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Abstract: We developed a high sensitivity optical sensor for circular birefringence using a heralded
photon source. The sensor can be employed for chirality measurements and, being based on single
photons, can be exploited for fragile biological sample or in metrological applications where the
light intensity must be kept as low as possible. We found the best operational condition; then, we
calibrated the sensor and tested its performance up to a very long acquisition time, obtaining excellent
stability and a sub-ppm birefringence detection limit (for a 100 µm sample), thus paving the way for
fundamental physics test as well.

Keywords: circular birefringence; single photon; chirality; polarization measurement

1. Introduction

Chirality in nature can be found at any scale, from the world of subatomic particles all
the way up to the cosmological scales.

An object is referred to as chiral if its structure is non-superimposable with its own
mirror image. The natural occurrence of chirality can be associated with the laws of parity-
invariance [1], whose violation, demonstrated experimentally by Wu et al. [2] in 1957,
represented a milestone for the development of modern physics of elementary particles
and their interactions.

At the molecular scale, chirality manifests itself with the formation of enantiomers,
molecules with the same chemical structure but opposite chirality. Parity invariance
suggests that molecular energy levels have to be identical for both enantiomers. However,
an energy discrepancy between the two ground states in the order of magnitude of 0.1–1 feV
is expected to occur due to parity violation.

The experimental observation of the predicted energy discrepancy between enan-
tiomers ground states still represents one of the greatest challenges to contemporary stereo-
chemistry [3,4].

Chirality also plays an important role in the field of biochemistry and pharmacology
because of the paradigm of ‘homochirality’ [5], i.e., the exclusive preference of one specific
enantiomeric form of certain molecules to constitute the building blocks of all forms of life.
Moreover, since its detection could be a strong evidence for the existence of extraterrestrial
life, homochirality has a vital role in astrobiology [6,7].

Far from being confined to academia and fundamental research, the study and detec-
tion of chirality has an important role in widely applicative fields such as pharmacology or
food and the beverage industry [8].

Approximately 56% of the pharmaceuticals currently produced and commercialized
involve chiral molecules, and 88% of those are administered through racemic propor-
tions [9]. Despite having the same chemical structure, in racemic drugs, the enantiomers
usually show different biological effects (such as toxicity) [10,11]; therefore, the American
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Food and Drug Administration (FDA) requires new compounds to be produced as single
enantiomers, whereas non-abiding cases are usually addressed one by one [12,13]. More-
over, chirality detection and sensing is involved in biomedical applications, being helpful
in the diagnosis of kidney diseases [14], infectious diseases [15] or mental disorders [16].

Chiral structures’ interaction with light is polarisation-dependent (a phenomenon
known as optical activity). High-sensitivity optical techniques are therefore well-suited to
be among the best performing chirality sensing techniques [17,18].

A first way optical activity may present itself is through dichroism [19], i.e, a polarisa-
tion dependency of the imaginary part of the refractive index, resulting in a polarisation-
dependent absorption.

If the optical activity affects the real part of the refractive index (the propagation
velocity of light through the medium), the phenomenon is called birefringence [19] instead.

Optical rotatory dispersion (ORD) is an optical technique that senses chiral objects
employing birefringence [20]. When a linearly polarized light (LPL), that can be seen as
composed of equal amount of left (LCP) and right circular polarized (RCP) light, impinges
on the sample, the LCP and RCP components are de-phased since these propagate at differ-
ent velocities inside the sample (circular birefringence). The induced RCP-LCP dephasing
can therefore be measured outside the sample as a rotation in the linear polarization of a
certain angle θ, which results in:

θ =
πl
λ
[nLC − nRC] (1)

where l is the length of the sample, λ the test laser beam wavelength and nLC − nRC the
optical circular birefringence (nLC, nRC is the refrective index for Left, Right polarized
light) [21,22].

Since such birefringence is usually as weak as one part on 106, the most common way
to improve the detection limit relies either on employing high-power lasers to enhance
the signal-to-noise ratio (SNR) or on increasing the optical path length inside the sample,
for example, by means of optical cavities [22]. Another approach consists in employing
balanced heterodyne detection to average out common noise [21].

Unfortunately, for biological samples, where the high source intensities may trig-
ger undesired reactions [23], the laser power must be kept as low as possible to avoid
degradation, especially for long acquisition times. The same holds true in meteorological
applications [24], where the source must be kept as low-power as possible to avoid system
perturbation. These application needs inspired the development of quantum meteorological
techniques for birefringence detection in the recent past.

These quantum approaches, which aim to improve the precision while keeping the
probe beam in the regime of low intensity (down to single-photon levels) [25], enable
promising performances [26,27] and, in principle, the possibility to overcome the standard
quantum limit [28,29]. Moreover, the employment of a twin correlated photon source
greatly reduces the dark counts, which are not negligible, especially in the long wavelength
range [27,30].

In quantum polarimetry, as in its high intensity counterpart, the sample chirality is
detected by measuring the transmittance of a linearly polarised light passing through the
analyte resolved in its polarised components. The presence of the chiral medium rotates
the quantum state polarisation and induces a change in the trasmitted intensity, de facto
mapping a polarisation rotation into a trasmission intensity measurement. Since the defined
Fock states |N > carry no uncertainty in intensity, these states are the best possible choice
for transmission intensity measurement [31].

In this paper, we develop a sensor to measure the polarisation rotation induced by a
birefringent sample using correlated single photon states in telecom range produced via
spontaneous parametric down conversion (SPDC).

Our work extends the results recently obtained at shorter wavelenght to the telecom
range [32,33], paving the way for quantum-metrological birefringence measurement in fully
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fibre-cabled setups, according to similar developments in the field of Hong-Ou-Mandel
interferometry [34,35].

2. Materials and Methods
Experimental Setup

The proposed sensor employs a twin photon source (TPS, 1. with respect to Figure 1)
equipped with an internal continuous wave (CW) laser pump with center emission wave-
length at 775 nm illuminating a periodically poled litium-niobate (PPLN) crystal optimized
to achieve the best performances for type-II spontaneous parametric down conversion
(SPDC) at 1550 nm when stabilised in temperature at 33.9 ◦C.

Figure 1. Pictorial 3D representation of the polarisation rotation sensor. (1.) Twin photon source,
(2.) balanced beam splitter, (3.) gold-coated plane mirror, (4.) half-wave plate (HWP) mounted on
motorized rotational stage, acting as polarisation tilting sample, (5.) linear polarisers, (6.) single
photon avalanche diodes detectors (SPADs). (7.) Time tagger for coincidence detection. This figure
was obtained via Fusion 360.

Each twin photon pair impinges on a balanced beam splitter (BS); therefore, each
photon undergoes one of the two output paths with equal probability. Two near-infrared
absorbing linear polarisers (extinction ratio of 10−5) are then used to post-select the desired
measurement base on the block sphere right before each beam is coupled back into fibres
by means of collimating fibre-coupling ports.

The sample is represented by a half-wave plate (HWP, 4. in Figure 1) able to emulate
the polarization rotation of a chiral medium with great accuracy and repeatability (the
employed HWP introduces retardance of 0.5λ with an error of ±0.01λ within the signal-
idler emission bandwidth). The plate is mounted on a rotational stage and placed on one
of the two arms, which will be hereafter referred to as “test arm”.

Coupled beams are sent to termo-electrically cooled single photon avalanche diode
(SPAD) detectors (6. in Figure 1) connected to a time-tagging device to record single counts
on each detector and coincidence counts between detectors (7. in Figure 1). Both SPADs
detectors were kept at a 20% detection efficiency and 5 µs dead time, which resulted in
DK1 ≈ 3300 dark counts per 2 s on channel 1 and DK2 ≈ 5300 dark counts per 2 s on
channel 2. It is worth noting, however, that the meaningful measurements involve the
coincidence counting. Dark counts on coincidence events, given mostly by spurious electric
signals triggering one channel within the same coincidence window of a true event on the
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other channel, are found to be negligible. The overall resolution of the system composed of
the two detectors and the time tagger is ≈100 ps, which is why a coincidence window of
200 ps has been chosen for the experiment.

The introduction of a balanced beam splitter to separate incoming photon pairs into
a test beam and a reference beam, instead of a polarising beam splitter, halves the total
amount of obtainable coincidences. On the other hand, it ensures that both arms are
identical and enables the sampling of all polarization directions in both arms. It avoids
systematic errors that may occur for samples (cuvette, optics) with different responses for
the vertical and horizontal axes, whereas pure circular birefringence has identical responses
for the vertical and horizontal axes.

3. Results and Discussion
3.1. Characterisation of Twin Photon Pairs Mixture

In order to infer the best operative range for the proposed sensor, a first characterisa-
tion without a sample has been carried out. The coincidence counts C(θ1, θ2) have been
mapped as a function of the angle the transmission axis of each polariser forms with the
horizontal plane (θ1 and θ2 for test and reference arm respectively). Since each polariser
has been mounted on a motorised rotational stage, the processes of angle assignment, data
acquisition and extraction have been automated using LabVieW software. The nested
for-loops were designed to operate identical Ns = 91 steps of δθ = 2◦, for an acquisition
time of 2 s per single step. The whole measurement lasted ≈4.5 h.

The resulting map is shown in Figure 2.

Figure 2. Contour map employed to infer sensor’s best operative range. Coincidence counts
are mapped as function of polarisation angle of each polariser with respect to horizontal axes,
namely θ1, θ2.

From Figure 2, it can be observed that θ1 = 90◦ represents the 1D projection with the
highest peak-to-throat excursion in C(θ2). Thus, in the following, it has been kept fixed:
θ1 = 90◦.
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3.2. Calibration of Polarisation Sensor

The proper calibration of the polarisation sensor has been performed, keeping the
polariser on the reference arm fixed at θ1 = 90◦, and the polariser placed in the target
arm fixed at θ2 = 0◦. A motorised half-wave plate (HWP) has been placed in the target
arm, acting as a birefringence sample (4. in Figure 1). To avoid confusion, θE will be
identified from now as the angle that the electric field forms with the horizontal axis once a
horizontally polarised photon has passed the HWP. Such an angle is twice the angle that
the HWP forms with the same axis.

Similarly to the previous step, the process of rotation and acquisition has been au-
tomated, acquiring Ns = 91 steps of δθE = 2◦, for an acquisition time of 2 s per single
step, repeating the process for Nr = 100 consecutive loops. This measurement session
lasted ≈5 h.

The coincidence counts in correspondence with each HWP angle have been averaged
over the 100 loops, and plotted in Figure 3 with their uncertainty (standard deviation over
square root of loops number). To calibrate the sensor, the following polynomial function
has been employed:

C(θE) = C0 + ∑
k=1...6

Ck

(
π(θE − θE0)

180

)k

Figure 3. Averaged value of C(θE) (black dots) and its uncertainty. The polynomial function employed
for calibration is also resported (red curve).

The calibration curve allows one to retrieve the induced rotation of the polarisation as
an estimation parameter θE(C), a function of the coincidences measured. The contributions
to the offset C0 are mostly given by fibers and HWP-induced elliptical distortions.
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The statistical error committed in the estimation of the chosen parameter at the acqui-
sition time τa = 2 s can be inferred using the following equation:

σθ(τa) '
∥∥∥∥∂θE

∂C
δC(τa)

∥∥∥∥ ' ∥∥∥∥∂θE
∂C

σC(τa)

∥∥∥∥ (2)

σC(τa) has been evaluated as the standard deviation of the measured coincidences at
a fixed θE. Since C(θE) is not injective in the whole 180◦ range, being symmetrical with
respect to its center θE0 = 86◦, the function has been inverted (numerically) piecewise for
θE < θE0 and θE ≥ θE0.

The statistical error σθ(τa) on the estimated parameter, evaluated using Equation (2),
is presented in Figure 4 as a function of the actual angles reproduced with the rotational
mount (θE).

Figure 4. Plot of the statistical error on the estimation parameter σθ(2s) (black dots) as a function of
the actual angles reproduced with the rotational mount (θE).

3.3. Minimum Detection Limit

As can be observed in Figure 4, one of the minima for σθ falls at θE1 ' 56◦, where
σθ(2s) < 2◦. This value is therefore ideal to perform a long-term measurement. The system
has been kept running, acquiring coincidence counts and tilting the motorised HWP be-
tween θE1 = 56◦ and θE2 = 56.1◦, for >60 h over the weekend, acquiring 108,600 datapoints,
54,300 for each angle at τ = 2 s acquisition time. The ∆θ has been chosen as the minimum
rotation possible outside the sensibility error of the motorised rotational stage itself.

The acquired coincidence counts C(θE1, ti) and C(θE2, ti + τ) have been converted
to the estimation parameter via the inverted function θE(C). The integral average of the
estimation parameter θE1/2 can be defined as follows:

ΘE1/2(T) =
1
T ∑

t=0...T
θE1/2(C(t))

In addition, it is reported in Figure 5.
As can be observed from Figure 5, the sensor is capable of detecting the variation in

polarisation angle after 2 h (i.e., after 2 h, ΘE1 and ΘE2 no longer intersect with each other).
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Figure 5. Integral average of ΘE1(T) (blue dots), ΘE2(T) (dark yellow dots), and their difference
∆ΘE(T) (black dots) as a function of integration time, expressed in logarithmic scale.

3.4. Allan Deviation Analysis and Minimum Detection Limit

The most rigorous way to determine the sensor stability at different integration times
is to perform a non-overlapping Allan deviation analysis that allows one to infer how the
standard deviation of a signal varies at different integration times starting from a single
long-term acquisition.

The non-overlapping Allan deviation analysis has therefore been performed over the
53,400 samples of ∆θE collected over the 60-h-long acquisition. Since this sensor has been
devised and designed to measure the optical activity (OA) of circularly birefringent samples,
the standard deviation has been converted to optical activity detection limit (OADL),
defined as the OA giving unitary signal to noise ratio. From Equation (1), it follows:

OADL =
λσθE

lπ

In Figure 6, the OADL per unit length (black straight curve), is reported as a function of
the average coincidence events acquired, roughly 216 per τ0, where τ0 = 2 s. Average
coincidence events are a better indicator than integration time since these do not rely on
detectors performances. Better detection systems, for example superconducting nanowires
single photon detectors (SNSPDs), usually have far lower dead time and higher accuracy
levels with respect to SPADs, allowing one to achieve comparable OADL at significantly
inferior integration times. The Allan deviation analysis of ΘE1, ΘE2 is also reported in
Figure 6, here multiplied by a factor λ

π for comparison (blue and dark yellow straight
curves). As can be observed, for sufficiently high numbers of coincidence events acquired,
the Allan deviations of ΘE1 and ΘE2 show a long-term rise significantly deviating from the
theoretical limit baseline ( σ√

Nc
). This rise is associated in the literature (see for example [36])

with long-term fluctuations of the optical pump. The comparative measurement, σ∆Θ (black
straight curve), proves to be capable of averaging out this noise contribution.
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Figure 6. OADL per unit length as a function of the average coincidence events (black curve).
The Allan deviation of the single ΘE is also reported for comparison, respecting the same legend as
in Figure 5.

To offer a straightforward comparison with the existing literature, in [21], using high-
power sources, an OADL ≈ 8.5 × 10−10 has been reached employing an optical path
length of l = 100 µm. Our sensor shows detection limit three orders of magnitude larger
employing a sample with the same path length. It is noteworthy, however, how these results
are obtained in the single-photon regime, which makes the proposed sensor extremely
attractive especially when used in combination with more efficient and fast detectors (e.g.,
SPSDC) that are capable to reduce integration times by up to two orders of magnitude.

4. Conclusions

In this paper, we have proposed a highly stable, high-performing sensor based on a
twin photon source capable to detect a linear polarisation rotation as low as in the range
of hundreds of µrad, taking advantage of the high stability offered by the coincidence
counting together with the dual arm configuration.

Having been designed and implemented to operate in the telecom range, the devised
sensor represents a significantly innovative step towards fibre-cabled portable twin-photon
source-based meteorology devices meant to offer ultra-high precision measurements of
chemical or biological samples in a laboratory-controlled environment. Moreover, the
sensor has shown to be capable of reaching an accuracy in the measurement of ∆n within
three orders of magnitude with respect to the one obtained in the literature employing high
power sources, in an optical range less suitable to photonics integration.
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