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Optical interferometry is amongst the most sensitive techniques for precision measurement. By
increasing the light intensity, a more precise measurement can usually be made. However, if the
sample is light sensitive entangled states can achieve the same precision with less exposure.
This concept has been demonstrated in measurements of known optical components. Here, we use
two-photon entangled states to measure the concentration of a blood protein in an aqueous buffer
solution. We use an opto-fluidic device that couples a waveguide interferometer with a microfluidic
channel. These results point the way to practical applications of quantum metrology to lightC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4724105]
sensitive samples. V
Even the most advanced sensors are bound by a hard
limit in precision—the shot noise or standard quantum limit
(SQL) that arises from statistical fluctuations. In a conventional optical interferometer, for example, the precision with
which an unknown
pﬃﬃﬃﬃ optical phase / can be measured is limited to d/ ¼ 1= N, where N is the (average) number of photons used to probe /.1–6 Increasing N is usually possible, by
increasing laser power for example. However, in some scenarios, the practical limits of laser power are reached and
increasing the integration time will reduce the bandwidth of
the measurement below that required—gravity wave interferometers are a key example.7 In other scenarios, the sample to
be measured may be sensitive to light, such that one would
like to minimise the photon flux or total number of photons
that the sample is exposed to in order to reach the required
precision; put another way, one wishes to gain the maximum
information allowable by the laws of physics for a given perturbation of the sample. It is this latter scenario that we are
focussed on here. By harnessing quantum superposition and
entanglement the SQL can be overcome—quantum metrology enables the more fundamental Heisenberg limit of precision, d/ ¼ 1=N, to be reached.1 However, practical
applications of quantum metrology require that samples of
interest are integrated with quantum optical circuits.
We use the optofluidic device shown in Fig. 1, consisting of a microfluidic channel that passes through one arm of
a Mach-Zehnder interferometer (MZI), fabricated by femtosecond laser micromachining.8–10 This device combines the
stability of integrated optics for high visibility quantum and
classical interference11,12 with high precision handling of
fluid samples.8,13 When a solution is fed into the microfluidic
channel, any relative phase shift of light (and thereby
concentration-dependent refractive index) in the sensing arm
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with respect to that acquired in the reference arm can be estimated from the interference fringes.
The period of the interference fringes and the measurement precision d/ depend on the particular state of light
used to pprobe
the sample. For classical states of light
ﬃﬃﬃﬃ
d/  1= N, the SQL. Going beyond this limit requires
quantum states of light;
pﬃﬃﬃ the canonical example is the NOON
state ðjN0i þ j0NiÞ= 2, which can achieve super-sensitivity
and saturate the Heisenberg limit d/ ¼ 1=N. Here, superresolution results in a fringe periodicity that is 1=N times
shorter than the one obtained with classical light.1 The generation and detection of NOON states with large N is an
active area of research.14–16 We test the operation of our device for the N ¼ 2 NOON state, which enables supersensitity and super-resolution, and can be generated from
two single photons input into a beamsplitter.17 Photon losses
in the interferometer reduce the measurement sensitivity,
making NOON states non-optimal in general.18 However,
for a two-photon input, the NOON state is optimal, since it
corresponds to the two-photon Holland-Burnett state,19
known to be more resilient to losses.20
The device (Fig. 1) was fabricated by femtosecond laser
micromachining in a fused-silica sample to enable the integration of optical waveguides9,22 and microfluidic channels23,24 in a three-dimensional architecture:10 waveguides
with slightly elliptical cross section were fabricated by astigmatic shaping of the writing laser beam25 so that a small
birefringence is induced to preserve linear polarization; the
microchannel was fabricated by irradiating a double pyramidal structure followed by etching in a hydrofluoric acid solution in order to have perfectly vertical walls.21,23,24
Photon pairs at k ¼ 785 nm were generated via spontaneous parametric down-conversion (SPDC) in a nonlinear bismuth borate BiB3 O6 (BiBO) crystal21 and collected into
polarization maintaining fibres (Fig. 1(a)). The photon pairs
were coupled into the MZI via fiber arrays. Hong-Ou-Mandel
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FIG. 1. Quantum metrology in an optofluidic device. (a) Schematic of the experimental setup: A pump laser at kp ¼ 392:5 nm generates pairs of downconverted photons at ks ¼ ki ¼ 785 nm in a BiBO crystal. IF: interference filter, cl: collection lenses, PMF: polarization maintaining fibers, and FA: fiber array.
(b) Schematic of the MZI interfaced to the microchannel. The fluidic channel has rectangular cross-section 500 lm  55 lm and extends from the top to the
bottom surface of the glass substrate (1 mm thickness). The MZI consists of two 50:50 directional couplers and has two arms of equal geometrical length;
one waveguide crosses perpendicular to the microchannel, while the other passes externally. (c) Top image of the optical-fluidic interface. (d) Picture of the device with several interferometers and microchannels on chip, together with the fiber arrays for coupling input and output light.

VHOM ¼

4T  ðT  1Þ2
ðT þ 1Þ2

;

(1)

where T is the transmissivity across the microchannel, equivalent to the ratio of the transmissivity of the two arms and
/ ¼ p=2.
Figure 2 shows a typical two-photon detection rate
across the two output modes as a function of the relative arrival time, controlled with a translation stage (Fig. 1(a)). The
visibility V ¼ 86:761:3% is almost ideal for a ratio of transmissivity T ¼ 61% since an upper bound of 88% is calculated from Eq. (1). We note that it is merely a coincidence
that insertion of distilled water at room temperature in the

channel results in / ¼ p=2 to within the precision of this
measurement.
To test the operation of our device with a real sample,
we chose bovine serum albumin (BSA) in aqueous buffer
solutions as a model fluidic sample that is stable and wellcharacterized.28 Insertion of the solution in the microchannel
was achieved by casting a droplet on the top aperture and
exploiting spontaneous filling by capillary action. This
geometry is chosen for its simplicity and extension to more
sophisticated microfluidic delivery of the solution is
straightforward.13
We performed sensing measurements using one photon
and two photon inputs for 15 different concentrations of
BSA ranging from 0% to 7% in 0.5% steps. Cleaning of the
microchannel with deionized water and acetone was performed before and after each measurement. The single photon fringe is obtained by coupling only one photon from the
SPDC pair into the MZI and counting the number of detections from one output of the MZI. Figure 3(a) shows the single photon count rate normalized with respect to the sum of
the singles from the two outputs21 together with theoretical
fit function Nj10i ¼ ð1 þ V1ph cosð/ þ /0 ÞÞ=2, where V1ph is
the fringe visibility, / ¼ aC (with C concentration of BSA
and a constant), and /0 is a constant phase offset term.

Two-photon counts [1/9s]

(HOM) interference26,27 at the first directional coupler
pﬃﬃﬃ generates a two photon NOON state17 ðj20i þ j02iÞ= 2 which is
the state we use to probe the sample. Before interfering in the
second directional coupler, the sensing mode acquires a relative phase shift in the microchannel that crosses the sensing
arm of the MZI.
Output photons are collected by an array of standard telecommunication fibres (monomodal at 1550 nm wavelength,
but multimodal at the 785 nm wavelength used), in order to
increase collection efficiency, and detected by four singlephoton avalanche photodiodes (A, B, C, and D in Fig. 1(a)),
after non-deterministic separation at two 50:50 fibersplitters. With this detection scheme, we are able to monitor
the different two photon components of the output state j11i,
j20i and j02i and renormalize the measured fringes with
respect to drifts during the measurement in the coupling
between fiber arrays and MZI and source pair production
rate.21
To establish the quality of quantum interference in our
device, we performed a HOM experiment,26 filling the
microchannel with distilled water. A lossless MZI composed
of two 50:50 couplers, with a relative phase shift / between
the two arms, is equivalent to a beamsplitter of reflectivity
cos2 ð/=2Þ. However, asymmetric losses between the interferometer arms limit the maximum visibility to:
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FIG. 2. Quantum interference in the Mach-Zehnder interferometer when the
microfluidic channel is filled with distilled water. The coincidences at the
detectors A and B are plotted as a function of the relative delay between
the two photons.

233704-3

Crespi et al.

Appl. Phys. Lett. 100, 233704 (2012)
x 10-3

(a)
12.5

Refractive index change

Normalized singles

1
0.8
0.6
0.4
0.2
0
0

1

2

5
4
3
Concentration [%]

6

7

7.5
5
2.5
0

(b)

0

1
Normalized coincidences

10

1

2

3

4

5

6

7

Concentration [%]

0.8

FIG. 4. Refractive index change in the buffer solution as a function of BSA
concentration. Experimental data (dots) are shown together with a linear fitting (solid curve).
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FIG. 3. Quantum interference fringes. Normalized single photon counts (a)
and two photon coincidences (b) for different concentrations of bovine
serum albumin in a buffer solution (full circles). The solid line represents a
fitting of the experimental points with a sinusoidal curve. Error bars on data
points are the same size of the dots and computed assuming Poissonian
statistics of the detection events; other errors, arising for example from evaporation, are not taken into account. A slight disagreement of the experimental points with the fitting function is attributed to thermal fluctuation and
solvent evaporation during the measurement.

A visibility V1ph ¼ 9462:2% is estimated from the fit, compared to a theoretical prediction Vtheory;1ph ¼ 97%, calculated
taking into account the device losses.
Two photon fringes were measured by coupling photon
pairs into the two input waveguides of the MZI and detecting
coincidences from the two separate output channels. Coincidence events Cj11i are normalized with respect to the sum of
all the possible two photon outputs21 Cj11i þ Cj20i þ Cj02i and
shown in Fig. 3(b) together with the theoretical fit function
Nj11i ¼

~ ÞÞ
ð1 þ V2ph cosð2/ þ /
0
;
2

(2)

where the period is half that of the single photon fringe due
to super-resolution. The visibility of the fit is V2ph
¼ 8264:8%, in agreement with the theoretical prediction for
the interferometer including losses Vtheory;2ph ¼ 88%. This
value exceeds the threshold for supersensitivity:29,30
SQL
V2ph
¼ 70:7%. Nevertheless, this value does not include
source and detector efficiencies which prevent current
experiments to beat the standard quantum limit.31 In addition
to the 2.1 dB (T ¼ 61%) loss across the microfluidic channel,
we estimate 0.5 dB propagation losses and 0.5 dB bending
losses, which further increase the visibility threshold.
The refractive index change Dns of the BSA solution
can be related to the phase shift /, acquired by light during
propagation in the sample, according to:

k
/;
2pL

(3)

where L ¼ 55 lm is the microchannel length and
k ¼ 0.785 lm is the wavelength. The dependence of Dns on
the BSA concentration C (Fig. 4) can thus be inferred from
the two-photon coincidences reported in Fig. 3. The experimental points are well fitted by a linear function, whose
slope dns =dC ¼ 1:79 6 0:04  103 is in very good agreement with the value of 1:82  103 , previously reported32 at
k ¼ 0.578 lm.
Measurement of the concentration of a protein in solution with entangled states in an integrated quantum photonics
device shows the potential for quantum interferometric measurement of light sensitive samples. Heralded or deterministic generation of larger entangled states will enable greater
sensitivity,16 when combined with high efficiency photon
sources and detectors. Quantum optical circuits that herald
the generation of up to four photon entangled states for quantum metrology have been demonstrated with lithographic
waveguides.15 Multipass schemes5 would be compatible
with the optofluidic architecture demonstrated here, provided
low loss switches can be integrated. More sophisticated
microfluidic delivery systems could be integrated for particular applications.8,13 Adding more waveguide capabilities, for
example, polarization-based quantum measurements,3,33
would enable measurement of samples that induce a concentration dependent rotation of the probing light polarization.
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