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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.

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-
42]. Existing noise sensing focuses on noise spectroscopy by
qubit probes [43-54], whose dynamical control can enhance
their ability to extract noise characteristics, such as the noise
memory time [46]. However, all such methods are sensitive
only to statistical averages over many noise realizations, and
are restricted by two major assumptions that severely limit
their applicability [27]: i) the noise is a stationary process
(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 approximation
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, 48, 55-64]. We have recently demonstrated [65] that po-

larization measurements of a photonic probe can disclose the
sign of correlations between consecutive polarization fluc-
tuations in a noisy medium (bath) that adheres to the Born
approximation. Here we consider a far more general sce-
nario, where the probe 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 full distribution
of random probe-bath couplings. This hitherto unavailable
information can be used to devise novel strategies of noise
sensing and control, especially in communication channels.

Noise sensing by frequent probe measurements — Consider a
quantum system coupled to a bath via the interaction Hamil-
tonian

H; = —x(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) = 'S8 where G(t) = fot dr k(7). Let
the initial state of the supersystem be |¥;,) = [¢¥) ® |f),
where |1) 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

p(t) =1— G*(t)AS? B2, )

where B2 = (f|B2|f), S* = (¢|S"[1)) and AS? = 52 —
5% is the variance of S in the state |t)). Assume that the
system S is measured in the state |} 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 ¢ty = 0) are
sufficiently short, then the total survival probability of the
system state |1} is a product of expressions of the form of
Eq. (2), yielding

N
Prot =€ N, Iy = AS* B2 2932" ®3)
j=1

where g; = ft dt k(t

For simphc1ty, we assume that the stochastic x(t) does not
change sign, i.e. (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
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ZJ 1 9;- 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
[64] depends on the sum of the squared random couplings gjz-,
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.

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 real-
ized 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 cou-
pling of the qubit with the continuous DoF is realized by the
coupling of the polarization to the transverse position = of
the photon, z being the propagation axis, with strength ran-
domly 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

J1 = AS?B2G*(T)

where we used the equality G(T") =

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 z direction
and [Iy = |H)(H|.

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

[Win) = |¢0) ® | fz),

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

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

AS? = sin?(0) cos?(f), B2 = % (6)

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

Zgj B2, (7)

Jn = sin? cos

Here ?] is calculated for the spatial DoF wavepacket evolv-
ing between the (j — 1)th and jth measurements, whereas
B2, = B2 According to Eq. (6), B? is inversely pro-
portional to the square of the wavepacket width. Given
that B> = P? applies the second derivative (with respect
to z) to the wavepacket, B2, 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 broad-
ening of the wavepacket. Therefore, the quantities B2, in
(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; € {Gy,...,Gp}, with
the probability py of the G, noise event being independent
of the events order. In such a channel, the probability of
observing {n1,...,np} events of the type {Gl, ...,Gp}
is given by the multinomial distribution M (ny,...,np) =

PRy nD, Hk 1D ,wherezk 1M = Nandzk 1pe =1
The corresponding (non-normalized) output state is:

N
:HQUN... |¢9>®HBj‘f:c>a (8)

Jj=1

‘\Ilout> H0U1|\I/in> =

where B; = cos?(6)e'%i = +sin®(0)1,, I being the identity
operator in the Hilbert space of the spatial DoF.

Since the B; operators commute with each other, we can
have Hj\;l B [T, (cos?(8) eGP +sin?(9) 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
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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).

position x at the output of the quantum channel is

| (o) [T B ful®
J ! | @) TLL B fol?

Since we are interested in the estimation of the probability
set {px}, 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}.) =
Jdz [PYP(z) — Pn(z, {n}e))’, PSP (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

Pn(wo, {nx}) = ©9)

{ni}r = arg min AP({nk}e), (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
pr =Y vy /L.

The experiment — We exploit a laser source at 700 nm
attenuated down to the single-photon level, and arbitrarily
choose as initial polarization state |1p) = (|H)+|V))/V/2 =
|+). We implement a series of N = 6 decoherence-
protection steps, each composed of a birefringent crystal
(BCs) pair positioned between two half-wave plates (HWPs)
and followed by a polarizer (PBS), as shown in Fig. 1. The first
birefringent crystal (with optical axis cut at 45 © with respect
to the photon propagation direction) shifts the horizontal po-
larization, as compared to the vertical one, in the transverse
direction 2. The shift depends on the crystal thickness and
is associated to Gi,. The second crystal (with optical axis at
90 °) compensates for the temporal walk-off and phase mis-
match between the H and V polarizations introduced by the
previous crystal. Then, the polarizer projects the photon onto
its initial polarization state, thus inducing the QZE that pro-
tects the photon from decoherence.

At each step, we randomly choose among D = 5 differ-
ent crystal thicknesses corresponding to the set {Gr} =

(0,9,29,39,4g), with g being the minimum nonzero spa-
tial displacement induced between the H and V' polarization
components. The HWPs are needed in the initial setup cali-
bration procedure for optimizing the temporal walk-off and
phase compensation.

Finally, at the end of the NV decoherence-protection steps, the
photons are detected by a CCD camera with 1024 x 1024 pix-
els of size (13 x 13)um, providing the photons final spatial
distribution 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:

Ba') = [ doo'Py(a, mu)e)

(11)
BEoxp(z') = /dx ' PP (z),
with E.(z%) and Ee,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} g set.
One can estimate the total amount of decoherence in the
quantum channel by measuring the average position of
Py P (x) both with and without exploiting the QZE, but this
information is not enough to reconstruct the set {ny}r. To
do this, we start from a subset of the possible configurations
that correspond to the estimated average position Eexp (),
and apply the minimization on the second-order moment
difference AFE.(7?) = FEoxp(2?) — Eo(2?). As a result,
{ny}r ~ argmin,. (AEC(Aan))Q with Az =z — Eeyp ().
Results — In Fig. 2, we present our results for a particular
realization of the quantum channel noise distribution, corre-
sponding to the crystal set {n;} = (2,0, 2, 2,0). The experi-
mental spatial distribution (black dots) is in very good agree-
ment with the theoretical behavior (green curve) expected for
the set (2,0, 2, 2,0), correctly estimated by our sensing pro-
cedure. The survival probability of the original polarisation
state after six decoherence steps is 50% without protection,
but it reaches 58% when we perform the noise sensing tech-
nique protecting the state. Hence, we can sense the noise
affecting the quantum channel without losing our probes in
the channel, because of their higher survival probability.
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 un-
certainty on the estimated pj, values for an increasing num-
ber of trials L, we collect data for L = 10 randomized crys-
tal sets {ny} for each chosen {py}. Specifically, for each of
the chosen noise distributions, ny is randomly sampled with
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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.

probability pj for each & = 1,..., D. Furthermore, we es-
timate a confidence interval (CI) for each extracted {py}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 in-
vestigated {py} sets. The estimated probabilities converge
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 p; 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 ex-
tracted {py} sets are in good agreement with the theoreti-
cal expectations in all the three cases considered, with most
of the expected py’s falling within the 68% CI on the corre-
sponding reconstructed value.

Conclusions — In this paper we have proposed and demon-
strated, both theoretically and experimentally, a novel noise
sensing technique for unraveling, i.e. estimating, the statis-
tics of stochastic decoherence events affecting a noisy chan-
nel. Besides protecting from decoherence the (known) initial
state of the qubit, QZE is shown to allow extracting infor-
mation about the statistics of the decoherence source affect-
ing the channel upon detecting the photon only at the end of

the channel. Our technique is enabled by attributing differ-
ent functionalities to distinct degrees of freedom of the em-
ployed quantum particles (here, photons) allowing them to
serve both as quantum carriers and quantum sensors.

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 the photons are detected at the
end of their optical path, our sensing procedure does not al-
low for the detection and reconstruction of noise temporal
correlations, which would require detection also at interme-
diate times along the channel.

Our results open the way to a new generation of noise di-
agnostic tools, monitoring of microscopic noise events and
eventually correcting for them by feedback. A key appli-
cation is in quantum communication, where the diagnostic
capability offered by our procedure can provide a powerful
real-time identification tool of failures and disruptions in the
quantum channel, so that a prompt intervention is promoted.
This may be beneficial for distributed quantum computing
and future quantum internet, in which flying qubits connect
several noisy intermediate-scale quantum (NISQ) nodes [66].
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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 pi 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 pz’s.
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