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Abstract—We report entangled multi-photon quantum metrology 
states of light that are manipulated and generated within a Silica-
on-Silicon chip. We report use of such states in conjunction with  
optofluidics to sense concentration of  room temperature protein. 
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I.  INTRODUCTION 
Measurement lies at the heart of all science and technology. 

Currently, the most accurate and commonly deployed method 
for sensing optical path length (e.g. physical distance, sample 
concentration or birefringence) is to use interferometry with 
classical coherent light. In this setting, precision in 
measurement of an optical phase change Δϕ is limited by shot 
noise, according to Δϕ~1/√N, where N equates to the total 
number of photons that pass through the sensing apparatus. 
Quantum states of light, however, offer an approach for 
enhancing precision in measurement beyond the shot noise 
limit and achieve Heisenberg limited precision in measurement 
— Δϕ~1/N [1]. 

The prospect of quantum enhanced sensing promises 
practical applications that notably include measuring light 
sensitive samples and experiments where the measurement 
apparatus itself is altered by light, such as photon pressure on 
optics in gravity wave detection. Underlying principles of 
quantum enhanced sensing have been investigated with large 
scale bulk optical architectures [2,3], allowing observation of 
super-sensitivity of up to four entangled photons [4] and super-
resoluton of up to five entangled photons [5]. The advent of 
integrated quantum photonics [6,7] has provided a new 
platform for developing more advanced quantum metrology 
schemes requiring complex optical networks and as a practical 
miniaturized sensing tool. Here we describe how multi-photon 
entangled states of light can, in lithographic waveguide 
architecture, be manipulated [8] and generated [9] in a heralded 
manner [10,11]. We also report the first step in developing a 
quantum enhanced sensing tool for biological applications, by 
using an opto-fluidic chip fabricated with laser inscription [14] 
in conjunction with two-photon entanglement to measure 
protein concentration [15]. 

II. HERALDED GENERATION OF PHOTONIC ENTANGLED 
STATES  ON CHIP 

Previous demonstrations of four or more photon quantum 
metrology states have used post-selection to ignore unwanted 
components of the overall quantum state. While this is ideal to 
verify the underlying quantum mechanics, it does lower the 
overall efficiency of a quantum enhanced sensing device, in 
some cases below the shot noise limit. This is due to the fact 
that post-selection does not prevent excess photons, that are 
not part of an optimal quantum metrology state, from passing 
through the sensing apparatus and the measured sample. The 
ability to herald (or signal) the generation an optimal quantum 
metrology state—in our case via detecting auxiliary photons—
circumvents the problems posed by post-selection by exposing 
the measured sample to only optimal photons, when heralding 
is used with fast optical switching. 

A. Method 
The typical state of interest in quantum metrology is the 

multi-photon “NOON” state of N photons, entangled across 
two modes a and b that allows Heisenberg limited precision 
beyond the shot noise limit, and taking the form 

 

 

where |n〉j represents the Fock  state of n photons occupying 
mode j. NOON states are heralded [9-11] for N=2 and N=4 
using the circuit given in figure 1(a), at outputs j and k by 
respectively launching N+2 = 4 and N+2 = 6 photons 
respectively into modes b  and c and detecting one auxiliary 
photon at each of the heralding outputs i and l. 

The waveguide circuit is lithographically patterned with 
thermal resister to control the internal phase (ϕ as shown in 
figure 1a) which is used to control quantum interference in the 
heralding scheme—on applying a voltage across the thermal 
resister, the relative optical phase of quantum states guided 
through the interferometer is varied in a stable, controlled 
manner [8]. The 3.5µm core waveguides are lithographically 
patterned from doped Silica fabricated on a Silicon substrate 
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using standard methods and are designed for single mode 
operation in the 780nm region.  

Multi photon states of four- and six-photons are produced 
by pumping spontaneous parametric down conversion (SPDC) 
as shown in figure 1(b). A Ti:sapphire pulsed laser (157fs) 
laser is upconverted to 390nm and focused onto a BiBO crystal 
cut for non-collinear down-conversion to produce pairs of 
photons with wavelength 780nm, filtered spectrally using high 
transmission interference filters and spatially into two modes 
by focusing onto polarization maintaining fibres (PMF). The 
photons are injected into the chip using butt-coupled arrays of 
PMF pitched to match those of the waveguide. Coincidental 
events are then detected using commercially available silicon 
avalanche photo diode single photon counting modules 
(SPCM). 

III. SENSING PROTEIN CONCENTRATION IN OPTOFLUIDICS 
WITH ENTANGLED LIGHT 

Optofluidics offers an accurate means to deliver small volumes 
of fluid into integrated optics for biological and chemical 
sensing with interferometry [12-14]. A leading approach to 
rapidly fabricate both waveguides and micro-fluidics in a 
single device laser inscription [14], which provides an 
attractive platform with which to realize practical, miniaturized 
quantum enhanced sensing devices.  

A. Method 
Our integrated optofluidic device is fabricated in a pure 

silica chip (figure 2) using a focused 300 fs pulsed laser at a 
wavelength of 1030 nm (1 MHz repetition rate)—laser 
irradiation for the waveguide circuit (figure 4) and the 
microchannels is performed in the same run. The microchannel 
is realized by irradiating a helicoidal path in order to obtain 
double- pyramidal structure followed by selective etching 
using HF acid. 

A range of concentrations of Bovine Serum Albumin in 
aqueous buffer solution is injected into the microfluidic 
channel. Two indistinguishable photons are generated 
externally to the chip via SPDC and launched into the chip. 
The resulting quantum interference pattern is dependent upon 
protein concentration, which is therefore determined via 
accumulated photon statistics with an increase frequency 
interference pattern. 

IV. CONCLUDING REMARKS 
We report integrated optics as a promising architecture to 

realize practical quantum metrology. The inherent stability and 
near-perfect mode overlap of waveguide architecture is ideal 
for the application to quantum metrology. The results presented 
here of heralding quantum metrology states [9] and using them 
to measure a biological sample delivered within the device via 
microfluidics [15] support the promise of integrated optics for 
realizing practical quantum enhanced sensing tools.  

ACKNOWLEDGMENT  
We thank J. P. Hadden, A. Laing, A. Lynch, G J. Pryde, J. 

G. Rarity, F. Sciarrino, A. Stefanov and X. Q. Zhou for helpful 
discussion. 

REFERENCES 
[1] V. Gioveannetti, S. Lloyd, L. Maccone, Science 306, 1330-1336 (2004). 
[2] J. G. Rarity, P. R. Tapster, E. Jakeman, T. Larchuk, R. A. Campos, M. 

C. Teich, B. E. A. Saleh, Phys. Rev. Lett. 65, 1348 (1990). 
[3] M. W. Mitchell, J. S. Lundeen, A. M. Steinberg Nature 429, 161-164 

(2004). 
[4] T. Nagata, R. Okamoto, J. L. O’Brien, K. Sasaki, S. Takeuichi, Science 

316, 726-729 (2007). 
[5] I. Afek, O. Ambar, Y. Silberberg Science 328, 879 (2010). 
[6] A. Politi, M. J. Cryan, J. G. Rarity S. Yu, J. L. O’Brien Science, 320, 

646-649 (2008). 
[7] A. Politi, J. C. F. Matthews, M. G. Thompson, J. L. O’Brien, IEEE 

Journal of Selected Topics in Quantum Electronics, 15, 6, 1673-1684 
(2009). 

[8] J. C. F. Matthews, A. Politi, A. Stefanov, J. L. O’Brien, Nature Photon. 
3 346 (2009). 

[9] J. C. F. Matthews, A. Politi, D. Bonneau, J. L. O’Brien, Phys. Rev. Lett. 
107, 163602 (2011). 

[10] H. Lee, P. Kok, N. J. Cerf, J. P. Dowling Phys. Rev. A 65 030101 
(2002). 

[11] P. Kok, H. Lee, J. P. Dowling, Phys. Rev. A 65 052104 (2002). 
[12] C. Monat, P. Domachuk, B. J. Eggleton, Nat. Photon. 1, 106 (2007). 
[13] R. R. Gattass, E. Mazur, Nat. Photon. 2, 219, (2008).  
[14] R. Osellame, V. Maselli, R. M. Vazquez, R. Ramponi , G. Cerullo, Appl. 

Phys. Lett. 90, 231118 (2009). 
[15] A. Crespi, M. Lobino, J. C. F. Matthews, A. Politi, C. R. Neal, R. 

Ramponi, R. Osellame, J. L. O’Brien, Unpublished, Pre-print: 
arxiv:1109.3128 [quant-ph]

 

Figure 2.  Setup for heralding N=2- and N=4-photon entangled states for quantum 
metrology. (a) The circuit realised in a monolithic chip that generates heralded 
entanglement. (b) The spontanoues parametric down conversion source used to 
generate multi-photon states that are then launched into the chip. 

 

Figure 1.  The opto-fluidic chip used for measuring protein concentration with 
entangled light. (a) The experimental setup, including external photon source. (b-c) The 
opto-fluidic chip that consists of mach-zehnder interferometers and rectangular micro-
channels. 

 


