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Abstract 
Two photons in a pair generated in the nonlinear process of spontaneous parametric down 
conversion (SPDC) are, in general, strongly entangled. Accordingly, they contain 
extremely strong energy, time, polarization, and momentum quantum correlations. This 
entanglement involving more than one pair of quantum variable has served as a powerful 
tool in fundamental studies of quantum theory. It is now playing a significant role in the 
development of novel information processing techniques and new optical measurement 
technologies.  
 
Introduction 
Entangled-photon states produced by the non-linear optical process of spontaneous 
parametric down-conversion are composed of photons that are created with strongly 
correlated properties that remain so even after the photons have propagated to widely 
separated locations in space. These strong quantum correlations, naturally present 
between down-conversion photons, allow for uniquely quantum mechanical and often 
superior forms of measurement to be performed. These quantum states are also capable of 
encoding information, providing robust coherence properties associated with 
entanglement that allow this information to be transported and transformed in unique 
ways. Their resistance to the decoherence phenomena that have hampered other 
approaches to quantum information processing has put entangled-photon optics in a 
position of importance in the area of quantum communication. Quantum information 
research has served as an excellent vehicle for developing fundamental principles of 
quantum mechanics creating a scientific basis for the rapid development of quantum 
technologies in the 21st century. The rapid development of quantum cryptography 
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originally initiated in academic research labs has been recently pursued by several 
industrial centers. The overall success in quantum science and engineering has stimulated 
development of multiple tools operating exclusively according to the rules of quantum 
mechanics. They have clear advantages over existing techniques in many areas of 
research and technological measurement. 
 
Traditionally, in optical metrology absolute measurement always requires a priori 
knowledge of basic parameters of light before its interaction with a physical system. 
Although most physics measurements are carried out with independent particles, it is the 
collective nature of entangled particles that reveals the most fascinating and unexpected 
aspects of the quantum world. One curious aspect of the behavior of a pair of particles in 
an entangled state is that, though each individual particle exhibits an inherent uncertainty 
in behavior, the joint entity of an entangled pair can exhibit no such uncertainty. As an 
example, while the time of arrival of an individual particle may be totally random, an 
entangled pair must always arrive simultaneously. This unique aspect of entanglement 
leads to a self-referencing capability in timing. Similar non-classical entanglement of two 
photons could be demonstrated in their polarizations (spin), energies (frequency) and 
direction of propagation (wave vector). Such a property offers a unique tool for carrying 
out absolute measurements without relying on an a priori calibrated optical standard by 
making use of entangled photons. We outline the implications and significance of 
entanglement exploitation for the development of a new type of optical measurement - 
quantum optical metrology. 
 
Entangled photons first became of great interest in probing the foundations of quantum 
mechanics. Debates surrounding the foundations of quantum mechanics have been 
ongoing since the introduction of the theory, particularly since the 1930's, with 
entangled-photon states often playing a central role in providing essential empirical 
information. Entangled states of increasingly better quality have continually been sought 
in order to better and better differentiate quantum behavior from classical phenomena. 
Entangled quantum systems are composed of at least two component subsystems and are 
described by states that cannot be written as a product of independent subsystem states. 
The nonlinear optical process known as spontaneous parametric down-conversion 
(SPDC) has become the most widely accepted method for creating entangled quantum 
states in optics. New, high-intensity sources of SPDC have been developed over the last 
two decades. Spontaneous parametric down-conversion of a laser photon into a pair of 
photons is said to be of one of two types based on the satisfaction of phase-matching 
conditions, as either type I or of type II, corresponding to whether the two photons of the 
down-conversion pair are produced with the same polarization or orthogonal 
polarizations, respectively. The two photons of a pair, often called signal (s) and idler (i) 
for historical reasons, can also leave the down-converting medium either in the same 
direction or in different directions, known as the collinear and non-collinear cases, 
respectively. (See Figure 1)  
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Figure 1 
 
 
Spontaneous parametric down conversion (SPDC) 
The medium where down-conversion takes place is usually some sort of birefringent 
crystal, for example, potassium dihydrogen phosphate (KDP), possessing an optical 
nonlinearity. Upon entrance to a nonlinear crystal, there is a small probability (on the 
order of 10-7) that a given photon from the incident pump beam will be down-converted 
into a photon pair (see Figure 1). If down-conversion occurs, these conserved quantities 
are carried into the resulting photon pair under the constraints of their respective 
conservation laws, with the result that the phases of the corresponding wave-functions 
match, which are referred to as the phase-matching conditions. Down-conversion photons 
are thus produced in two spectral cones, one for each photon, within which two-photons 
appear each as a pair of photons on opposite sides of the pump-beam direction (See 
Figure 1). Entanglement between two particles involving one particular quantum 
variable, such as spin, was discussed by David Bohm in his famous 1954 Quantum 
Mechanics book [1]. In the mid-1980s, Hong, Ou and Mandel [2] created noncollinear, 
type-I phase-matched SPDC photon pairs in KDP crystal using an ultraviolet continuous-
wave (cw) laser pump in a seminal experiment empirically demonstrating the strong 
temporal correlation of the two down-conversion photons. The main step in the 
development of practical quantum correlation and quantum entanglement tools was the 
development of ultra-bright sources of correlated photons and development of novel 
principles of entangled states engineering. This also includes entangled states of higher 
dimensionality and entangled quantum states demonstrating simultaneous entanglement 
in several pairs of quantum variables (hyper-entanglement). The successful development 
of such features has opened a way for quantum optical designers to the construction of 
optical measurement approaches that achieve higher accuracy and grater amount of 
information about the system under investigation in comparison with their classical 
counterparts.  
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Quantum photometry 
Historically, the idea of calibrating single-photon detectors without any need for using 
traditional blackbody radiation sources was the first example of practical utilization of 
non-classical correlations between two photons produced in the nonlinear process of 
spontaneous parametric down conversion. (See Figure 2)  This technique has paved the 
way for several other quantum measurement approaches that exploit non-classical 
correlation and later benefited from the full power of quantum entanglement utilization. 
The unique possibility of non-local self-referencing present in the optical system that is 
distributed in space-time is the main advantage of quantum correlation and entanglement 
[4]. 
 

 
Figure 2 
 
 
Using non-classical timing correlation between two photons for 
calibrating quantum efficiency of photodetectors 
Another uniquely quantum feature lies in the spontaneous nature of the SPDC process. 
The probability of spontaneous photon pair creation is governed by the principles of 
quantum mechanics and can serve as a universal and independent reference for 
calibrating the optical radiation intensity and brightness (radiance) [3, 4]. The accuracy of 
such universal quantum referencing is limited only by the accuracy to which we know the 
values of major universal quantum constants. The additional significant convenience that 
is provided by the parametric nonlinear process consists in the possibility of accurately 
measuring the infrared signal brightness by detecting visible idler radiation without the 
need of using infrared detectors, which are usually very noisy and have low sensitivity 
[4]. These two approaches established foundations of new area in optical metrology – 
quantum photometry. 
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Quantum Ellipsometry 
A question that arises frequently in the metrology of surfaces is the following: How does 
one measure reliably the reflection or transmission coefficient of an unknown sample? 
The outcome of such a measurement depends on the reliability of both the source and the 
detector used to carry out the measurements. If they both are absolutely calibrated, such 
measurements would be trivial. Since such ideal conditions are never met in practice, and 
since high precision measurements are often required, a myriad of experimental 
techniques have been developed over last century to circumvent the imperfections of the 
devices involved in these measurements. One optical measurement setting in which high-
precision measurements is a necessity is ellipsometry, in which the polarization of light 
modification by the surface is used to study parameters of substrates, a technique 
established more than a hundred years ago. Ellipsometers have proven to be an important 
metrological tool in many arenas, ranging from the semiconductor industry to biomedical 
applications. They are particularly useful when the reflective properties of the material 
depend on its topological, geometrical, and chemical properties. Folded and unfolded 
protein detection in the drug discovery process and polarization scatterometry for critical 
dimensions evaluation in semiconductor lithography are just two examples where 
ellipsometry can be extremely useful these days.  
 
 
Classical and quantum ellipsometry 
To carry out ideal ellipsometry, one needs a perfectly calibrated source and detector. 
Various approaches, such as null (See Figure 3 - left) and interferometric techniques, 
have been commonly used in ellipsometers to approach this ideal.  A novel technique has 
recently been proposed for obtaining reliable ellipsometric measurements based on the 
use of twin photons produced by the process of spontaneous optical parametric 
downconversion (SPDC). (See Figure 3 – right) The technique makes direct use of 
polarization-entangled photon pairs emitted through SPDC. This approach effectively 
comprises an interferometric ellipsometer, although none of the optical elements usually 
associated with constructing an interferometer are utilized, thanks to the power of 
nonlocal quantum correlations. Instead, polarization entanglement itself is harnessed to 
perform interferometry and to achieve ideal ellipsometry.  
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Figure 3 
 
The theoretical foundations of single-frequency quantum ellipsometry for biophysics and 
nanophotonics applications have recently been developed. The first experimental 
implementations of correlated-photon and entangled-photon ellipsometry have indicated 
the potential of quantum polarization measurement [5]. Both the amplitude and phase 
modulation of polarized light due to surface structures are captured by the real and 
imaginary parts of measured polarization density matrix. Any classical approach would 
require performing two independent experiments to recover a similar quantity of 
information. 
 
 
Quantum optical coherence tomography (QOCT) 
Optical coherence tomography (OCT) has become a versatile and useful biological 
imaging technique, particularly in ophthalmology, cardiology, and dermatology. It is an 
interferometric scheme that makes use of a light source of short coherence time (broad 
spectrum) to carry out axial sectioning of a biological specimen. (See Figure 4 – left). 
The axial resolution is enhanced by increasing the spectral bandwidth of the source 
(submicrometer resolution has recently been achieved by using a light source with a 
bandwidth of 325 nm). However, as the bandwidth is increased, the effects of group-
velocity dispersion become increasingly deleterious for testing inner layers of tissue. 
Various techniques have been used in attempts to counteract the effects of dispersion, but 
these usually require a priori knowledge of the dispersion intrinsic to the specimen. 
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Figure 4 
 
 
Conventional OCT and quantum optical coherence tomography 
(QOCT) 
A quantum version of OCT makes use of an entangled twin-photon light source. (See 
Figure 4 – right). One particular merit of quantum-optical coherence tomography 
(QOCT) is that it is inherently immune to dispersion by virtue of the frequency 
entanglement associated with the twin-photon pairs. The non-classical effect of 
dispersion cancellation is at the heart of QOCT approach, promising higher spatial 
resolution and more precise tissue modification diagnostics at the sub-micron level. 
Moreover, for sources of the same spectral bandwidth, the entangled nature of the twin 
photons provides a factor of 2 enhancement in axial resolution relative to conventional 
OCT. A correlated though non-entangled twin-photon light source (which is also 
nonclassical) is characterized by a factorizable state. Such a source would provide an 
intermediate enhancement in resolution of a factor of square root of 2 when the spectrum 
is Gaussian. However, the benefit of dispersion-cancellation does not accrue in this case. 
The basic physical principles of quantum version of optical coherence tomography for 
sub-micron biomedical imaging have recently been developed and demonstrated in a 
model environment [6].  
 
 
Engineered entangled-photon sources 
The development of integrated periodically-poled nonlinear structures has recently 
opened the road to the practical implementation of flexible and compact sources of 
entangled states. The intelligent engineering of the SPDC spectrum has enabled 
researchers to produce novel entangled states that have not been available from nature 
directly. Sources of high intensity entangled-photon flux have already revolutionized the 
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area of quantum cryptography, bringing it into the real world outside research labs. 
Because of interferometric nature of optical coherence tomography OCT, it achieves high 
axial resolution mainly by using the short temporal coherence length of the light source, 
thus allowing it to be enhanced by the use of broadband sources such as superluminescent 
light-emitting diodes and ultrashort pulsed lasers. For QOCT, this means that in order to 
become compatible and even superior in resolution for biomedical coherence imaging 
applications totally new entangled-photon sources with ultra high spectral bandwidth 
must be developed.  
 
It has been shown that quasi-phase matching (QPM) can be used to substantially enhance 
the spectral width of the entangled two-photon state produced in the down conversion 
process, while simultaneously maintaining its specific frequency anticorrelation [7]. 
QPM provides a feasible alternative to conventional phase matching and QPM 
engineering opens up new possibilities for intelligent design of specialty entangled-
photon states. The longitudinal variation of QPM period (chirping) strongly affects the 
spatiotemporal properties of entangled photon pairs. The merit of a longitudinally chirped 
QPM is that it permits many different signal and idler photon wavelengths to be phase 
matched at different positions inside the nonlinear crystal, broadening the spectral content 
of the two-photon state. Chirped QPM down conversion offers a very broadband source 
for dispersion-canceled QOCT, providing the sub-micron level of lateral resolution that is 
not degraded with penetration depth inside the tissue. 
 
 
Future challenges and perspectives 
The telecommunication industry is coming back from the recent downturn and has 
revised its plans for deployment of 40 Gb and even faster networks in the near future. 
This has put rather heavy pressure on optical engineers to develop high-resolution 
techniques for evaluating chromatic and polarization mode dispersion (PMD) with an 
adequate resolution. It has been shown that without identifying and carefulyl accounting 
for such detrimental features and without their active compensation, all future optical 
communication standards cannot actually function, due to dispersive spread of 
telecommunication signals. The use of quantum correlations has enabled the design of 
new, a more accurate technique for characterizing chromatic dispersion in fibers [8]. The 
addition of intrinsically quantum interplay between polarization and frequency 
entanglement in SPDC (hyper-entanglement) has given rise to a polarization mode 
dispersion measurement technique that utilizes the power of quantum polarization 
interferometry and provides an order of magnitude enhancement in the resolution of 
PMD measurement in comparison with the best existing devices available today [8]. 
 
The need for ultra-high resolution optical measurement is one of the novel challenges in 
biotechnology and semiconductor research and in industry. In several modern areas of 
science and technology, a clear crisis in non-invasive measurement technologies has 
appeared, as modern biophotonics and nanotechnology move towards creation and 
manipulation of ever-smaller features. For example, the dimensions of modern test 
proteins on a surface in drug discovery and of solid-state patterns in semiconductor 
manufacturing are well below the wavelength of light. The existing characterization 
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techniques such as fluorescent-marker visualization in biophotonics and electron 
scanning microscopy in nanotechnology are intrinsically invasive techniques often 
modifying the physical and chemical structure of the materials and altering the 
performance of the device after its characterization.  
 
Optical technologies can provide non-invasive evaluation while simultaneously satisfying 
the constraint of smaller than the wavelength dimensions when the broad range of 
spectral components is employed. For example, conventional spectroscopic ellipsometry 
has already found its way in testing the morphology of protein samples in drug discovery 
and critical dimensions evaluation in nanotechnology. The use of simultaneous frequency 
and polarization entanglement present in SPDC leads to a unique possibility of 
simultaneous measurement of phase and group velocity parameters in the same 
experiment. With ultra-broadband spectrum of entangled sources, one can expect that the 
contrast and resolution of quantum spectroscopic measurement of biological objects such 
a folded and unfolded proteins on a surface will be superior over their classical 
counterparts. 
 
The next five to seven years will see the rapid development of quantum measurement 
technologies. The design and characterization of novel few-qubits entangled states 
specifically engineered to match the requirements of quantum measurement in biophysics 
and modern solid-state nanotechnologies will serve as fuel for this process. One of the 
signs of this new century is a greater role of industrial research and development centers 
in pursuit of quantum technologies. The early participation of industry is facilitating 
future acceptance of new quantum technologies by both scientific and industrial 
environments and their incorporation into wide practice by developing integrated 
quantum measurement devices (sensors) and compact quantum circuits. The effectiveness 
and the future impact of quantum ideas in the world of optical measurement will strongly 
depend on the ease with which researchers in industry will be able to adopt rather 
disruptive quantum changes and incorporate novel ideas into their research and 
development plans.  
  
 
References 
[1] D. Bohm, Quantum Theory (Englewood Cliffs, NJ: Prentice Hall), (1951) 

[2] C. K. Hong, Z. Y. Ou, and L. Mandel, Phys. Rev. Lett., v. 59, 2044 (1987) 

[3] Review: A. V. Sergienko “Quantum Metrology With Entangled Photons”, in CXLVI 
International School of Physics "Enrico Fermi", T. J. Quinn, S. Leschiutta, and P. Tavella (Eds.), 
(IOS Press, Amsterdam ISBN 1 58603 167 8) (2001) 

[4] Review: A. Migdall,"Correlated-Photon Metrology Without Absolute Standards," Physics 
Today 52, 41-46 (1999) 

[5] Review: A. V. Sergienko and G. S. Jaeger “Quantum Information Processing and Precise 
Optical measurement with Entangled-Photon Pairs”, Contemporary Physics, v. 44, 341-356 
(2003) 

[6] M. B. Nasr, B. E. A. Saleh, A. V. Sergienko, and M. C. Teich “Dispersion-Cancelled and 
Dispersion-Sensitive Quantum Optical Coherence Tomography”, Optics Express, v. 12, pp. 1353-
1362 (2004) 

 9

http://physics.nist.gov/Divisions/Div844/publications/migdall/phystoday52.pdf


[7] S. Carrasco, J. P. Torres, and L.Torner, A. Sergienko, B. E. A. Saleh, and M. C. Teich 
“Enhancing the Axial Resolution of Quantum Optical Coherence Tomography by Aperiodic Quasi-
Phase-Matching”, Optics Letters, v. 29, 2429-2431 (2004) 

[8] N. Gisin, J. Brendel, H. Zbinden, A. Sergienko, A. Muller “Twin-photon techniques for fiber 
measurement”, quant-ph/9807063 (1998) 
 
 
Contact information of the authors of this article: 
Alexander V. Sergienko  
Department of Electrical & Computer Engineering 
Boston University  
8 Saint Mary's Street 
Boston, Massachusetts 02215-2421, USA 
E-mail: AlexSerg@bu.edu 
Web page: http://people.bu.edu/alexserg 
 

 10

http://arxiv.org/find/quant-ph/1/au:+Brendel_J/0/1/0/all/0/1
http://arxiv.org/find/quant-ph/1/au:+Zbinden_H/0/1/0/all/0/1
http://arxiv.org/find/quant-ph/1/au:+Sergienko_A/0/1/0/all/0/1
http://arxiv.org/find/quant-ph/1/au:+Muller_A/0/1/0/all/0/1

	Classical and quantum ellipsometry
	Future challenges and perspectives
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


