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(57) ABSTRACT 

An optical resonance analysis system comprising a sensor 
means (60) and an illumination means (400) for generating 
non-monochromatic illumination. The illumination means 
(400) further comprises a means for generating illumination 
at a plurality of angles, a lens system for projecting said 
illumination at said plurality of angles (390) and a dispersive 
device (380) for dispersing said illumination at each of said 
plurality of angles so that there is a correlation betWeen said 
plurality of angles and the Wavelengths of said illumination 
such that a resonance condition is generated on said sensor 
mean (60) for all Wavelengths generated by said non 
monochromatic source simultaneously. The analysis system 
also comprises a detection means (90) for detecting the 
re?ected or transmitted illumination. Another embodiment 
comprises an anamorphic imaging means (120). 
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OPTICAL RESONANCE ANALYSIS SYSTEM 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of US. applica 
tion Ser. No. 10/425,799 ?led Apr. 28, 2003 and US. 
application Ser. No. 09/486,424 ?led Dec. 14, 1998, Which 
is a 371 of PCT/US98/26542 ?led Dec. 14, 1998, Which 
claims the bene?t of priority US. Provisional Application 
Ser. No. 60/069,356 ?led Dec. 12, 1997, all of Which are 
incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates generally to optical reso 
nance analysis systems, speci?cally to certain sensor design 
aspects and to analysis systems comprising illumination and 
detection systems that utiliZe those sensors for analysis 

BACKGROUND OF THE INVENTION 

[0003] Because of the recent surge in applications, sensor 
based instruments are becoming very popular. This groWth 
in applications has been primarily spurred by the biotech 
nology and the pharmaceutical industries especially from the 
enormous in?ux of information from the Human Genome 
Program. This drove of information has resulted in a corre 
sponding spaWning of neW industries. Some of the neWest, 
rapidly groWing industries are: proteomics, Where proteins, 
function and genomics come together, and pharmicokinet 
ics, Where researchers attempt to ?nd products of combina 
torial synthesis that have binding properties to unique sites 
such as receptors, that typically result in a biological altering 
event. Both technologies rely on assays to be robust and 
process thousands of samples/day. It is obvious that handling 
this amount of material at these speeds Would bene?t from 
automated processes and miniaturiZation. One very popular 
application such as monitoring DNA/DNA, DNA/RNA, 
RNA/RNA hybridiZation has alWays been important, but as 
genes are discovered and associated With disease states, 
genetic analysis in diagnostics requiring hybridiZation 
assays becomes a necessity. HoWever, to obtain the infor 
mation to determine the genetically relevant data, thousands 
of tests need to be run on one sample if conventional 
technologies are used. NeW developments in sensor tech 
nology can reduce this analysis time from Weeks to hours. 

[0004] Sensors can be described as being composed of tWo 
parts; the transducer and the active site. The transducer is 
de?ned as the part of the device that is capable of reporting 
change in its environment. Transducers can operate in sev 
eral different modes but the most common are optical based 
devices. Examples of optical based transducers include 
surface plasmon resonance (SPR) devices and planar 
Waveguide devices and grating coupled Waveguide devices. 
These types of sensors are described in US. Pat. Nos. 
4,882,288, 4,931,384, 4,992,385, and 5,118,608 all incor 
porated by reference. The sensor may consist of a single 
analysis site, a one dimensional or linear array of analysis 
sites or a tWo dimensional array of analysis sites. 

[0005] Surface Plasmon Resonance Devices 

[0006] Surface plasmon, Which exists at the boundary 
betWeen metal and dielectric, represents a mode of surface 
charge vibrations. The surface charge vibration is the vibra 
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tion of the electrons on the metal surface generated by 
exterior light, these electrons behaving like free electrons. 
The surface plasmon Wave extends into space or dielectrics 
as an evanescent Wave and travels along the surface. The 
plasmon ?eld satis?es the MaxWell equations and boundary 
conditions for p-polariZed radiation. This boundary condi 
tion requires that the dielectric constants of metal and 
dielectrics have opposite sign. Since the common dielectric 
compound has a positive dielectric constant, the plasmon 
exists in the frequency region of the metal Where the 
dielectric constant is negative. This situation happens at a 
frequency of the exterior light and loWer frequencies, in 
Which the real part of the refractive index of the metal is 
equal to or smaller than its imaginary part. For instance, for 
metals such as Gold, Silver or Aluminum, this frequency, the 
plasmon frequency, is about 5, 4 or 15 eV, respectively, 
resulting in a plasmon Wave being available in a frequency 
range covering UV, Visible and Infrared regions. In this 
frequency range, since the Wave vector of the surface 
plasmon is larger than that of the exterior light, the exterior 
light cannot interact directly With surface plasmon. 

[0007] UtiliZation of the surface plasmon becomes pos 
sible When the exterior light Wave is coupled With the 
surface plasmon by means of a grating or prism. These 
optical components provide an additional Wave vector com 
ponent to the exterior light, enabling energy exchange 
betWeen the exterior light and the surface plasmon. The 
plasmon on the metal grating can interact With the exterior 
light by picking up an additional transverse momentum 
de?ned by the period of the structure. 

[0008] On the other hand (as in the back illuminated 
Kretchman design), attenuated total re?ection in a high 
refractive index material such as a prism provides additional 
transverse momentum so that the exterior Wave has a Wave 

vector larger than the vacuum Wave vector, and the Wave 
vector in the prism is large enough to match to the plasmon 
Wave vector. 

[0009] The prism method has been frequently utiliZed to 
determine optical constants of metals, because the resonance 
condition changes by the change in the refractive index. As 
gratings play an important role in promoting the surface 
plasmon, this in turn means that the surface plasmon causes 
some anomalies to grating performance. Because of the 
phenomena, theory of surface plasmons Was also developed 
by grating scientists. 
[0010] The SPR type device basically measures refractive 
index changes in a thin 1 pM evanescent ?eld Zone at its 
surface. The active surface de?nes the application and the 
speci?city of the transducer. Various types of surface modi 
?cations can be used, for example, polymer coated trans 
ducers can be used to measure volatile organic compounds, 
bound proteins can be used to look for trace amounts of 
pesticides or other interactive molecules, DNA can be used 
to look for the presence of complementary DNA or even 
compounds that bind unique DNA sites. Speci?c sensors can 
be obtained by generating arrays of speci?c DNA sequences 
that hybridiZe the sample DNA. This technique is commonly 
referred to as array hybridiZation. 

[0011] This type of sensor can operate in a gas or a liquid 
environment, as long as its performance is not degraded. 
Temperature range is selected by the application and should 
be controlled to better than 01° C. for maximum sensitivity 
measurements. 
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[0012] Arrays have been built using ?uorescence as the 
reporter but technologies such as SPR may be used resulting 
in reduced hardware cost, and greater generality. The use of 
SPR is especially appropriate in monitoring the binding of 
combinatorial products because these products Will not all 
have labels or properties such as ?uorescence that one could 
monitor. An extension of surface plasmon resonance is the 
ability to combine this technique With others such as mass 
spectrometry. An example Would be if a signal is detected on 
the SPR sensors indicating binding, a second technique 
could be used to identify the bound material. 

[0013] Basic Grating Coupled Surface Plasmon Reso 
nance Physics and Behavior 

[0014] Surface Plasmon Resonance 

[0015] The propagation of electromagnetic Wave is 
expressed in terms of the Wave equation as 

[0016] Where IQ; and (1) represent the Wave vector in the 
x-direction and the angular frequency of the Wave, respec 
tively. The terms; x and t are distance and time, respectively. 
The plasmon Wave vector is given by 

7~)[€@€1/(€@+€1)]1/2- (2) 
[0017] where so and 61 are dielectric constants of dielectric 
compound and metal and 7» is the Wavelength of the exterior 
light. TWice of the imaginary part of the KX, ZKXi, deter 
mines the distance the plasmon electric ?eld decays to 1/e 
along the metal surface. 

[0018] Gratings provide the standing Wave vector parallel 
to the boundary depending on the groove space and order of 
the grating. Thus, resonance absorption occurs When the 
exterior light Wave vector component in the boundary plus 
the grating vector equal to the plasmon vector as given by 

[0019] Where a and m are the groove spacing and the order 
of grating. Term 0 is the incident angle of the exterior light. 

[0020] Resonance Width 

[0021] For a given metal/dielectric boundary, the SPR 
Wavevector IQi corresponding to a given frequency u) can be 
estimated as given in eq We de?ne kSp is the real part of 
the center Wavevector of the plasmon. The LorentZian full 
Width at half maximum, in the absence of radiative coupling, 
is given by tWice the imaginary part of the Wavevector, ki. 

[0022] The HWHM Ak1 )2 is obviously half of this value.: 

Ak1/2=ki (5) 
[0023] Addition of radiative coupling or other losses can 
only increase the SPR lineWidth. The question We seek to 
ansWer is the folloWing: What is the non-radiative SPR 
Width observed in terms of input Wavelength 7» or angle 0, 
for both the grating coupling and prism coupling (Otto or 
Kretchman) cases. 

[0024] Basic SPR Coupling Equations 

[0025] Grating Coupling 
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[0026] Where 7» is the vacuum Wavelength, 0 is the input 
angle in air (not in the sample medium), m is the integer 
grating coupling order, and a is the grating groove pitch. 

[0027] Prism Coupling: 

kSp=(2n/,u/7»)sin(~)p (7) 
[0028] Where n is the refractive index of the coupling 
prism and SP is the input coupling angle Within the prism 
medium. 

[0029] In the case Where the Wavelength is ?xed and the 
angle varies, since 7» is unchanged and monochromatic, the 
plasmon itself is unaffected by the angle change. Only the 
ef?ciency of in-coupling is affected. Imagine that the angle 
is initially set at 0 such that the plasmon is maximally 
excited. NoW We shift the input angle to 0‘ such that the 
excitation is reduced by 50%, to one of the half intensity 
points. Then We have simply 

d01/2=6’—6=Ak1/2[80/8k] (8) 
[0030] For the grating case, Eqn 6 gives 

so that the in-air half-angle is 

[0032] For the prism case, Eqn 7 gives 

80P/8k=7»{2am cosep} (11) 

[0033] so that the in-prism half-angle is 

d61/2(PIiSm)=Ak1/27»/(2nn cos0) (12) 
[0034] If the prism is beveled to alloW near-normal inci 
dence coupling from air into the prism, then according to 
Snell’s laW the differential angle in air is n times that inside 
the glass. The net result for the prism case is that the in-air 
half-angle is 

[0036] In other Words, to the extent that the nominal 
incoupling angle in air for the grating case is similar to the 
incoupling angle in glass for the prism case, the in-air 
angular resonance Widths are nearly the same. The full 
FWHM angular Width in air, for either case, is found from 
doubling (10) or (13) to be 

[0037] In the case Where the angle is ?xed and the Wave 
length varies, since u) varies When We change 7», the plasmon 
itself changes as We vary the input Wavelength. At the same 
time, the coupling conditions also change so the neW plas 
mon is not being excited on-resonance. Both effects need to 
be taken properly into account. 

a result nearly identical to the grating result (10). 

[0038] Assume that We start, as before, With 7» and 0 
chosen so that We are tuned to the SPR peak initially, Which 
has Wavevector ksp. NoW We change the Wavelength to 7»‘ so 
as to attempt to reach the half intensity point. That is, We 
seek to have 

[0039] As We do this, the plasmon Wavevector must 
change to k‘Sp such that 
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[0040] Here, the partial 6k/67» is calculated numerically 
from (1) using tabulated dielectric constant data for the 
materials forming the SPR device. Note that in general, it is 
negative. 

[0041] At the same time the Wavevector kL being launched 
is given by Eqn (6) or (7), depending on What kind of 
coupler We are using. 

[0042] For the grating case, We launch at Wavevector 

[0043] Whereas for the prism case 

g to - Ammo, = ks. - [AA/mp 

[0044] To reach the half intensity point by tuning 7», We 
require that the mismatch betWeen the launch Wavevector kL 
and the modi?ed plasmon Wavevector kspbe exactly Ak1/2= 
k-' 1. 

k -k =1ki (19) Lsp 

[0045] Combining (16) and (17), Eqn 19 becomes, for the 
grating case, 

ik; (20) 

[0047] For the prism case, Eqns (16) and (18) lead in a 
similar fashion to 

[0049] Note that the HWHM in 7» given by (20) and (21) 
for grating and prism coupling respectively give quite dif 
ferent results. In general, the Width Will be Wider for prism 
coupling, since the tWo terms in the denominator have 
opposite signs and similar magnitudes, tending to reduce the 
denominator and hence increase the quotient. For grating 
coupling, the ?rst term in the denominator can be much 
smaller, or even Zero, and can have either sign, so that the 
6k/67» term dominates. 
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[0050] Note also that the FWHM resonance Widths are 
double the HWHM values of (20) and (21): 

A7‘FWHM=2A7‘1/2 
[0051] Planar Waveguide Sensors 

[0052] Waveguide sensors consist of one or more layers of 
dielectric materials coated With a thin ?lm of material of 
higher index of refraction. The Waveguide sensor responds 
to: changes in the refractive index no of the cover medium C; 
adsorption of molecules out of a gaseous or liquid phase 
cover, to form a surface layer of thickness dF, and refraction 
index nF, and, if used as dispersing element (Propagation 
angle in the Waveguide depends on the Wavelength), it can 
record the absorption spectrum of molecules on the surface. 
The sensitivity can be expressed as the change in the 
effective index of refraction N (of a guided mode TE or TM) 
in cases 1-3. In the case of absorption measurements (and 
using the guide as a dispersive element) the sensitivity is 
determined by the minimum detectable absorption. 

[0053] This type of sensor can operate in a gas or a liquid 
environment, as long as its performance is not degraded. 
Temperature range is selected by the application and should 
be controlled to better than 01° C. for maximum sensitivity 
measurements. Substrates include sapphire, ITO, fused 
silica, glass (Pyrex, QuartZ,), plastic, Te?on, metal, and 
semiconductor materials (Silicon). Waveguide ?lms include 
SiO2, SiO2-TiO2, TiO2, Si3N4, lithium niobate, lithium 
tantalate, tantalum pentoxide, niobium pentoxide, GaAs, 
GaAlAs, GaAsP, GaInAs, and polymers (polystyrene). 
Waveguide ?lm thickness is usually in the range of 100-200 
nm. Example ranges of indexes of refraction include from 
1.4-2.1. Chemoselective coatings can be placed on the 
Waveguide ?lm surface. Light coupling into the Waveguide 
can be achieved by using surface relief gratings or prisms. 

[0054] AWay to measure the changes in the effective index 
is by the change in the angle at Which the mode exits from 
the Waveguide. This can be done by an array detector, Which 
at the same time can measure the intensity at each Wave 
length. In that case the time of measurement is typically 
100-200 psec. 

[0055] Associated system components usually include 
gratings (to match the Mangle dispersion curve of the 
Waveguide), mirrors, lenses, polariZers, White light sources, 
and array detectors. 

[0056] Multiple assays and analytes are possible as long as 
the Waveguide can be spotted With different chemistries, the 
incoming light is split into multiple collimated light beams, 
there is no mixing of the light beams inside the guide, and 
the detection can be done simultaneously for all assays/ 
analytes. 

[0057] Possible applications are analytical chemistry, 
humidity and gas sensing, PH measurement, bio- and 
immuno-sensor applications, molecular recognition in biol 
ogy, signaling transduction betWeen and Within cells, affinity 
of biotinylated molecules (bovine serum albumin) to Avidin 
or strept-Avidin, antigen-antibody interactions (immunobin 
ding of rabbit/goat anti-h-IgG antibody to the human immu 
noglobulin h-IgG antigen) etc. The grating coupled 
Waveguide sensor can measure the number, siZe and shape 
of living cells groWing on its surface, in real-time and 
non-invasively. Applications include toxicology and cancer 
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research, pharmacology—drug determination. AWaveguide 
supported lipid bilayer is the closest to real cell membrane 
simulation, and can be used for drug screening as Well as 
blood-brain barriers. Waveguides can be used to analyZe 
properties of bilayer lipid membranes (BLM) and other thin 
?lms, to measure protein-BLM interaction, and the thick 
ness, density, anisotropy, and the reaction of thin ?lms to 
perturbations in time. Other applications include using long 
DNA molecules as a surface coat to measure hybridiZation 

and protein binding, molecular self-assembly, nanoscience, 
and analysis of association and dissociation kinetics. 

[0058] Grating Coupled Waveguide Sensors 

[0059] Grating couplers are used for ef?cient coupling of 
light into or out of a Waveguide that consists of one or more 
layers of dielectric materials. At the same time they can be 
used for measuring the effective index of refraction N of all 
possible TE and TM modes. The primary sensor effect is a 
change AN in the effective refractive index N of the guided 
modes induced by the adsorption or binding of molecules 
from a sample on the Waveguide surface. From AN it is 
possible to calculate the refractive index, thickness and 
surface coverage of the adsorbed or bound adlayers. Pro 
vided that thin monomode Waveguide ?lm F With a large 
difference nF-nS betWeen the refractive indexes of ?lm F and 
substrate S are used, integrated optics guarantees high 
sensor sensitivities (sub-monomolecular adsorbed layer). 
AN is measured only in the grating region Which is Where the 
sample should be placed. With optimal grating design a 
coupling efficiency of the order of 45-90% can be achieved. 

[0060] A grating coupler can operate in a gas or a liquid 
environment, as long as its performance is not degraded. 
Temperature range is selected by the application and should 
be controlled to better than 0.1° C. for maximum sensitivity 
measurements. Substrates include sapphire, ITO, fused 
silica, glass (Pyrex, QuartZ,), plastic, te?on, metal, and 
semiconductor materials (Silicon). Waveguide ?lms include 
SiO2, SiO2-TiO2, TiO2, Si3N4, lithium niobate, lithium 
tantalate, tantalum pentoxide, niobium pentoxide, GaAs, 
GaAlAs, GaAsP, GaInAs, and polymers (polystyrene). 
Waveguide ?lm thickness can be in the range of 100-200 nm 
and indexes of refraction can be in the range of 1.4-2.1. 
Gratings can be made by embossing, ion-implantation and 
photoresist techniques, on the substrate or in the Waveguide 
?lm. Typical numbers are 1200-2400 lines/mm, 2><16 mm in 
siZe and 1:1 aspect ratio (20 nm features). Chemoselective 
coatings can be placed on the Waveguide ?lm surface. 

[0061] For incoupling gratings mechanical angle scanning 
measurement time is typically 2-3 sec. If an array of sources 
is used in conjunction With a lens this time is shortened. For 
an outcoupling grating and a position sensitive detector (no 
moving parts), it is typically 100-200 psec. 

[0062] Associated system components usually include 
optics, mirrors, lenses, polariZers, light sources, light source 
arrays, laser sources, single or position sensitive detectors, 
rotation stages, and stepper motors 

[0063] Multiple assays and analytes are possible as long as 
the Waveguide can be spotted With different chemistries, the 
incoming light is split into multiple collimated light beams, 
there is no nixing of the light beams inside the guide, and the 
detection can be done simultaneously for all assays or 
analytes. 
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[0064] Applications include analytical chemistry, humid 
ity and gas sensing, PH measurement, bio- and immuno 
sensor applications, molecular recognition in biology, sig 
naling transduction betWeen and Within cells, affinity of 
biotinylated molecules (bovine serum albumin) to Avidin or 
strept-Avidin), antigen-antibody interactions (immunobind 
ing of rabbit/goat anti-h-IgG antibody to the human immu 
noglobulin h-IgG antigen) etc. 

[0065] Analysis Systems 
[0066] Analysis systems utiliZing these types of optical 
resonance devices (SPR and Waveguides) typically include 
an illumination system having the capability to project light 
at various frequencies or angles onto the resonance device 
and a detection system for detecting the corresponding 
resonance peaks. 

[0067] The illumination systems are typically composed 
of a light source, a means for causing the light source to 
impinge on the sensor at different angles or at different 
frequencies, and optics to facilitate imaging the source onto 
the sensor. The choice of light source is based on the 
Wavelength region required and the etendue (solid angle>< 
photon ?ux) of the optical system. There are a large variety 
of broadband or monochromatic sources to choose from, 
such as: incandescent, LED’s, super luminescent diodes, 
lasers (?xed and tunable, diode, SS, gas), gas discharge 
lamps (line and continuum), With or Without ?lters. Wave 
length scanning is usually accomplished by coupling the 
sources With ?lter Wheels, scanning monochrometers or 
acousto-optical tunable ?lters, or in the case of a laser source 
by using a tunable diode laser. Angle scanning is usually 
accomplished by mechanicaly postioning the source at a 
series of angles With relationship to the sensor. In addition 
the source must be oriented and focused so that it optimally 
projects onto the sensor 

[0068] Light rays from the illumination system are 
re?ected from the sensor With their angle of re?ection equal 
to their angle of incidence. Thus the rays Will typically span 
a small range of angles in the perpendicular plane. The 
detector is typically positioned to optimally receive the rays 
coming from the sensor. Other important detector consider 
ations are resolution, pixel siZe, number of pixels, the 
algorithms that Will be used for analyZing the resonance 
Wavelengths or angles, and the chemistry occurring on the 
detector. 

[0069] In resonance measurement, a peak or a dip is 
obtained over a sometime sloped baseline. When the mea 
surement is performed on another sample at a different 
concentration, this peak or dip Will shift depending on the 
change in refractive index corresponding to concentration 
difference betWeen the tWo samples. The concentration can 
then be predicted using a calibration model relating the peak 
or dip shift to concentration. 

SUMMARY OF THE INVENTION 

[0070] This invention is directed toWard an analysis sys 
tem, comprising an illumination and detection system, 
Which utiliZes a surface plasmon device or a Waveguide as 
a sensor. 

[0071] The invention is further directed toWard an illumi 
nation system utiliZing an array of light sources to facilitate 
angle or Wavelength scanning. 
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[0072] The invention is further directed toward a means 
for providing independent axial and rotational positioning of 
the array of light sources. 

[0073] The invention is further directed toWard utiliZing a 
diffraction grating or a diffractive optical element as a 
pre-dispersive or post-dispersive element in the analysis 
system alloWing the use of loW cost, broad band light 
sources. 

[0074] The invention is further directed toWard an 
anamorphic optical design that alloWs the analysis system to 
generate and detect resonances, from a one dimensional 
array of sites on the same substrate, simultaneously. 

[0075] The invention further comprises a method for pre 
dicting concentrations using a calibration model relating the 
resonance peak shift to concentration. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0076] 
[0077] FIG. 2 shoWs an example of a one dimensional 
array of light sources. 

[0078] FIG. 3 shoWs an example of a tWo dimensional 
array of light sources. 

[0079] FIG. 4 shoWs a mechanism that alloWs indepen 
dent axial and rotational movement of the source. 

[0080] FIGS. 5A, 5B and 5C shoW a cross sectional vieW 
of a slot at three points of operation of the axial and 
rotational mechanism. 

[0081] FIG. 6 shoWs resonance dispersion curves for 
various conditions. 

[0082] FIG. 7 and 8 shoW an additional embodiments of 
the invention using anamorphic imaging. 

FIG. 1 shoWs an embodiment of the invention. 

[0083] FIG. 9 shoWs an additional embodiment of the 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0084] FIG. 1 shoWs an embodiment of the invention 
utiliZing an angle scanning illumination system, a sensor 
With a tWo dimensional array of sites derivatised or sensi 
tiZed With the same sample (for the analysis of multiple 
assays) or different samples (for the analysis of a single 
assay), and sequential detection. A light source 10 is 
mounted on a device 15 that alloWs independent axial and 
rotational movement. The light emitted from the source 
travels through a polariZer 20, a ?lter 30, a lens system 40, 
a pre-dispersive grating 50, and impinges on a sensor 60. 
Light re?ected from the sensor 60 then travels through an 
imaging lens 70, an angle or Wavelength stop 80 to a detector 

[0085] 
[0086] Source 

Illumination System 

[0087] The source is constructed as shoWn in FIG. 3, a 
tWo dimensional array of sources 110. The choice of light 
source is based oil the Wavelength region required and the 
etendue (solid angle X pupil area) of the optical system. In 
the case of SPR, the sensor resonance becomes sharper With 
increasing source Wavelength. The advantage of having 
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narroW resonance is in the ability to detect smaller shifts 
(sensitivity). On the other hand, the resonance decay length 
increases With Wavelength and thus the reaction site dimen 
sions have to increase (spatial resolution, and system 
throughput). There is a large variety of broadband or mono 
chromatic sources to choose from, such as: incandescent, 
LED’s, super luminescent diodes, lasers (?xed and tunable, 
diode, SS, gas), Gas discharge lamps (line and continuum), 
With or Without ?lters. Incoherent sources are preferred in 
order to eliminate speckle noise. An example of a light 
source in this embodiment is a HeWlett-Packard HSDL-4400 
LED emitting at 875 nm, Where the resonance Width is 0.3 
degrees or 5 nm. At this Wavelength the SPR decay length 
is of the order of 25 microns. When an array of LED’s is 
used, and placed at the focal plane of the angle-scanning lens 
system as shoWn in FIG. 1, 40 each LED corresponds to a 
different angle of illumination. A spacing of 0.395 mm 
betWeen the LED’s in the array corresponds to an angular 
resolution of 0.3 deg at f=75 mm, and 0.038 deg at f=600 
mm. An array length of 35 mm corresponds to a total angle 
of 26 deg at f=75 mm, and 3.3 deg at f=600 mm. This range 
of angle step and angle range alloWs for both loW resolution/ 
large coverage and high resolution/small coverage scanning. 

[0088] Mount for Independent Axial and Rotational 
Movement. 

[0089] As shoWn in FIG. 1 the source 10 is mounted on 
a device 15 that alloWs independent axial, or focusing, and 
rotational movement. The design and arrangement of this 
device assembly as shoWn in FIG. 4 alloWs the source to 
move freely and independently in the speci?ed motions of 
rotation and focus, over the desired ranges. Additionally, the 
assembly is designed to be compatible With standard bayo 
net photographic lens mounting con?gurations. The design 
of the focusing motion components Was intended to take 
advantage of the increased sensitivity of axial motion inher 
ent in the application of rotational movement Within helical 
patterned grooves, and the smooth, gradual effect of an 
inclined plane this interaction produces. 

[0090] In particular, the invention is directed to a method 
by Which the helical slots 208 are formed in the stationary 
cylindrical housing 201. Recognizing the need for addi 
tional, specialiZed tooling, not necessarily found in model 
making shops, an alternate method Was developed that 
utiliZes standard, common milling machine tooling and 
professional skills. Introducing a true helical slot or groove 
into a cylindrical surface requires a multi-axis lathe With 
sophisticated electronic control. Manual methods of control 
in a lathe or milling machine are possible but very tedious 
and do not produce a smooth surface to the sides of the slot 
or groove. In this case, the lack of tooling accessories and a 
desire to produce helical slots quickly and With simplicity, 
inspired the folloWing pseudo-helical fabrication method. 

[0091] Using a conventional milling machine, the cylin 
drical housing 201 is mounted to the slide bed in a standard 
indexing head, With its cylindrical axis perpendicular to the 
axis of the tooling head. A slot saW of appropriate Width and 
diameter is mounted in a common right angle ?xture 
attached to the milling head, the arbor being parallel to the 
cylindrical axis of the housing, and the plane of the slot saW 
being perpendicular to the same. The right angle attachment 
is then rotated to a speci?ed angle relative to the cylindrical 
axis of the housing. The center of the slot saW is positioned 
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over the center of the housing using standard trigonometric 
methods. The slots 208 are then cut into the housing by 
raising the slide bed of the milling machine. Using a slot saW 
of an appropriate diameter and specifying the depth of the 
cut, produces the desired surface at each end of the slot that 
is nearly parallel to a radial line extending from the center 
of the cylinder. In this embodiment, Where a total of three 
slots are speci?ed, the remaining slots are cut by moving the 
housing 120 degrees and repeating the procedure until all 
slots are cut. As shoWn in FIGS. 5A, 5B and 5C, because the 
cut is made With a planar saW, the resulting slot 208 is 
considered pseudo-helical, that is, the sides of the slot are 
perpendicular to the cylindrical axis of the housing only at 
center point of the arc of the slot 208 as shoWn in FIG. 5A. 
As expected, perpendicularity is lost at an increasing rate 
from this center point toWards either end of the slot 208 as 
shoWn in FIGS. 5B and 5C. The rate of this loss of 
perpendicularity is proportional to the speci?ed helical angle 
of the slot. Normally, a simple, round connecting pin With a 
diameter equal to the Width of the slot and held perpendicu 
lar to the cylindrical axis, Would be utiliZed, connected to the 
focus grip ring 204 external to the housing 201 and engaging 
the movable cylinder 200 Within. In that con?guration, 
attempted rotational motion of the focus grip ring 204 and 
connecting pin from the center point of the slot 208 to 
produce a helical movement of the connecting pin, Would 
immediately jamb the connecting pin in the slot due to this 
loss of perpendicularity. In this embodiment the loss of 
perpendicularity in the pseudo-helical slot 208 is compen 
sated for, and true helical like motion in the slot is main 
tained, by using a connecting pin 205 With a smaller 
diameter than the Width of the slot inserted into a ball 212 
having an outside diameter equal to the Width of the slot 208. 
As shoWn in FIGS. 5A, 5B, and 5C, in practice, as the focus 
grip ring 204 is turned and the connecting pin 205 travels 
through the slot 208, the points of continuous contact 
betWeen the sides of the pseudo-helical slot 208 and the 
spherical surface of the ball 212 moves slightly through an 
initial angle 300 as shoWn in FIG. 5B and 5C that becomes 
perpendicular to the axis of the connecting pin 205 as the 
connecting pin reaches the center of the slot as shoWn in 
FIG. 5A. This introduces an inconsequential non linearity 
betWeen the rotation of the connecting pin 205 through the 
pseudo-helical slot 208 in the cylindrical housing 201 and 
the axial movement of the focus grip ring 204 and therefore 
the moveable cylinder 200. As shoWn in FIG. 5B and 5C, 
the value of this non-linearity 301 is calculated as the height 
of the circular segment by standard trigonometric methods. 
Within limits, this method of producing pseudo-helical slots 
or grooves can produce true helical motions With ordinary 
professional skills and tooling found in most modestly 
equipped model making and production machine shops. In 
contrast, the conventional method of introducing true helical 
slots or grooves in a cylinder requires unique equipment and 
skills, but can produce features that can be of nearly unlim 
ited length, depth and Width, and that preserve the perpen 
dicularity of the sides of the slots or grooves relative to the 
cylindrical axis at any point along the cut. 

[0092] In FIG. 1 the source 10 is mounted on the device 
15. FIG. 4 shoWs the device 15 in detail consisting of a 
moveable, telescoping cylinder 200 Within a stationary 
cylindrical housing 201, Which is designed at one end 215 to 
mount and lock to the conventional male bayonet mounting 
surface of many common photographic lenses. The housing 
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is further adapted at the mounting end to accommodate 
typical optical elements like an interference ?lter. 

[0093] The source 10 is held securely Within the move 
able, telescoping cylinder 200 Which can move axially 
(focus) and rotationally, along, and around the center axis of 
the stationary cylindrical housing 201. Focus and rotation of 
the source 10 are controlled by external annular grip rings 
204 and 216 respectively that ?t around the outside diameter 
of the stationary cylindrical housing 201, and are in contact 
With the moveable, telescoping cylinder 200 by Way of pins 
205 that connect the focus grip ring 204 and the moveable 
cylinder 200 through slots 208 in the stationary cylindrical 
housing 201 and that connect the rotational grip ring 216 and 
the movable cylinder 200 through the circumferengial slot 
206 in the stationary cylindrical housing 201. A slot in the 
stationary housing, for rotational control of the moveable 
cylinder, located opposite the mounting end and in the 
telescoping area of the housing, is a circumferengial through 
slot 206T over a range of 180 degrees and an external 
counterbore groove 206C for the remaining 180 degrees. 

[0094] Another circumferengial through slot 207, of at 
least 90 degrees range, that alloWs rotational control of a 
optical polariZer by Way of a radial lever that extends from 
the polariZer, is located near the mounting end of the 
housing. Additional slots in the stationary housing,208 for 
focus control of the moveable cylinder 200, are evenly 
spaced, pseudo-helical through slots, cut at an appropriate 
angle to the cylindrical axis of the stationary cylindrical 
housing 201 to provide the desired sensitivity and control of 
telescoping focus (axial) motion, and are located in the 
telescoping area of the housing betWeen the mounting end 
215 and the circumferengial through slot 206 for rotational 
control of the moveable cylinder. 

[0095] The moveable cylinder 200 has an appropriately 
long axial slot on its outer surface for rotational control, and 
is engaged to the rotational grip ring 216, associated With the 
circumferengial through slot 206T and the circumferengial 
groove 206C, and is engaged to the focus grip ring 204, 
associated With the pseudo-helical grooves 208 of the hous 
ing. In practice, the external grip rings 204 and 216 are 
designed to slip ?t onto the outside diameter of the cylin 
drical housing 201. Three equally spaced screW tapped holes 
209 in each of the rings accept a threaded portion of the pins 
205 that penetrate the cylindrical housing 201 and engage 
the moveable cylinder 200 in the appropriate slots and 
grooves. In the case of the rotational grip ring 216 for the 
moveable cylinder 200, one pin 205 extends through the 
circumferengial slot 206T of the cylindrical housing 201 and 
slidingly engages the axial slot 210 of the moveable cylinder 
200. An additional tWo pins extend through the rotational 
grip ring 216 into the external counterbore groove 206C to 
provide stability and a means of locking its position. In the 
case of the focus grip ring 204, three pins 205 penetrate the 
cylindrical housing 201, one through each pseudo-helical 
slot 208, and slidingly engage the moveable cylinder 200 in 
the circumferengial groove 211. 

[0096] Returning to FIG. 1, While polariZation is optional, 
a more de?ned resonance is generated by ‘p’ polariZed light 
impinging on the sensor. The amplitude of the resonance is 
inversely proportional to the extinction coef?cient of the 
polariZer. Since the amplitude is large to start With (50-90%), 
a poor polariZer (0.1-0.01 extinction) is suf?cient. Any of a 
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number of devices including, linear polariZers, prism polar 
iZers, polarizing beam splitters, retardation plates, Cornu 
pseudopolariZer, or Dichroic sheet polariZers can be used. As 
shoWn in FIG. 1 a dichroic linear ?lm polariZer 20 With an 
extinction coef?cient of 10° -2, and 70% transmission @ 875 
nm (Oriel 27361) is used for polarizing the light in the ‘p’ 
(II) direction. 

[0097] Angle Scanning Means 

[0098] Scanning the illumination angle may be done With 
variety of devices and techniques such as a goniometer, 
source or slit translation, rotating mirror or refractor scanner, 
an LED/Laser diode array at the focus of a lens, or a spatial 
modulator. Angle scanning may also be accomplished by 
mechanically moving a single source element to different 
locations that result in the source impinging on the sensor at 
different angles. This embodiment uses an array of LED’s as 
the source 10 located at the back focal plane of the lens 
system 40. The array can be constructed With multiple tilted 
roWs of LED’s or straight roWs and a tilted array, such that 
each LED is at a unique height above or beloW the optical 
axis, and With the center LED exactly on this axis. By doing 
this the light from each diode produces a collimated illumi 
nating the sensor at an angle Which varies With the height of 
each LED relative to the optical axisdiode. The range of 
angles in the beam, A0T, is given by the height of a diode 
divided by the focal length of the angle scanning lens 
system. The range of angles available is given by the height 
of the array divided by the focal length of the lens system 40. 
Finally, the step siZe of the angle is given by the diode 
spacing divided by the focal length of the lens system 40. 
Lateral displacements (sideWays from the optical axis) Will 
produce negligible resonance broadening. In this embodi 
ment a Minolta 75-300 mm Zoom lens in combination With 
a Tamron 2>< teleconverter is used as the lens system. 

[0099] Pre-Dispersion Grating Angle Scan 

[0100] Scanning the incident angle 0 results in scanning 
the output angle 0° according to the grating equation: 

Cos aide‘ + Cos 0%00 = 3m 

[0101] And for monochromatic light: 

d0° Cos 0 
M _ Cos 0° 

[0102] Pre-Dispersion Grating Wavelength-anglecorrela 
tion 

[0103] To generate a narroW resonance using a polychro 
matic source, the sample has to be illuminated at a different 
resonance angle for each Wavelength in the light source 
spectrum. The relationship betWeen the Wavelength and the 
angle de?nes the resonance dispersion curve. The slope of 
this curve is the resonance dispersion (RDisp). One Way to 
achieve this, is by using an optical grating With the same 
dispersion, oriented correctly betWeen the light source and 
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the sensor. Determining the optimal optical grating requires 
examining the grating equation: 

[0104] From this the angular dispersion can be calcu 
lated, Which should be equal to R DispZ 

Cos aide‘ + Cos 0%00 = 3m 

[0105] Knowledge of the theoretical RDisp alloWs the 
determination of the groove spacing—d, and the output 
angle—0° for the optical grating, in a given diffraction 
order—m Which yields maximum diffraction ef?ciency. 
After choosing d and 0°, the light input angle for the grating 
can be calculated: 

[0106] Additional considerations are that: a re?ection 
grating as Well as a transmission grating can be used; for a 
re?ection grating, 0 and 0° should be far apart, to alloW the 
placement of additional optics Without vignetting; for a 
transmission grating, any combination of angles Will Work; 
diffraction ef?ciency should be maximiZed for the polariZa 
tion required by the resonance sample. In this embodiment, 
the resonance peak is observed by scanning the illumination 
angle for each Wavelength around the resonance angle. 

[0107] In FIG. 6 the resonance dispersion curves for the 
SPR sensor described beloW are shoWn at 3 different indices 

of refraction (n=1.42, n=1.38, n=1.33). Also three “Scan 
Lines” (A, B, C) are shoWn. Line A describes a pre 
dispersion grating designed to closely match a section of the 
dispersion curve at a particular index of refraction. In the 
embodiment of FIG. 1 We measure the resonance simulta 
neously at all the points on line A, and in order to scan the 
resonance, the Whole line can be shifted in angle (angle 
scan). The advantage of this method is that the resonance is 
measured along a continuous set of Wavelength-angle pairs, 
so that the total signal is increased. In the case of tWo 
dimensional imaging, each tWo dimensional active site on 
the sensor is mapped to a group of pixels in the CCD camera, 
and the signal on those pixels Will change With the angle. 

[0108] In FIG. 1 a 1200 G/mm Kaiser Optics (HG-875 
31-40) holographic transmission grating is used as the 
pre-dispersive grating 50 for dispersing the 830-910 nm 
Wavelength range to match the resonance angles. The trans 
mission of this grating for ‘p’ polariZed light is around 90%. 

[0109] An 875 nm/ 10 nm(fWhm), 65% transmission inter 
ference ?lter 30 (Oriel 59495) is used for ?ltering off 
resonance Wavelength/angles portions of the source spec 
trum, to achieve a better dispersion matching, and narroWer 
resonances. 

[0110] Lines B and C on FIG. 4 describe a pre-dispersion 
grating Which does not compensate for sensor dispersion, 
but is useful for alternative embodiments (beloW). The 
advantage of this method is the coverage of a range of 
indices of refraction but at the expense of signal. The 
difference betWeen B and C is in the range of angles and 
Wavelengths that are covered by the pre-dispersion grating 
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Which in turn determines the requirements of the optical 
system that is used to image the sensor on the detector. 

[0111] Sensor 

[0112] The sensor shoWn in FIG. 1, 60 in this embodiment 
is a grating coupled surface plasmon device With a 854.5 nm 
groove spacing. The resulting resonance angle at 875 nm 
and n=1.33 is 20 deg. A planar Waveguide or multi-layer 
planar Waveguide may also be used. 

[0113] A 2D array of sites derivatised/sensitiZed With the 
same sample can be used for the analysis of multiple assays. 
A2D array of sites With different samples can be used for the 
analysis of a single assay 

[0114] Detection System 

[0115] As shoWn in FIG. 1 light rays are usually re?ected 
from the sensor 60 With their angle of re?ection equal to 
their angle of incidence. Thus the rays Will typically span a 
small range of angles in the perpendicular plane, With the 
central angle to the sensor being 01. It is convenient to take 
the ray coming from the center of the sensor at an angle 
Stand 0A=0 as the optical aXis of the detection system. 
Imaging on the detector is obtained With a single, high 
quality, lens 70 oriented nearly normal to the optical aXis and 
the detector making an angle of very nearly —01With the 
optical aXis. The entire system has a symmetry plane that is 
perpendicular to the orientation of the sensor. This embodi 
ment utiliZes a Meles Griot part number LAI007 achromatic 
lens (60 mm focal length) positioned equidistant (117.16 
mm) from the sensor and the detector for 01=14°, and tilted 
—0.49° With the detector tilted —14.08°. With this design, 
there is a variation in magni?cation across the detector along 
the symmetry plane of about 3% When a 1 cm square sensor 
is used. This con?guration alloWs an array of 100 by 100 
samples on a 1 cm square sensor to be resolved. Another 
type of lens that can be utiliZed in this embodiment is Rolyn 
part number 22.0162, having a 60 mm focal length, and a 30 
mm diameter. Using a A?tof 5°, an array of 50 samples in 
the parallel direction, and 25 samples in the perpendicular 
direction on a 1 cm square sensor can be resolved. 

[0116] The siZe of the detector array can be minimiZed by 
demagnifying the image on it, but at the expense of a longer 
optical path than that for one-to-one imaging, and a larger 
diameter lens. Demagni?cation Will also be limited by the 
need to have a length of at least a feW piXels per sample for 
adequate resolution. Alternatively, the image can be magni 
?ed in order to get more piXels per imaged sample. Up to a 
certain point, a long focal length Will make the optical path 
closer to paraXial and thus less demanding. The optical 
limitations on the sample density are image quality and piXel 
density. Imaging lens 70 may also be a curved mirror Where 
a one dimensional array detector is used. The detector can be 
positioned so that the blurring along the line connecting the 
images of the individual sample bars is minimiZed so that 
any astigmatism Will not have a signi?cant effect. 

[0117] When high Wavelength or angle resolution scan 
ning of the sensor resonance is required the resulting light/ 
signal levels can be very loW (compared to the detector and 
system noise levels). The preferred mode of operation in this 
case is to alWays be signal shot noise limited, Which means 
that all the other system noise sources should be minimiZed. 
In the case of CCD, PDA, or CID detectors, this means that 
the pixel-Wells should be ?lled With photoelectrons Within 
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the eXposure time, and the dark-current, electronic read 
noise, and digitiZation noise should be minimiZed. To 
increase the signal levels, one can image a range of reso 
nance Wavelength/angle pairs on the detector, but that 
imposes the requirement of additional scanning. Dark cur 
rent of the detector can be loWered by cooling, and the 
electronic read noise can be minimiZed by the Well knoWn 
CDS (correlated-double sampling), and MPP (Multi-phase 
pulsing) electronics, and the use of ‘quiet’ electronic com 
ponents. In the case of digital cameras, the digitiZation noise 
can be minimiZed by increasing the effective number of A/D 
bits, or by dithering and averaging the signal. 

[0118] In this embodiment, a 30Frames/Sec, 10 bit, digital 
KODAK ES-1.0 CCD camera is shoWn. This camera uses a 
1K><1K silicon CCD chip, and can fully image a 10x10 mm 
sensor at unity magni?cation. The quantum ef?ciency of the 
silicon CCD is about 10% @ 875 nm. The integration time 
of the camera should be chosen such that the piXel Wells are 
nearly ?lled in that time (signal shot-noise limited), and the 
frame rate is chosen to match tie chemical reaction time 
scale. 

[0119] Sequential Resonance Detection 
[0120] In this embodiment the sensor is illuminated With 
a beam of light having a suf?ciently small range of angles at 
each Wavelength such that it Will generate a sharp resonance. 
The angle is scanned as a function of time so as to sequen 
tially trace out the resonance for the different active sites 
having different values of the sample refractive indeX. The 
resonance refractive indeX thus varies monotonically during 
the scan. The sensor is imaged onto a detector that has 
dimensions corresponding to the sample array. The outputs 
of the detector piXels are recorded as a function of time. 
When the incident light is on resonance for a particular 
sample, the piXels onto Which this sample active site is 
imaged Will shoW a decrease in intensity. From the param 
eters of the incident light and the detector intensities versus 
time, the resonance position and hence the effective indeX of 
refractive indeX for each sample in the array can be deter 
mined. 

[0121] To normaliZe against the optical transmission of the 
system, the polariZer is set such that the polariZation of the 
light incident on the sensor is parallel to the sensor grating 
grooves (‘s’) such that no SPR is generated. The re?ected 
intensity is recorded (in computer memory for example) for 
each element in the source array. Then the polariZer is set 
such that the polariZation of the light incident on the sensor 
is perpendicular to the sensor grating grooves (‘p’) and an 
SPR is generated. For each element in the source array the 
re?ected intensity is measured and divided by the corre 
sponding pre-recorded intensity. This results in a normaliZed 
resonance peak, Which can be used for further quantitation. 
To correct for detector dark current, a dark eXposure is 
recorded, When all the elements in the light source are turned 
off. This dark reading is subtracted from any other measure 
ment. 

[0122] The read rate of the array is set relative to the scan 
rate of the illumination beam so as to take at least ?ve to ten 
readings across a typical resonance. The scan rate of the 
illumination beam is set so that each reading of the array 
integrates enough light for adequate S/N Without risking 
saturation. In general, tWo dimensional array systems take 
better advantage of the available light than do one dimen 
sional array systems. 
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[0123] Embodiment With Anamorphic Optical Design 

[0124] FIG. 8 shows an additional embodiment of the 
invention. The light source 10 in this embodiment comprises 
a light emitting element 370 and a collimating lens 360. The 
light emitting element is an extended monochromatic or 
quasi-monochromatic source such as a ?ltered gas discharge 
lamp or a diffused laser diode. In FIG. 8 light from the 
source 10 is directed toWard a sensor 60 over a range of 

angles suf?cient to cover all possible resonance positions. 
The sensor surface is divided into a one dimensional array 
of active sites 300,310,320. The light re?ected from the 
active sites on the sensor on planes parallel to the x“-Z plane 
impinges on an anamorphic optical system 120 Which then 
directs the light to a tWo dimensional detector array 90. In 
this embodiment, the focal length of the anamorphic imag 
ing system is different in tWo orthogonal planes. Using this 
technique alloWs the system to image angles re?ected from 
the sensor in the perpendicular plane, and the active site 
array in the parallel plane along the y axis. Active site 300 
is imaged to Zone 330 on the detector. Within this Zone 
angles are displayed along the x‘ axis on the detector 90, 
Similarly site 310 is imaged to Zone 340 and site 320 is 
imaged to Zone 350. To achieve this, the detector must be at 
the focal point of the imaging device in the perpendicular 
plane. The focal length of the imaging device in the parallel 
plane and the distance from it to the sensor are selected so 
that the sensor is imaged at the detector. The focal length in 
the parallel plane must be signi?cantly less than that in the 
perpendicular plane. 
[0125] The anamorphic lens system 120 can be a single 
lens, a combination of a standard lens and a cylindrical lens, 
or a spherical mirror Which has a natural astigmatism When 
used off axis. If, for example, the mirror is tipped at a 45° 
angle to the optical axis, about an axis in the perpendicular 
plane, as in FIG. 8, the focal length in the perpendicular 
(sagital) plane Will be tWice that in the parallel (tangential) 
plane. 

[0126] As the index of refraction of the solution or sample 
for each active site changes, the corresponding resonance 
Will move along the angle axis on the detector, ie along the 
x‘ axis. 

[0127] FIG. 8A, shoWs a similar embodiment, Where 
source 10 comprises a polychromatic point source 400, 
collimating lens 390, and anti-correlation grating 380. The 
anti-correlation grating produces a pre-dispersion corre 
sponding to curve B in FIG. 6. In this Way the different 
Wavelengths in the bandWidth of source 400 impinge on the 
sensor 60 at angles Which accentuate rather than compensate 
for the resonance dispersion in the sensor. Thus, resonance 
position shifts on the sensor 90 are enhanced over those of 
a simple Wavelength or angle dispersive system. 

[0128] In the embodiments of FIGS. 8 and 8A, the entire 
set of sample resonances is captured in one array detector 
exposure. This improves resonance detection accuracy by 
eliminating effects of source ?uctuations and/or system 
drifts. 

[0129] Peak Shift Estimation With Derivative Fitting 

[0130] Model Peak 

[0131] In surface plasmon measurement, a peak is 
obtained that typically has a dip over a sometime sloped 
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baseline. When the measurement is performed on another 
sample at a different concentration, this dip Will shift 
depending on the change in refractive index corresponding 
to concentration difference betWeen the tWo samples. The 
concentration can then be predicted using a calibration 
model relating the peak shift to concentration. The algorithm 
to be used for peak shift calculation using the tWo peaks calls 
for a model peak to begin. The model peak is an x-y pair 
representing the shape and location of a reference peak from 
Which all actual peak locations are to be measured. This 
model peak can be obtained through theoretical calculation 
Which has the advantage of being free from all baseline 
effects. If the model peak is to be obtained With a blank 
sample before real sample measurement or at the same time 
as the real sample measurement in a differrent channel, the 
measured reference peak needs to be processed for noise and 
corrected for baseline effects, if necessary. The measured 
model peak can be smoothed through SavitZky-Golay digital 
?ltering With a ?lter that is smaller than the resonance Width 
to insure no peak distortion. If it is expected that the baseline 
of the reference peak Will folloW a different shape (e.g., a 
polynomial of different order) from that of an unknoWn 
peak, baseline correction needs to be performed on the 
reference peak by, for example, ?tting a loW order polyno 
mial to both ends of the reference peak and subtracting it 
from the same peak. It is not necessary to perform the 
baseline correction even if the baseline is different betWeen 
the reference and an unknoWn peak as long as the tWo peaks 
folloW a baseline model of the same form such as a poly 
nomial of the same order. The reference peak after this 
pre-processing (noise ?ltering and possibly baseline correc 
tion) is called model peak and Will be used to determine the 
relative shift of an unknoWn peak. 

[0132] Peak Shift Calculation 

[0133] Assuming a ?rst order model for the baseline of the 
unknoWn peak, the folloWing (4><m) matrix can be con 
structed: 

[0134] Where the ?rst column is composed of ones 
to account for a vertical offset, the second column is 
composed of the series 1, 2, . . . , m, to represent the 

tilt of a baseline, the third column represents the 
model peak With intensities at m different Wave 
lengths or angles, and the last column is the ?rst 
derivative of the model peak Which can be computed 
With a SavitZsky-Golay ?lter of proper order and 
size. 
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[0135] When an unknown peak y (dimensioned m><1) is 
obtained from an 

[0136] unknown sample, 

[0137] 

[0138] can be performed to obtain a set of 4 regression 
coef?cients in b (4x1) as 

a multiple linear regression in the form of 

“a 

[0139] where the vector e (the same dimension as the 
unknown peak y) is the model error, the ?rst two coefficients 
(b1 and b2) in b represent the Zeroth and ?rst order terms for 
the baseline, and the third coef?cient b3 represents a relative 
scale in peak intensity (or attenuation) between the unknown 
and the reference sample. The shift of the unknown peak 
with respect to the model peak can be calculated by taking 
the ratio between the fourth and the third coef?cient The 
shift thus calculated will be in units of wavelength or angle 
spacing in y (consistent with the unit with which the 
derivative is calculated). This shift in either wavelength or 
angle can then be related to sample concentration through a 
calibration procedure. It should be mentioned that the most 
computationally expensive part, (XTX)_1XT, only needs to 
be calculated once and stored for repeated applications to 
successive unknown measurements y without re-computing 
it every time when an unknown sample is measured. 

[0140] When the shift is large, for eXample, larger than 1/2 
of the sampling interval, it may be necessary to re?ne the 
derivative calculation by pre-shifting the unknown peak y 
according to the ?rst shift estimate so that it becomes closer 
to the model peak for a second and improved shift estimate. 
The pre-shifting can be accomplished through proper inter 
polation such as spline interpolation. It usually takes less 
than 5 iterations to achieve satisfactory shift estimation. 

[0141] While a ?rst order baseline model is assumed here 
with a corresponding four-parameter linear regression, any 
other proper model for the baseline can be assumed with a 
either linear or nonlinear regression. The same basic prin 
cipal nonetheless applies to the shift calculation. 

[0142] Embodiment UtiliZing Wavelength Scanning 

[0143] FIG. 9 shows an embodiment of the invention 
directed toward wavelength scanning. Light emitted from 
the source 10 travels through an optical system 130 and 
impinges on a sensor 60. Light re?ected from the sensor 60 
then travels the detector 90. The wavelength scanning means 
may comprise the optical system 130 which may be a 
spectrometer, a grating, an acousto-optical tunable ?lter, a 
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Fabrey-Perot or Fourier transform interferometer, a liquid 
crystal ?lter, a tilting dielectric ?lter, a linear variable ?lter, 
a Lyot ?lter, or a tunable laser. Alternatively the wavelength 
scanning means may comprise the source 10 and the optical 
system 130, where the source is a linear array as shown in 
FIG. 2 or a two dimensional array as shown in FIG. 3 and 
the individual elements of the array produce different wave 
lengths. In this particular embodiment the optical system 
130 serves to focus the different wavelengths onto appro 
priate areas of the sensor. 

ADDITIONAL MATERIAL 

[0144] Design Considerations for a Conventional Grating 
Spectrometer System: 

[0145] The light throughput will be proportional to 
the solid angle of the illumination beam, the wave 
length increment from the monochromator, and the 
siZe of the sample sites. 

[0146] The solid angle of the illumination beam is pi 
times Aettimes ASL (both in radians). 

[0147] Aetin radians equals the monochromator slit 
width divided by the focal length of the imaging lens, 
L1. 

[0148] The wavelength range is the product of the slit 
width and the dispersion of the monochromator. 

[0149] Finaly, ASL in radians is the product of the 
focal length of lens L1 and the slit height. This angle 
can be increased up to the point at which it degrades 
the imaging on the detector to the point where 
adjacent samples are insuf?ciently resolved. 

[0150] Presumably the grating of the monochromator 
is imaged onto the SPRG. The siZe of this image on 
the SPRG will be the siZe of the grating times the 
focal length of L1, divided by the length of the 
monochromator. 

[0151] All this implies a small, low resolution mono 
chromator. For eXample, assume that the SPRG is 1 
cm high, the desired wavelength range is 2.5 nm, and 
the desired SPR angle range is 0.15 deg., and the 
focal length of L1 is 5 cm. A 5 cm monochromator 
with a dispersion of 10 nm/mm a 0.25 mm slit width, 
and a square grating a bit over 1 cm would suf?ce. 

[0152] For a tunable laser system, step tunable is adequate 
as long as the minimum steps are not too large. 

[0153] 
[0154] When discussing light incident on (and re?ected 
from) the sensor, directions are relative to the grooves of the 
grating. The direction along the length of the grooves is 
referred to as parallel, and the direction across the groves is 
referred to as perpendicular. It is also useful to de?ne two 
orientations of planes: Perpendicular plane refers to any of 
the planes which are perpendicular to the grating lines. 
Parallel plane refers to any of the planes which are parallel 
to both the grating lines and the optical axis. The angle of 
incidence of a ray on the grating is described in terms of two 
projections. 01is the angle of incidence in a perpendicular 
plane. This angle is typically 10° to 20°. BL is the angle of 
incidence in a perpendicular plane. This range of this angle 
is a few degrees which are centered on Zero. The ranges of 
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