,
and arbitrarily choose as initial polarization state |¢p) =
(|H) + |V))/v/2 = |+). Then, a series of N = 6
decoherence-protection steps (with intensity chosen among
the set {Gr} = {0, ¢,2g, 39, 4g}, being g the minimum noise
intensity) is implemented, each composed of a pair of bire-

Alice

Laser
= =

Noisy channel

— =cca

PBS HWP BCs PBS HWP BCs PBS HWP

[Vin? U s Uz

HWP PBS ccD

\Wouy

T, R

FIG. 1. Experimental setup and corresponding quantum operations.
For the sake of simplicity, only two of the six noise events occurring
in the quantum channel of our experimental realization are shown
(see main text for more details).

fringent crystals (BCs) followed by a polarizer (PBS) and a
half-wave plate (HWP). In each pair, the first birefringent
crystal (with optical axis cut at 45 © with respect to the pho-
ton propagation direction) shifts the horizontal polarization,
as compared to the vertical one, in the transverse direction
2. The shift depends on the crystal thickness, and is asso-
ciated to G. The second crystal (with optical axis at 90 °)
compensates for the temporal walk-off and phase mismatch
between the H and V polarizations introduced by the pre-
vious crystal. Then, the polarizer projects the photon onto
its initial polarization state, thus inducing the QZE that pro-
tects the photon from decoherence. The HWP is used during
the system initialization and optimization procedure, to ver-
ify the temporal walk-off and phase optimal compensation
and carefully characterize the G noise intensity value in-
duced by each pair (for which the |H) and |V) polarization
eigenstates are needed).

At each step, we randomly choose among D = 5 differ-
ent crystal thicknesses corresponding to the set {G} =
(0,9,2¢9,39,4g), with g being the minimum nonzero spa-
tial displacement induced between the H and V' polarization
components. Finally, to prove the robustness of our tech-
nique even at extremely faint light regimes, at the end of the
N decoherence-protection steps Bob detects the photons by
means of a single-photon sensitive electron-multiplied CCD
camera with 1024 x 1024 pixels of size (13 x 13) um (even-
tually projecting them onto Alice’s initial polarization state
by means of a HWP followed by a PBS), providing the final
spatial distribution of the photons fou¢ ().

In principle, the setup in Fig. 1 allows estimating any set {n }
by means of Eq. (10). However, the minimization in Eq. (10) is
very challenging, since it requires an extremely precise mea-
surement of the whole probability distribution profile, which
is especially hard to achieve for the distribution tails. Thus,
in order to have a robust and reliable sensing procedure we
compare, instead of the entire distributions, only some of
their moments:

Eo(z') = / dz &' Py (2, {ni}e)

(11)
Boxp(z') = /dx T PYP (),
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FIG. 2. Experimental estimation of {n} z. The measured spatial distribution Py
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(z) is represented by the black dots, in very good agree-

ment with the one given by the reconstructed set {n } r (green curve). The red curves correspond to the subset of probability configurations
giving spatial distributions with same average position and different standard deviations, whereas the gray curves are the distributions due
the remaining possible probability configurations. The inset in Fig. 2 zooms in the distribution peak region, allowing to appreciate the correct
discrimination performed within the subset of compatible noise configurations. Finally, the blue curve on the left, corresponding to the case
of N = 6 null (¢ = 0) noise events, represents the initial spatial distribution of the photons.

with E.(z%) and E.,p(2") being, respectively, the i-th mo-
ment of the theoretical distribution due to the set {ny}. and
the one extracted from the experimental spatial distribution
Py P (x). In our case, we demonstrate that, thanks to our op-
timization approach, the first two moments suffice for faith-
fully extracting the {ny}r set.

One can estimate the total amount of decoherence in the
quantum channel by measuring the average position of
Py F (x) both with and without exploiting the QZE, but this
information is not enough to reconstruct the set {ns}r. To
do this, we start from a subset of the possible configurations
that correspond to the estimated average position Eexp(2),
and apply the minimization on the second-order moment
difference AE,(2?) = Eoxp(z?) — Ec(2?). As a result,

{nk}r ~ argmin, (AEC(AJIQ))Q with Az = & — Eexp(x).

IV. RESULTS

In Fig. 2 we present our results for a particular realization
of the quantum channel noise distribution, corresponding
to the crystal set {n;y} = (2,0,2,2,0). The experimental
spatial distribution (black dots) is in very good agreement
with the theoretical behavior (green curve) expected for
the set (2,0,2,2,0), correctly estimated by our sensing

procedure. The theoretical survival probability of the
original polarization state after N = 6 decoherence steps
would be 0.50 without protection, but it reaches 0.58 when
we apply the noise sensing technique that protects the
state. In our experiment, this noise-sensing technique yelds
survival probability of 0.47 £ 0.01, but after subtracting
the optical losses due to the N = 6 polarizers, whose total
transmissivity amounts to 0.84 £ 0.03, we obtain a survival
probability of 0.56 £ 0.03, in agreement with the theoretical
prediction. This proves that we can sense the noise affecting
the quantum channel while losing fewer probes in it, because
of their higher survival probability granted by our technique.
In order to test the robustness and versatility of our tech-
nique, we apply it to three different noise event distributions
(see Fig.3). Then, to demonstrate the reduction of the
uncertainty on the estimated pj values for an increasing
number of trials L, we collect data for L = 10 randomized
crystal sets {ny, } for each chosen {py}. Specifically, for each
of the chosen noise distributions, n is randomly sampled
with probability py for each & = 1,..., D. Furthermore, we
estimate a confidence interval (CI) for each extracted {p; } r
by exploiting the Beta distribution, which considers two dif-
ferent coverage factors associated to the 68% and 95% ClIs,
respectively. The results are presented in the tables reported
as insets in Fig. 3, that correspond to the experimentally
investigated {py} sets. The estimated probabilities converge
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1o | Target p’s | Estimated py’s | 68% CI | 95% CI |
0.1 0.117 0.087 : 0.171 0.058 : 0.222
sk 0.3 0.383 (0.326 ; 0.449) | (0.271 ; 0.510)
0.3 0.217 (0.173 ; 0.278) | (0.132 ; 0.337)
0.2 0.200 (0.159 ; 0.261) | (0.119 ; 0.318)
0.6 ,\\ 0.1 0.083 (0.060 ; 0.133) | (0.037 ; 0.181)
P1
2 s 6 8 10
L
b)
L0 Marget py's | Estimated pr's 68% CI 95% CI
0.2 0.217 (0.173 ; 0.278) | (0.132 ; 0.337)
sl 0.2 0.183 (0.144 ; 0.243) | (0.106 ; 0.300)
0.2 0.217 (0.173 ; 0.278) | (0.132; 0.337)
0.2 0.200 (0.159 ; 0.261) | (0.119 ; 0.318)
06 0.2 0.183 0 - 0.243 0.106 : 0.300
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c)
101 | Target pr’s | Estimated py’s | 68% CI | 95% CI |
0.3 0.300 (0.248 ; 0.365) | (0.199 ; 0.426)
08l 0.4 0.383 (0.326 ; 0.449) | (0.271 ; 0.510)
0.2 0.183 (0.144 ; 0.243) | (0.106 ; 0.300)
0.1 0.133 (0.101 ; 0.189) | (0.070 ; 0.242)
06 0.0 0.000 0.000 : 0.030 0.000 : 0.059
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FIG. 3. Considering three different noise probability distribution set
respectively {pr} = (0.1,0.3,0.3,0.2,0.1) for panel (a), {pr} =
(0.2,0.2,0.2,0.2,0.2) for panel (b), {px } = (0.3,0.4,0.2,0.1, 0.0)
for panel (c). The tables report the reconstructed noise probability
distribution {py }r for a chosen set {py}, together with the 68%
and 95% confidence intervals (CIs) on the estimated values after six
steps. As an example, the graphs show, for each set, the behaviour
of a particular py estimation (indicated in orange in the table) ver-
sus the number L of procedure realizations. The blue dashed lines
represent the theoretical p, value, while the black dots are the es-
timated values. The red and orange areas correspond, respectively,
to the 68% and 95% CI on the reconstructed py’s.

to the theoretical ones, within the 95% CI, even after only
L = 10 realizations. In addition, in Fig 3 we show, for each
case, the typical behavior of the pj estimation results as a

function of the number L of the procedure realizations. In
each plot, the theoretical target probability is represented
by a blue dashed line, while the estimated values obtained
for each L are shown by the black dots. The experimentally
extracted {py} sets are in good agreement with the theo-
retical expectations in all the three cases considered, with
most of the expected py’s falling within the 68% CI on the
corresponding reconstructed value.

Application to depolarizing channels — Beyond the demon-
stration of this new fundamental concept, we point out its
potentialities for novel diagnostics and control of noisy,
depolarizing communication channels. To give an example
(see Fig. 4), we envisage two identical channels, a commu-
nication channel (CH 1) and an auxiliary one (CH 2), that
are coupled/correlated in some degree of freedom (like, e.g.,
two adjacent deployed optical fibers [68]). Both channels
are subject to the same decoherence (e.g., due to birefrin-
gence fluctuations in optical fibers [69]). The photonic
qubits propagating in CH 1 are accompanied by auxiliary,
frequently-measured photonic qubits in CH 2, a scenario
that could be obtained by diverting a small part of the signal
in the communication channel to the auxiliary one. Because

coupler / correlator

GJ see
g o 8
< m
CH?2 I I I I I
Zeno-like
measurement

FIG. 4. Diagnostics of microscopic decoherence events, by pairing
the communication channel (CH 1) with an identical auxiliary chan-
nel (CH 2) hosting similar photonic qubits (like, e.g., two adjacent
deployed optical fibers [68]). Thanks to the coupler/correlator of the
two channels, they are affected by the same microscopic decoher-
ence events. While in CH 1 the qubits propagates freely, in CH 2
the auxiliary qubits undergo multiple Zeno-like projective polariza-
tion measurements, allowing to reconstruct the decoherence events
in both channels and statistically correct their effect on the qubits
exiting CH 1.

the qubits in the two channels share the same decoherence,
frequent measurements of this diverted part in the auxiliary
channel can sample the important moments of the noise
distribution as per Eq. (11). This sampled information may
be used in a feedback scheme to partly undo the deleterious
effects of decoherence [27, 29] on the main (unmeasured)
part of the signal.



V. CONCLUSIONS

In this paper we have proposed and demonstrated, both
theoretically and experimentally, a novel noise sensing tech-
nique for unraveling, i.e. estimating, the statistics of stochas-
tic decoherence events affecting a noisy channel. Besides
protecting from decoherence the (known) initial state of the
qubit, QZE is shown to allow extracting information about
the statistics of the decoherence source affecting the channel
upon detecting the photon only at the end of the channel.
Our technique is enabled by attributing different functional-
ities to distinct degrees of freedom of the employed quantum
particles (here, photons) allowing them to serve both as quan-
tum carriers and quantum sensors. This unique microscopic,
protected information acquired by QZE and the ensuing cor-
rection may be viewed as the next generation of noise sens-
ing and correcting schemes, as compared to a recent scheme
[68] where phase fluctuations due to vibrations in a fiber are
compensated by an auxiliary channel (yet without discrimi-
nating the decoherence events or protecting against them as
Wwe propose).

The proposed sensing technique has been experimentally
demonstrated on a quantum optical setup, and has provided
us with accurate results in each tested sequence of external
decoherence events. Since our technique has been proven
to be robust even at the single-photon level, it can be ap-
plied even in extremely-faint light scenarios like those in-
volving highly-photosensitive biosamples (e.g., the ocular
retina). These samples are impossible to sense by traditional
interferometric techniques, because the minimum illumina-
tion level needed for obtaining reliable results would already

be strong enough to alter the sample [70-73]. Although a de-
tailed description of the possible applications lies beyond the
scope of this paper, this technique might be highly beneficial
for the study of faint-light polarization effects in diverse bio-
chemical and physical systems, such as cholesterol birefrin-
gence fluctuations in biological fluids for disease and defects
diagnostics [74-76], or protein structure characterization by
chirality [77].

Our results open the way to a new generation of noise di-
agnostic tools, allowing the monitoring of microscopic noise
events by frequent measurements and eventually correcting
for them. Future extensions of our approach may concern
quantum communication, e.g. for mitigating photon leakage
from a channel by frequent perturbations [78], and eventu-
ally for the hampering of photon entanglement distribution
by decoherence [69, 79, 80] and its mitigation by measure-
ments [81, 82].
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