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Measuring optical activity with unpolarized light: Ghost polarimetry
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Quantifying the optical activity of a sample requires the precise measurement of the rotation of the plane
of linear polarization of the transmitted light. Central to this notion is that the sample needs to be exposed
to light of a defined polarization state. We show that by using a polarization-entangled photon source we can

measure optical activity whilst illuminating a sample with unpolarized light. This not only allows for low light
measurement of optical activity but also allows for the analysis of samples that would otherwise be perturbed if

subjected to polarized light.
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I. INTRODUCTION

The optical activity of a sample, as manifested in the opti-
cal rotation of the transmitted light, is quantified by studying
its interaction with a linearly polarized beam of light. In
particular, when linearly polarized light passes through an
optically active sample the plane of polarization is rotated
by an amount proportional to the degree of activity and is
measured using a polarimeter. The technique is frequently
used to measure the concentration or enantiomeric ratio of
chiral molecules in solution [1].

In a traditional polarimetry detection scheme, the precision
of the measurement increases with the intensity of the light
used. This becomes a problem in situations where the intensity
of the incident light might cause damage to the sample whose
chirality is being probed, or indeed where the light itself
may modify the chirality to be measured [2]. A keen interest
has therefore been growing in developing low-light quantum
detection schemes [3—6]. It is also important to note that tra-
ditional polarimetry methods currently in use necessitate the
probing light to be linearly polarized as the information on the
optical activity is gained by observing the relative change in
polarization from before and after it interacts with the sample.
Following the growth of nano-optics and photonics, a need
has arisen for new methods of studying the optical properties
of materials and in particular materials that are affected by
polarization, some examples being birefringent and circular
dichroic materials [7,8]. In this work we propose an alter-
native detection scheme with a configuration similar to that
which might be used for demonstrating quantum correlations
in the form of a Bell inequality [9,10]. In these configura-
tions, polarization-correlated photons produced by parametric
down-conversion are employed to probe the chiral solution.
We demonstrate that this system can be utilized for measuring
the chirality in the low-photon-number regime and show that
we are able to measure chirality using unpolarized light.
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II. EXPERIMENTAL METHOD

The quantum detection scheme proposed in this work uses
polarization-entangled photons generated by a spontaneous
parametric down-converted (SPDC) source of the type first
described by Kwiat et al. in their 1999 paper [11]. This is a
well-established method where down-converted light is gen-
erated using a two-crystal geometry composed of two type-I
“sandwiched” 1-mm crystals (with the optic axes perpendic-
ular to one another), pumped by a 190-mW, 355-nm cw laser
beam (as shown in Fig. 1). A half-wave plate is employed to
orientate the pump beam at 45° with respect to both the optical
axes of the sandwiched down-converting crystals, allowing
for the SPDC process to be equally likely to occur in either
crystal, i.e., generating a coherent superposition of vertically
and horizontally polarized photons.

The 710-nm photon pairs generated through the SPDC
process are then separated in the far field by a knife-edge
prism into two arms of our experimental apparatus (sample
arm and reference arm). Each beam then passes through a
I-mm pinhole and interacts with a polarizer before being
collected for detection by photomultiplier tube detectors. In
particular, we choose detectors with an effective diameter of
5 mm. Although using a detector with a bigger aperture will
inevitably lead to the collection of an increased number of
background noise events, it allows for the measurement of
photons with a wider range of acceptance angles, making the
experimental apparatus more resilient to small misalignments
that can arise, for example, from swapping the sample cells
in and out of the system. In order to minimize the number of
detector events that correspond to background light, a 10-nm
bandpass filter, centered at 710 nm, is attached to the aperture
of each detector and finally the two detectors are connected to
a coincidence counter. A coincidence counter is used to record
both the single-photon count rates for the pair of detectors and
also to measure coincidences as a function of the polarizer
angles, thereby enabling, for example, a demonstration of
the Bell inequality. In the ghost configuration we typically
recorded single-photon count rates of § ~ 19000 s~! (at the
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FIG. 1. Experimental setup. A type-I two-crystal geometry
SPDC source is employed to generate polarized entangled down-
conversion photons. The signal and idler components are then
separated in the far field by a knife-edge prism into two arms each
containing the following: a 1-mm pinhole, a 10-nm bandpass filter,
and a detector. When the system is in the ghost configuration (a),
two polarizers are employed, one in each arm of the system. When
the system is in the heralded configuration (b), the two polarizers are
placed in the same arm (sample arm), one at each side of the sample.
For both configurations, coincidences are measured as a function
of the relative polarizer angles. When a sample cell containing the
chiral solution is placed in the sample arm the optical activity can be
measured.

sample detector) and R ~ 36000 s~! (at the reference detec-
tor) with a corresponding coincidence count rate of 140 s~!
[Fig. 2(a)]. With a gate time of At = 1.523 x 10~ s for the
coincidence count rate this gives an accidental background
count rate, acc = S x R x Ar,of ~ 1571,

Drawing inspiration from works of heralded imaging and
ghost imaging [12,13], we can now see two ways in which
similar optical setups may be used to measure the optical
activity of a sample. In a heralded polarimetry configuration
we insert both polarizers into the sample arm of the system,
on either side of the sample [Fig. 1(b)]. Rotating one polarizer
with respect to the other produces a sinusoidal variation in
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FIG. 2. Experimental results comparing the coincidence and
photon counts obtained for both (a) the ghost configuration and
(b) the heralded configuration. In the ghost configuration a polarizer
is present in both arms and as the light is unpolarized the rotation
of the polarizer in the reference arm does not significantly affect
the photon count rate; the sinusoidal form is only present in the
coincidence counts. In the heralded configuration no polarizer is
present in the reference arm (hence the photon count detected is
higher) but both polarizers are present in the sample arm on either
side of the cell. This will therefore produce a sinusoidal change in
both the number of photons detected at the sample detector and the
coincidence counts measured.

both the photon count rate measured by the detector in the
sample arm and in the coincidence count between both de-
tectors [Fig. 2(b)]. In particular, orientation of the transmitted
polarization was measured by fitting a sinusoid to 40 runs of
the data to calculate both the mean phase (i.e., polarization
orientation) and its standard deviation. It is important to note
that, compared to the photon count rate at the detector, in the
case of the coincidence count the value measured is lower
due to the finite heralding efficiency and hence suffers from
an increased shot noise, but has the net advantage of being
largely background free. In particular, it is well known that in
the single mode definition for a coherent state, the shot-noise
level is defined by (o)/+/(n) = 1, where n is the number
of counts and (o) is the standard deviation [14,15]. In both
the heralded and ghost configurations, the standard deviation
increases with the average coincidence counts [Fig. 2]. In
the particular case shown in Fig. 2, we chose to measure the
coincidence count at each angle of rotation for 12 s.

In the ghost polarimetry configuration [Fig. 1(a)], one
polarizer is inserted in each arm (as would be the case for
a demonstration of the Bell inequality), but importantly the
sample is placed before the polarizer such that it is illuminated
by the unpolarized down-converted light. In this case the sin-
gle photon count rate is independent of the orientation of the
polarizer, yet the coincident count rate retains its sinusoidal
form [Fig. 2(a)]. In particular, for the ghost configuration we
chose to rotate the polarizer located in the reference arm of
the setup. As with the case of the heralded configuration,
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FIG. 3. For both the heralded and ghost configurations we mea-
sure the reproducibility of the phase measurement (A¢) as a function
of total coincidence counts calculated for a 27 rotation of the polar-
ization. The graph is represented in a logl0 scale. As can be seen,
the graphs for both the ghost (blue circle) and heralded (yellow “x”)
configurations have a slope of approximately 1.

the precision of the coincidence measurement in our ghost
configuration is also limited by the shot noise on our detected
signal.

In both the heralded and ghost configurations, the presence
of a chirally active sample in the sample arm will result in a
shift of the sinusoidal curves allowing for the direct measure-
ment of the sample optical activity (as can be seen in Sec. IV).

One final question that arises is how we might expect the
limiting precision of the measurement to scale with the num-
ber of coincidences measured. This particular measurement
problem can be considered from various perspectives. For a
chiral sample, the incident and transmitted polarization states
are nonorthogonal, and nonorthogonal state recognition is an
established area [16]. Equivalently, the measurement of the
sinusoidal variation in the count rate can be considered as a
phase measurement problem. In the latter case the standard

J

E(bs, 0r) =

C(6s,0p) +C(0s+Z,6r + %) —C(6s +%,0r) —C(0s.0r + %)

quantum limit for the estimation of phase, i.e., using n photons
to probe the sample, is given by A¢ = 1/./n [17].

Figure 3 shows the measured reproducibility of the po-
larization orientation (A¢), as determined by the phase of
the sinusoidal count rate as a function of the total number
of coincident counts for a full rotation of the sample arm
polarizer. The reproducibility of the curve is calculated by
measuring the standard deviation of the phase after repeating
the full sinusoidal measurement for a given number of times
at different values of coincidence counts. The total number
of coincidence counts used to measure the sinusoidal curve is
regulated by changing the time integration used to calculate
each data point in the curve. For the four measurements in
graph 3 with the lowest coincidence counts (1/4/n > 0.01)
we repeated the experiment 100 times, while for the remaining
data points we repeated the experiment 40 times. It must be
noted that, because the polarization vector is bidirectional, a
rotation of the polarization state of 6 advances the sinusoidal
fringes by 26 so in calculating the phase of the sinusoidal
curve we have to correct by a factor of 2. From Fig. 3 we can
see that for lower photon numbers the orientation uncertainty
closely follows the anticipated relationship with the photon
number; i.e., we are shot-noise limited. For very large num-
bers of photons the uncertainty is higher than expected. We
believe this to be due to angular uncertainty introduced by the
rotation stages used to rotate the polarizers and for which the
uncertainty is &1 mrad.

III. EXPERIMENTAL DEMONSTRATION
OF THE POLARIZATION CORRELATION

To confirm the entangled nature of our photons and
the fidelity of our experimental configuration, we perform
a Clauser-Horne-Shimony-Holt (CHSH) Bell inequality test
[9,10]. We show that the state generated by our entanglement
source violates a Bell inequality of the form

IS| <2, )
where
S = |E(6s, 0r)| + |E(Bs, 63)| + |E (65, 6r)| + |E (65, 63)
2
and

In Eq. (3), C(bs, Bg) is the coincidence count measured
when the polarizers in the sample and the reference arm are
rotated by 605 and 6k, respectively. In particular, a CHSH
inequality is maximally violated for the following values:
Os =22.5°, 60 = 0°, 05 = 67.5°, and 6, = 45° [18].

As can be deduced from Egs. (2) and (3), a full mea-
surement of the CHSH test requires 16 measurements
corresponding to different orientations of the polarizers. For
our S calculation, we therefore choose to calculate each of
these measurements for a time integration of ~3.5 s. Repeat-
ing the whole measurement sequence 100 times we obtain

C(6s,6r)+C(6s+ 5. 0r +5) + C(0s + 5.6r) +C(6s.6r + 5)

3)

(

a CHSH, S value of 2.39 &+ 0.07. It therefore follows that
the photons are indeed entangled in polarization, meaning
that up to the point of measurement the photon does not
have a well-defined polarization. It should be noted that,
providing the rotation of the polarization is accounted for,
then inserting a chiral sample in our system does not destroy
the polarization entanglement of our photons. In particular,
with a 1-cm sample present in the system we still obtain a
CHSH S value greater than 2; i.e., we measured an S value
of 2.46 £ 0.02. The greater precision in the measurement of
S stems from two factors: as the presence of a chirally active
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FIG. 4. Comparison between a coincidence measurement taken
with no solution in the system and with 2 cm of D-limonene in the
system in both the ghost and heralded configurations. The coinci-
dence measurements are shown as a function of polarization angles.
In both cases a shift of 25° can be seen due to the chirality of the
sample. Note that the coincidence counts with the sample present
are lower due to the fact that inserting a glass cell in the system
results in a loss of photons. All measurements were obtained with
an acquisition time of ~12.2 s.

sample results in a shift of the sinusoidal curves we choose
to measure the full sinusoidal curve instead of only 16 mea-
surements, giving us a more precise measurement of the data
point in Eq. (3), and we chose to only take four consecutive
measurement sequences but integrate each measurement point
for ~12.2 s. This corresponded to an n = 203000 coinci-
dence count which corresponded to a phase reproducibility of
~0.002 rad.

IV. EXPERIMENTAL MEASUREMENTS OF OPTICAL
CHIRALITY

Finally, we demonstrate the ability of our heralded and
ghost configurations in measuring chirality, in particular, the
optical activity of D-limonene. The choice of D-limonene is
convenient as it is readily available, highly chiral, and com-
patible with a comparison to a conventional measurement,
i.e., using polarized light. As optical activity scales linearly
with sample length, to accurately assess our measurement
we repeated the experiment for sample cells of 1, 2, and
5 cm in length. In the case of the ghost configuration, the
different cell lengths yielded a shift in the sinusoidal curve
of 12.72° £ 0.62°, 25.1° £ 0.77°, and 69.49° & 1.5°, respec-
tively. In the heralded configuration we measured a shift of
12.14° £ 0.56°, 24.54° +0.37°, and 67.85° +0.41° for the
1-, 2-, and 5-cm cells. It must be noted that the known optical
rotation for a decimeter tube sample of D-limonene at room
temperature is 124° (i.e., 12.4° for a 1-cm cell) [19]. Figure 4
shows the coincidence count rates as a function of the relative
orientation of the polarizers in the ghost and heralded configu-
rations with and without the presence of a 2-cm chiral sample
in the measurement arm. As expected the measurements of the
optical activity of D-limonene for both configurations yield

a similar result because the optical activity of D-limonene is
independent of the polarization of the light it is probed with;
i.e., using nonpolarized light should yield a result similar to
that obtained using polarized light and hence we can bench-
mark the efficiency of our ghost configuration measurement
against the heralded configuration. Finally, the error in our
measurement is based on repeatability, so it does not take into
consideration the precision of the cell length and any error
in the path the light takes while going through the cell. This
second error is especially important as it is directly related
to the length of the cell and how the cell is inserted in the
system. Nevertheless, as can be easily seen by our experimen-
tal results, not only are our measurements with the ghost and
heralded setup consistent with each other and with the known
D-limonine optical rotation value but also, as expected, the
values increase linearly with cell length.

V. DISCUSSION AND CONCLUSIONS

In this work we propose an alternative detection scheme
for measuring the optical rotation of a sample. In particular we
propose a quantum configuration known as the Bell inequality
and demonstrate that photons in our system are entangled both
before and after interacting with a chiral solution (i.e., we can
do a CHSH measurement and obtain an S value of S > 2).
More interestingly we are able to show that we can use the
polarized entangled photons to probe a chiral solution with
unpolarized light. Even more curiously, we can measure the
optical activity of a sample with light that has not interacted
with the sample (i.e., ghost polarimetry). We can then bench-
mark our result against a more conventional measurement of
chirality, i.e., using polarized light by converting our system
to a heralded setup. As expected the optical activities as mea-
sured in the heralded and ghost configurations are statistically
consistent with each other as the sample used is not polariza-
tion sensitive. We recognize that even at the shot-noise level
this approach to measurement is slightly suboptimal since we
are using only simple polarizers and only two detectors. This
means that we are recording only 25% of the possible coinci-
dent counts. If we were instead to use polarizing beam splitters
with two detectors in each arm, this would improve the stan-
dard deviation of the measurements by a factor of 2 [3]. Never-
theless, beyond our system an interesting manifestation of the
implications of quantum entanglement is that our approach
allows the measurement of chirality even of samples that
would otherwise be perturbed if subjected to polarized light.

All data are available via Ref. [20].
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