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(57) ABSTRACT 

The present invention provides a simple, robust, and Versa 
tile high-resolution spectrometer that is Suitable for down 
hole use. The present invention provides a method and 
apparatus incorporating a Spinning, Oscillating or Stepping 
optical interference filter to change the angle at which light 
passes through the filters after passing through a Sample 
under analysis downhole. AS each filter is tilted, the color or 
wavelength of light passed by the filter changes. Black plates 
are placed between the filters to isolate each filter's photo 
diode. The Spectrometer of the present invention is Suitable 
for use with a wire line formation tester, Such as the Baker 
Atlas Reservation Characterization Instrument to provide 
Supplemental analysis and monitoring of Sample clean up. 
The present invention is also Suitable for deployment in a 
monitoring while drilling environment. The present inven 
tion provides a high resolution spectometer which enables 
quantification of a crude oil's percentage of aromatics, 
olefins, and Saturates to estimate a Sample's gas oil ratio 
(GOR). Gases such as CO are also detectable. The percent 
age of oil-based mud filtrate contamination in a crude oil 
Sample can be estimated with the present invention by using 
a Suitable training Set and chemometrics, a neural network, 
or other type of correlation method. 

Example Showing Two Interference Filters 
Sandwiched Between Three Baffles 
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Figure 1 
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Dependent variable: CONTAMIN 
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Figure 9 

Correlation of percent contamination to 2-wavenumber resolution 
Attenuated Total Reflectance spectra of 4 filtrates, 3 Crude oils and 
36 simulated random mixtures of them. Note that a high correlation 
is obtained between these very high resolution spectra and the 
percentage of filtrate contamination regardless of which filtrate or Crude 
oil was used in the mixture. These ATR spectra were obtained in the lab 
on a Nicolet spectrometer. 

ATR Spectra of 4 filtrates and 3 crudes plus 36 Similated Mixtures of Them (43 examples) 

Regression Summary for Dependent Variable: CONTAMIN (nic mix cm-1.sta) 
R= .99663208 R2= .99327550 Adjusted R= .99293927 
F(2,40)=2954.2 p<0.0000 Std. Error of estimate:.02963 

Beta Std. Err. B Stod. Err. tc40) p-level 
Intercept -2.25 0.04160 -54.0242 0.000000 
3037.38 CM -6.28363 0.241871 -1072.71 41.29116 -25.9792 0.000000 
3027.74 CM 7.21258 0.241871 1130.20 37.90094. 29.8199 O.OOOOOO 
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Predicted vs. Observed Values 
Dependent variable: CONTAMIN 
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Figure 10 
After processing the 2-wavenumber resolution spectra to simulate 
22-wavenumber spectra, there is still a high correlation between 
contamination and the spectra of these filtrates, crudes, and 
simulated random mixtures. These lower resolution spectra are 
intended to simulate spectra collected with an interference filter. 

Regression Summary for Dependent Variable: CONTAMIN (nic mix cm-1.sta) 
R= .95516263 R-.91233566 Adjusted R= .90795244 
F(2,40)=208.14 pCO.0000 Std. Error of estimate: .10697 

Beta Std. Err. B Sto. Err. t(40) p-level 
intercept -0.907 0.15969 -5.68167 0.000001 
3037.38 WN22 2.27917 0.164806 363.419 26.27861 13.82944 0.00000C 
3027.74 WN22 -1.48301 0.164806 -267.143 29.68734 -899856 0.00000C 
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METHOD AND APPARATUS FOR A HIGH 
RESOLUTION DOWNHOLE SPECTROMETER 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is related to U.S. patent applica 
tion No. not presently assigned, entitled “A Method and 
Apparatus for a Downhole Flourescence Spectrometer” by 
Rocco DiFoggio, Paul Bergen and Arnold Walkow, filed on 
Jun. 4, 2002 which is hereby incorporated herein by refer 
ence in its entirety. This application is related to U.S. patent 
application No. not presently assigned, entitled “A Method 
and Apparatus for a Derivative Spectrometer” by Rocco 
DiFoggio, Paul Bergen and Arnold Walkow, filed on Jun. 4, 
2002 which is hereby incorporated herein by reference in its 
entirety. This application is related to the U.S. patent appli 
cation Ser. No. 10/119,492 filed on Apr. 10, 2002 by Rocco 
DiFoggio et al., entitled “A Method and Apparatus for 
Downhole Refractometer And Attenuated Reflectance Spec 
trometer' which is hereby incorporated herein by reference 
in its entirety. 

BACKGROUND OF THE INVENTION 

0002) 1. Field of the Invention 
0003. The invention pertains in general to a high-resolu 
tion downhole Scanning spectrometer that is Suitable for 
downhole use and in particular, to a downhole spectrometer 
that employs Spinning, Oscillating, or Stepping one or more 
optical interference filters to change the angle at which light 
passes through them to obtain a higher resolution measure 
ment. 

0004 2. Summary of the Related Art 
0005. Oil companies take samples from formations to 
determine the characteristics of the formation. These 
Samples are typically pumped from the formation and ini 
tially contain contaminants Such as well bore fluid that have 
invaded the formation. Contaminated Sample yield invalid 
results when trying to determine the properties of a hydro 
carbon bearing formation. Thus, oil companies desire an 
accurate measure of Sample contamination percentage in 
real time as they are pumping Sample fluid from a formation 
So that they can decide when to divert a reasonably pure 
formation fluid Sample into a collection tank. They do not 
want to pump unnecessarily long and waste very expensive 
rig time. Conversely, they do not want to pump too little and 
collect a useleSS Sample. If the contamination is more than 
about 10%, the sample may be useless. 
0006. In such cases, the PVT properties measured in the 
lab cannot be corrected back to true reservoir conditions 
because of this excessive contamination. It is therefore 
necessary to perform measurements downhole to assess the 
Sample contamination and associated merits of information 
regarding formation properties derived from the downhole 
Sample. One method of investigation comprises using a 
Spectrometer to perform optical measurements on the fluid 
Samples as they are pumped through a Sampling instrument 
and Subsequently collected in a downhole environment. 
0007 Numerous factors affect downhole spectrometry 
measurements. In the down-hole environment, photodetec 
tors are utilized and must operate at high ambient tempera 
tures, thus, they are very noisy and generate very little 
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Signal. Moreover, dirty or contaminated Samples of flowing 
Streams of crude oil containing ScattererS Such as Sand 
particles or gas bubbles tend to add noise to the System. 
These Scatterers cause the optical spectrum to momentarily 
"jump' up, appearing darker as the Scatterers pass through 
the Sample cell. At high concentrations, these Scatterers 
cause the measured Spectrum to jump or rise up repeatedly. 
To first order, the Scattering effect is just a momentary 
baseline offset. One way to eliminate baseline offset and 
greatly improve the Signal-to-noise ratio of a downhole 
Spectrometer is to collect the derivative of the Spectra with 
respect to wavelength. Derivative spectra can be obtained by 
modulating the wavelength of light and using a lock-in 
amplifier. 

0008. It is commonplace for spectrometers to disperse 
white light into its constituent colors. The resulting rainbow 
of colors can be projected through a Sample and onto a fixed 
array of photodetectors. Alternatively, by rotating a disper 
Sive element (i.e. grating, prism), the rainbow can be 
mechanically Scanned past a Single photodetector one color 
at a time. In either case, an operator can obtain a Sample's 
darkness verSuS Wavelength, in other words, its Spectrum. 

0009 Photodetectors and their amplifiers almost always 
have Some thermal noise and drift, which limit the accuracy 
of a spectral reading. AS operating temperature increases, 
noise and drift increase dramatically at the same time that 
photodetector Signal becomes Significantly weaker. If an 
operator oscillates the wavelength (color) of light about 
Some center wavelength, then the operator can reject most 
photodetector and amplifier noise and drift by using an 
electronic bandpass filter, centered at the oscillation fre 
quency. The operator can further reject noise by using a 
phase-Sensitive ("lock-in”) amplifier that not only rejects 
Signals having the wrong frequency but also rejects signals 
having the correct frequency but having no fixed phase 
relationship (indicative of noise) relative to the wavelength 
oscillation. A lock-in amplifier can improve Signal to noise 
by as much as 100 db, which is a factor of 10'' or 10 
billion. 

0010. The output of the lock-in amplifier used in this 
procedure is proportional to the root-mean-Square (RMS) 
amplitude of that portion of the total Signal, that portion 
being at the same frequency and having a fixed phase 
relationship relative to the optical frequency being observed. 
The more that the darkness of the Sample changes with color, 
the larger importance this RMS value will have to the 
operator. In other words, the output of lock-in amplifier for 
a System with an oscillating-wavelength input is propor 
tional to the derivative of the spectrum (with respect to 
wavelength) at the center wavelength of the oscillation. 
0.011 U.S. Pat. No. 3,877,818, Photo-Optical Method for 
Determining Fat Content in Meat, issued Apr. 15, 1975, to 
Button et al. discloses an apparatus in which light reflected 
off the Surface of a piece of meat passes through a lens and 
Strikes an oscillating mirror. The angle of reflection of the 
light reflected off this mirror varies with the mirror's oscil 
lation. Light reflected from the mirror Strikes a Stationary 
interference filter and onto a photodetector. The color trans 
mitted through the interference filter varies slightly with the 
angle of incidence of the light beam Striking it. Thus, the 
wavelength of radiation passing through the filter oscillates 
over a narrow range about the wavelength for fat absorption 
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of meat and can be used to determine the fat content of the 
meat. Button et al. does not enable the possibility of a full 
rotation or control of the angular deviation. 
0012 Current down-hole “spectrometers” (for example, 
Schlumberger's Optical Fluid Analyzer (OFA) and Baker 
Atlas SampleView) utilize discrete filter photometers. 
Each optical channel is achieved by filtering light for each 
individual channel through an optical filter of a color cor 
responding to the optical channel. Therefore, the wavelength 
coverage of Such a discrete spectrometer is not continuous, 
but discrete. The discrete spectrum has gaps that go from the 
center wavelength of one discrete optical filter to the center 
wavelength of the next discrete optical filter. These gaps can 
be large ones of 100 to 200 nm or more in wavelength 
coverage. The channels of Such devices are broad. In the 
current down-hole Spectrometer, all hydrocarbon peaks are 
lumped into one broad channel centered at 1740 nm, with a 
Full Width at Half Maximum (FWHM) of 32 nm. 
0013 The down-hole environment is difficult for operat 
ing Sensors. Reasons include limited Space within a tools 
preSSure housing, elevated temperatures, and the need to 
withstand Shock and vibration. Components Such as motors, 
interference filters, and photodiodes in the logging tools, are 
already fabricated and available to withstand temperature, 
shock and vibration of the downhole environment. Thus, it 
is possible to manufacture this spectrometer into a Small 
enough package in order to Squeeze into the available Space 
inside the current SampleViewTM module. 
0014 For comparison, many laboratory spectrometers 
use a grating to disperse the light into its constituent colors. 
However, almost all gratings are an epoxy-on-glass replica 
of a master grating. These epoxy replicas Soften and creep at 
high temperature, which causes a distortion in the Spectrum 
and a loSS in light intensity. Moreover, the price of an 
all-glass master grating (S50-100K) is prohibitively expen 
SVC. 

0.015 Known laboratory spectrometers typically utilize 
Fourier Transform (FT) spectroscopy which are unsuitable 
for down-hole applications. FT spectrometers are large (2-3 
feet long, 1-2 feet wide), heavy (200-300 lbs), mechanically 
and electronically complicated, and must maintain perfect 
alignment of all their optical components to work properly, 
which is why they are typically built on a very rigid 
framework. Thus, there is a need for a high-resolution 
Spectrometer which is Small enough and robust for operation 
in a downhole environment. 

SUMMARY OF THE INVENTION 

0016. The present invention provides a simple, robust, 
and Versatile high-resolution spectrometer that is Suitable for 
downhole use. The present invention provides a method and 
apparatus incorporating a Spinning, Oscillating or Stepping 
optical interference filter to change the angle at which light 
passes through the filters after passing through a Sample 
under analysis downhole. AS each filter is tilted, the color or 
wavelength of light passed by the filter changes. Black plates 
are placed between the filters to isolate each filter's photo 
diode. The Spectrometer of the present invention is Suitable 
for use with a wire line formation tester, Such as the Baker 
Atlas Reservation Characterization Instrument to provide 
Supplemental analysis and monitoring of Sample clean up. 
The present invention is also Suitable for deployment in a 
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monitoring while drilling environment. The present inven 
tion provides a high resolution spectometer which enables 
quantification of a crude oil's percentage of aromatics, 
olefins, and Saturates to estimate a Sample's gas oil ratio 
(GOR). Gases such as CO are also detectable. The percent 
age of oil-based mud filtrate contamination in a crude oil 
Sample can be estimated with the present invention by using 
a Suitable training Set and chemometrics, a neural network, 
or other type of correlation method. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0017 FIG. 1 is an illustration of the present invention 
deployed in a downhole environment in a bore hole; 
0018 FIG. 2 is a schematic representation of a preferred 
embodiment of the present invention; 
0019 FIGS. 3A and 3B illustrate a more detailed sche 
matic representation of a preferred embodiment of the 
present invention showing a time groove, 
0020 FIG. 4 illustrates an oscilloscope display for an 
empty 2 mm path length glass Sample cell; 
0021 FIG. 5 illustrates an oscilloscope display for a 2 
mm glass Sample cell full of water; 
0022 FIG. 6 illustrates an oscilloscope display for a 2 
mm glass Sample cell full of crude oil; 
0023 FIG. 7 illustrates a processed spectrum of the same 
crude oil taken on a research-grade Cary 500 laboratory 
spectrometer; 

0024 FIG. 8 illustrates how a Full Width at Half Maxi 
mum of the transmission of an 1800 nm filter changes with 
tilt; 

0.025 FIG. 9 shows the correlation (r°=0.993) of filtrate 
contamination to two wavelengths of a training Set of 
forty-three 2-wavenumber-resolution spectra; 
0026 FIG. 10 shows the correlation (r=0.908) of filtrate 
contamination to two wavelengths of a training Set of 
forty-three 22-wavenumber-resolution Spectra; and 
0027 FIG. 11 compares the near infrared absorption 
bands of gaseous carbon dioxide with the near infrared 
absorption bands of water vapor. 

DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

0028 FIG. 1 illustrates a preferred embodiment of the 
present invention deployed in a borehole. The present inven 
tion is Suitable for deployment in either a wire line, Slick line 
or monitoring while drilling environment. FIG. 1 illustrates 
a preferred embodiment of the present invention deployed in 
a monitoring while drilling operation. 
0029) Turning now to FIG. 1, FIG. 1 is a drilling 
apparatus according to one embodiment of the present 
invention. A typical drilling rig 202 with a borehole 204 
extending there from is illustrated, as is well understood by 
those of ordinary skill in the art. The drilling rig 202 has a 
work string 206, which in the embodiment shown is a drill 
string. The drill string 206 has attached thereto a drill bit 208 
for drilling the borehole 204. The present invention is also 
useful in other types of work Strings, and it is useful with a 
wireline, jointed tubing, coiled tubing, or other Small diam 



US 2003/0223068 A1 

eter work String Such as Snubbing pipe. The drilling rig 202 
is shown positioned on a drilling ship 222 with a riser 224 
extending from the drilling ship 222 to the sea floor 220. 
However, any drilling rig configuration Such as a land-based 
rig may be adapted to implement the present invention. 
0030) If applicable, the drill string 206 can have a down 
hole drill motor 210. Incorporated in the drill string 206 
above the drill bit 208 is a typical testing unit, which can 
have at least one Sensor 214 to Sense downhole character 
istics of the borehole, the bit, and the reservoir, with Such 
Sensors being well known in the art. A useful application of 
the Sensor 214 is to determine direction, azimuth and ori 
entation of the drill String 206 using an accelerometer or 
similar sensor. The bottom hole assembly (BHA) also con 
tains the formation test apparatus 216 of the present inven 
tion, which will be described in greater detail hereinafter. A 
telemetry System 212 is located in a Suitable location on the 
work string 206 such as above the test apparatus 216. The 
telemetry System 212 is used for command and data com 
munication between the Surface and the test apparatus 216. 
0031 FIG. 2 illustrates a preferred embodiment of the 
invention. A light Source 101 (e.g. a tungsten light bulb) 
provides a beam of light 102 which is targeted to be incident 
upon and through a collimating lens 103 onto a sample 105 
which contains a Sample to be analyzed by the present 
invention. In a preferred embodiment, formation fluid 
Samples flow through Sample chamber (chamber not shown 
for simplicity) and are tested for purity or other properties by 
the present invention. The collimated light is shown upon 
and transmitted through the sample 105 and towards a filter 
assembly. The filter assembly comprises one or more optical 
filters 109 positioned between baffles 111 and mounted on a 
rotating spindle 107. FIG. 2 illustrates, for example, an 
assembly in which two optical filters 109 are positioned 
between three baffles 111. A rotating spindle 107 is oriented 
with its axis generally perpendicular to the direction of the 
light transmitted from the Sample and rotates about its axis. 
The one or more optical filters 109 are mounted on the 
Spindle So that, in one angular orientation of the Spindle, the 
plane of the filters are generally perpendicular to the light 
transmitted from the Sample. AS the Spindle rotates, light 
106, after passing through lens 103, impinges on the face of 
interference filters 109 at incident angles other than normal. 
A processor 118 controls data acquisition and analysis for 
the present invention. 
0032) Light transmitted by the interference filters 109 is 
transmitted to one or more photodetectors 113 (e.g., InCaAS 
photodetectors). The filters are specified according to their 
center wavelength for transmitted light at normal incidence. 
However, their center wavelength for transmitted light is 
different at non-normal incidence. AS one tilts a Single-color 
optical interference filter So that white light no longer Strikes 
the filter perpendicular to its face, the color (that is, wave 
length) of the light that is transmitted, shifts from its original 
color to a shorter wavelength. The greater the angle of tilt of 
an interference filter away from normal incidence, the 
greater the shift in the wavelength. For example, tilting a 
yellow (=590 min) interference filter, the transmitted light 
shifts away from yellow. With sufficient tilt from normal, the 
light transmitted by the “yellow” filter shifts to green (=525 
mn). Interference filters are chosen according to desired 
applications. AS an example, a 2–1800 nm wave length 
interference filter, when rotated, transmits over a broad 
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range of wavelengths. So that the range of wavelengths Scans 
past the hydrocarbon absorbance peaks located around 
= 1760 nm. 

0033. The external surfaces of the housing and the spacer 
disks and Stray light barriers are optically black to prevent 
Stray light from interfering with the light to be measured. 
One exception is a narrow machined timing groove 117 as 
shown in FIG.3 and a Second timing groove on the opposite 
Side of the housing to obtain two timing marks per revolu 
tion and to select which filter is being read and from which 
Side it is read or alternatively to average the readings through 
both Sides. Additional timing grooves are provided for added 
angular displacement resolution for rotational position deter 
mination. The light illuminates the timing groove when it 
appears, and a timing detector diode Senses the light from 
the timing groove at which time the data acquisition elec 
tronics are alerted to obtain and analyze data. 
0034. The present invention provides for full exposure of 
each optically isolated filter during rotation around an 
exposed center of rotation. Each filter is held by its edges to 
avoid shadowing the filter's center of rotation. The present 
invention enables full analysis and expanded capability to 
read only a designated Side of each filter or an average of 
both sides. Four spectral Scans per revolution are provided, 
which are Selectable So that any Scan can be Selected 
Separately or two or more Scans can be averaged. 
0035. For collimated light that is incident on an interfer 
ence filter, the transmitted wavelength is given by the 
following formula, 

0036 where 2 is the central wavelength of the filter for 
light incident at an angle 0 from normal, ) is the central 
wavelength of the filter for light at normal incidence (0=0), 
no is the refractive index of medium Surrounding the filter (in 
our case, air So no=1), n is the effective refractive index of 
the filter, and 0 is the angle from normal incidence (0=(ot, 
where co=angular velocity, t=time). The wavelength shift of 
the filter depends only on the angle by which the incident 
light beam is rotated away from normal incidence, regard 
less of whether that rotation is positive or negative. Thus, it 
is expected that oscilloscope displays are Symmetrical (a 
mirror image) about the center of each spectrum. This center 
Spectrum corresponds to a filter's nominal center wave 
length, for example, ) = 1800 nm. The further right or left of 
the center spectrum, the shorter the wavelength. Since the 
filter rotates on its Spindle and at a constant rate So that angle 
depends on time, then the wavelength, 2., decreases with the 
absolute value of time, t-tol, where to is the moment in time 
at which the filter is centered on its central wavelength. 
0037 Typically, the range of shift for the wavelength of 
light transmitted from the filter is about 100 nm. As the angle 
of rotation increases, the filter becomes So tilted that almost 
no light goes through the face of the filter. Instead, most of 
the light gets reflected off the face, because it is Striking it 
at Such a glancing angle. At a large enough rotation angle, 
light runs into the edge of the filter or into the edge of the 
filter's holder. 

0038. In one mode of the invention, by spinning or 
oscillating Such an interference filter, it is possible to quickly 
and continuously Sweep through a range of wavelengths 
from the original center wavelength to a new center wave 
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length, which is about 100 nm shorter than the center 
wavelength for a given filter. To increase the range of 
wavelengths that are Scanned by the present invention, the 
present invention preferably comprises Several Strips of 
interference filters (having different central wavelengths) 
side by side, but separated by thin black disks (baffles) 111. 
These interference filter Strips rotate together as shown 
conceptually in FIG. 2. The thin black disks enable a 
photodiode placed between a pair of black disks to monitor 
the light transmitted by a single filter without Seeing light 
transmitted by a neighboring filter. 

0039. A more detailed depiction of a preferred embodi 
ment is shown in FIG. 3. As shown in FIG. 3A, a motor and 
gear train assembly 110 provides rotational force to Spindle 
107 which in turn rotates housing 120 and filter plates 111. 
Stray light barriers 128 are provided between photodetector 
diodes 113 to prevent leakage between individual diodes 113 
and associated channels of information. A timing groove 117 
is illuminated by a lamp 123 to facilitate rotational and 
angular tracking of housing and filter 111. Light 106 emerg 
ing from Sample to be analyzed is run through light tubes 
127 to moving filter 111. A side view of housing 120 is 
shown in FIG. 3B. 

0040. In another mode of the invention, it is preferred to 
oscillate the filter to Scan over an absorption peak (e.g., 
}=1667 nm for methane, or = 1957 nm for carbon dioxide) 
in order to determine the difference in transmitted light 
intensity on-peak verSuS off-peak. This difference in on/off 
peak readings (or the amplitude of the resulting AC signal if 
done rapidly) is generally proportional to the concentration 
of the absorbing Species. 

0041. For light that is incident at an angle, which is not 
normal to the filter, light still emerges from the filter parallel 
to the original beam (due to normal incidence). However, the 
path of the filtered light is translation displaced (offset) from 
the path of the light emerging from the non-rotated filter. 
Therefore, a Sufficiently large converging lens to collect the 
light, regardless of offset, enables the operation of the 
invention. Also, the optical bandpass of the filter changes 
with the angle of incidence. The bandpass of the tilted filter 
is wider than the bandpass of the untilted filter. Note that 
color shifting with angle only occurs for optical filters that 
are based on interference. Color shifting does not occur for 
filters that are inherently colored. 

0042. The present invention enables the detection and 
analysis of Small peaks or perturbations in the Spectral 
response for a Sample including the case of a Small peak 
Sitting on the shoulder of a larger peak. For example, the 
present invention may either Step, oscillate or Spin the 
interference filter. In the case of a Small perturbation or peak 
upon the shoulder of another peak, the present invention 
may step between two colors, one that is on the peak and one 
off of the peak. In this way, it can detect Small or overlapping 
peaks, which with previous downhole spectroScopy tech 
niques and equipment, were lumped into a single broad and 
undiscriminating hydrocarbon band. For example, in the 
absorbance spectrum, the methane peak is a Side peak on the 
main hydrocarbon peak. The present invention enables 
detection of this Small methane peak by Stepping between 
the methane peak at 1667 nanometers and a lower off peak 
color, for example 1600 nanometers. The present invention 
provides a stepper motor to Step between positions or colors 
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for the interference filter. By Stepping between the on peak 
1667 nm and off peak 1600 nm the present invention is able 
to detect the small peak at 1667 nm for methane. Alterna 
tively, we could quantity the amount of methane by applying 
chemometrics, neural networks, or other Soft modeling 
techniques to the continuous spectra obtained by the present 
invention for a known training Set of Samples. 
0043. The high-resolution spectrometer of the present 
invention enables determination of the percent of aromatics, 
olefins, Saturates and contaminants in a Sample. The high 
resolution Spectrometer of the present invention enables 
detection and analysis of peaks that were heretofore unde 
tectable with known downhole spectrometer technology. 
Known downhole spectrometers group together most first 
overtone hydrocarbon peaks into a Single hydrocarbon chan 
nel without resolving the Small or overlapped peaks within 
this channel, which can provide information about concen 
trations of aromatics, olefins, Saturates, filtrate contamina 
tion, and So on. In a preferred embodiment, the present 
invention collects high resolution spectra for a training Set of 
known Samples. Applying chemometrics to these spectra, we 
can develop mathematical models, which allow us to esti 
mate the corresponding properties of unknown Samples 
directly from their high resolution spectra. Chemometrics, 
neural networks, and other Soft modeling techniques let uS 
Skip the intermediate Steps of identifying chemical meanings 
for individual Spectral peaks and the reasons that these peaks 
shift or overlap with other peaks. That is, Soft modeling 
techniques allow us to take high resolution spectra of a 
known training Set and directly model the chemical or 
physical properties of interest. One property of interest is 
filtrate contamination. Known Sampling techniques do not 
currently provide a direct measurement of the percentage of 
filtrate contamination in a formation fluid Sample. 
0044) FIG. 9 plots a correlation (rf=0.993) found 
between the fraction of filtrate contamination and Some 
very-high resolution (2-wavenumber) spectra of 3 crude oils 
(representing low, medium and high Viscosity), 4 Synthetic 
mud filtrates, and 36 simulated mixtures of a crude oil with 
a mud filtrate. These Attenuated Total Reflectance (ATR) 
Spectra were collected on a commercial laboratory Spec 
trometer made by Nicolet. These spectra have higher reso 
lution than we would be able to obtain with the methods of 
the present invention. They spanned the fundamental fre 
quencies of molecular vibration. 
0045. Note, that with a single equation, we were able to 
quantify the percentage of filtrate contamination regardless 
of which filtrate was contaminating which crude oil. Appar 
ently, underlying chemical differences between filtrates and 
the crude oils can be detected and quantified. Here, the 
correlation is to a region around 3032 wavenumbers. A 
wavenumber is one reciprocal centimeter. Therefore, 3032 
wavenumbers is 10/3032=3298 nm because there are 10 
million nanometers in a centimeter. 

0046) In FIG. 9, we see that the fraction of filtrate 
contamination is given by the equation: 

f=-2.25-1072.71*A 3037.38 cm'+1130.20 *A 
3027.74 cm 

0047 Because this correlation equation is based on the 
absorbance at two wavelengths (3037.38 cm and 3027.74 
cm) that are close to one another and whose regression 
coefficients are approximately equal in magnitude but oppo 
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site in sign (-1072.71 and 1130.20) it is, in essence, a 
correlation to the Slope of the spectrum at the midpoint 
between the two wavelengths. It may be a correlation to the 
absence of aromatics in the filtrates because, for environ 
mental reasons, the base oils for these Synthetic muds are 
generally made without aromatics. The aromatic C-H Stretch 
peak occurs from 3125-3030 cm whereas the non-aromatic 
C-H stretch occurs around 2940-2855 cm. Thus, it appears 
that the slope of Spectrum in the region where aromatic 
peaks end and non-aromatic peaks begin is a way to directly 
measure the filtrate contamination independent of the fil 
trate, the crude, or any visible colors of either (this wave 
length range is far past that of visible colors or any electronic 
transitions). We expect that overtones (somewhere in the 
1600-1800 nm range) of these fundamental bands (3125 
2855 cm) will have corresponding sensitivity to the under 
lying chemical differences between filtrates and crude oil. 

0048. In like manner, FIG. 10 plots the correlation (r= 
0.908) between lower-resolution spectra, which were 
derived from the original spectra by processing them to 
reduce their resolution to 22 wavenumbers full width half 
maximum. This processing was done to Simulate the Spectra 
that might be obtained using a rotating interference filter, 
described in the present invention, instead of a lab Spec 
trometer. Note that, at 3162 wavenumbers, the bandpass 
expressed in wavenumbers is exactly equal to the bandpass 
expressed in nanometers. At 3030 wavenumbers, a 22-wave 
number bandpass represents approximately a 20-nm band 
pass. The present invention may also be used to detect CO2. 
As shown in FIG. 11, CO2 has bands of peaks near 1430 
nm, 1575 nm, 1957 nm, 2007 nm, and 2057 mmm. Some of 
these overlap with water or hydrocarbon or other absorption 
peaks. A technique Such as that of the present invention, 
which allows rapidly reading the on-peak verSuS off-peak 
absorbance may be able to resolve and quantify the peak 
regardless of Such interferences. 

0049 FIGS. 4-7 illustrate an example of data taken with 
a spinning filter apparatus in a laboratory. FIG. 4 shows an 
oscilloscope display for an empty 2 mm path length glass 
Sample cell. The absorbance of the glass cell is both constant 
and negligible from 1700-1800 nm. However, the tungsten 
light Source, which peaks in intensity around 1000 nm, 
continues to tail off in intensity in going from 1700 nm to 
1800 nm. Indeed, the center wavelength (1800 nm) of the 
empty cell's raw spectrum is less than the intensity of 
wavelengths at either end (about 1700 nm) of the spectrum. 
0050 FIG. 5 shows an oscilloscope display for a 2 mm 
glass Sample cell full of water. Water has no major peaks 
between 1700 and 1800 nm. However, the region shown in 
FIG. 5 is at the tail end of a major water peak at 1930 nm. 
Consequently, water transmits leSS light at 1800 nm than at 
1700 nm. The oscilloscope display shows a raw spectrum 
Similar to the empty cell display except for a deeper central 
dip due to water being a little darker at 1800 nm than at 1700 

. 

0051 FIG. 6 shows an oscilloscope display for a 2 mm 
glass Sample cell full of crude oil. Moving in either direction 
away from the center of the Spectrum enables a user to See 
characteristic dips in the transmitted light intensity (absor 
bance peaks) corresponding to the spectral signature of 
hydrocarbons. These absorbance peaks occur near 1760 nm 
and 1725 nm. 
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0052 FIG. 7 shows a processed spectrum of the same 
crude oil taken on a research-grade Cary 500 laboratory 
Spectrometer. The processing comprises correcting for the 
variation in the intensity of the light Source at different 
wavelengths. A spectrum of the empty cell is collected first, 
followed by the spectrum of the cell filled with a sample. 
The base ten logarithm of the ratio of the empty cell light 
intensity to the sample-filled cell light intensity is the 
“absorbance” of the sample in the cell and is plotted on the 
y-axis. It is preferable to generate processed rather than raw 
Spectra from data collected using the apparatus of the 
invention. 

0053 Comparing FIGS. 6 to FIG. 7, the y-axis of each 
oscilloscope display is a linear Scale with light increasing in 
the up direction and with no correction being made for 
variation in the intensity of the light Source with wavelength. 
However, the y-axis of the Cary spectra is a logarithmic 
Scale with light decreasing in the up direction and a correc 
tion being made for the variation in intensity of the light 
Source with wavelength. Conceptually, turning the oscillo 
Scope display upside down and compressing the y-axis, 
produces a curve very Similar to the Cary Spectra. The dips 
in the oscilloscope displays correspond to the peaks in the 
Cary displayS. Despite these y-axis dissimilarities, the wave 
length positions of the peaks in the Cary displayS can be 
used to assign wavelengths to the time Scale of the oscillo 
Scope displayS. Also, we can assign wavelengths to the time 
Scale by knowing the angle of the rotating filter at each time 
(and the filter's normal-incidence center wavelength). For 
Simplicity, we can provide a motor, which spins the filter at 
constant Speed. 
0054 For a preferred embodiment of the high-resolution 
Spectrometer, wavelength coverage is continuous and the 
wavelength Step size is Selected to be as Small as possible to 
measure the angle of rotation. Using an interference filter 
having a Sufficiently narrow bandpass, it is possible to 
perform a high-resolution Scan over one or more portions of 
the first overtone hydrocarbon band (1600-1850 nm) or over 
other interesting Spectral features. These higher resolution 
Spectra improve our ability to quantify chemical concentra 
tions and to estimate any spectrally correlated physical 
properties. For example, a user can quantify the percentages 
of aromatics, olefins, and Saturates in the crude oil and 
estimate the gas oil ratio (GOR) from the percentage of 
methane, whose peak at 1667 nm, lies left of heavier 
hydrocarbons peaks that are around 1700-1800 nm. 
0055. The spectrometer of the present invention is used in 
conjunction with a wire line formation tester (e.g. the 
Reservoir Characterization Instrument (RCI)). It would 
Supplement the existing 17-channel downhole Spectrometer, 
which currently monitorS Sample cleanup in real time. 
0056 With a high-resolution spectrometer, a user should 
be able to quantify a crude oil's percentage of aromatics, 
olefins, and Saturates, to estimate its gas oil ratio (GOR). 
Gases such as CO might be detectable. With a proper 
training Set, it is possible to develop a correlation equation 
for the percentage of oil-based mud filtrate contamination in 
the crude oil. 

0057 Turning now to FIG. 8, FIG. 8 illustrates how the 
bandpass (Full Width at Half Maximum of the transmission) 
of an 1800-nm filter changes with tilt. Note that one-half of 
the transmission corresponds to a 0.3 Absorbance increase 
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because-logo (%)=0.3. As shown in FIG. 8, the greater the 
tilt angle, the more that the center wavelength shifts to 
Shorter wavelengths and the broader the bandpass becomes 
about the new center wavelength. At 40 degrees from 
normal, FWHM=26 nm; at 20 degrees from normal, 
FWHM=16 mm; and at 0 degrees from normal, FWHM=11 
nm. As shown in FIG. 8, the resolution bandwidth is 
proportional to the angular displacement of the interference 
filter with respect to the normal incidence of light from the 
Sample. 
0.058. The foregoing example of a preferred embodiment 
is for illustration purposes only and not intended to limit the 
scope of the present invention which is defined by the 
following claims. 
What is claimed is: 

1. A downhole spectrometer comprising: 
A Sonde for traversing a borehole; 
An instrument body in the Sonde comprising: 
At least one interference filter attached to a Spindle So 

that, upon rotation, the angle at which light Strikes 
the filter changes, and 

at least one light-detecting devices, with each light 
detecting devices paired with one interference filter; 

a collimated light beam incident on a fluid Sample, a 
portion of light incident upon the fluid Sample being 
transmitted through the Sample, the transmitted light 
incident upon the face of at least one interference 
filter, with the light transmitted from the interference 
filter being incident upon the light-detecting devices 
with which it is paired; and 

A rotator component to rotate the angle of the Spindle 
and its attached the interference filters relative to to 
the incident light upon the interference filters. 

2. The apparatus of claim 1, further comprising a light 
gathering lens for improved Signal Strength. 

3. The apparatus of claim 1, wherein the rotator further 
comprises a stepper motor or DC Servo motor or an encoder 
wheel to obtain the angle of rotation. 

4. The apparatus of claim 1, further comprising at least 
one baffle for optically isolating a filter-detector pair from a 
neighboring filter detector pair, while rotating the entire 
assembly. 

5. The apparatus of claim 1, further comprising a con 
Verging lens that is large enough to capture the light beam 
exiting the interference filter despite beam offset associated 
with tilting the filter. 

6. The apparatus of claim 1, further comprising a holder 
for Supporting the at least one interference filter during 
rotation. 

7. The apparatus of claim 1, further comprising Said 
Spectrometer capable of withstanding 175C in operation, a 
Vibration of 5 g and/or shock of 20g during Shipping. 

8. A method of measuring the spectrum of a fluid Sample 
in a downhole environment comprising: 

lowering a Sonde containing a Sampling Spectrometer into 
a bore hole; 

illuminating a fluid Sample in the Sampling Spectrometer; 
directing light from the fluid Sample onto at least one 

interference filter; 
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directing light from at least one interference filter onto the 
fluid Sample; 

rotating the one or more interference filters to obtain 
different wavelengths of light transmitted through the 
filters as the angle of incidence of the light upon the 
rotating filter changes, 

recording the intensities corresponding to those wave 
lengths, and 

correlating angular position of the filter with measured 
light intensity to obtain a measure of the Spectrum of 
the fluid sample at different wave lengths of light. 

9. The method of claim 8, further comprising: 
deriving the wavelength of light from the filter's angle of 

rotation. 
10. The method of claim 8, further comprising: 
Scanning a Sample's spectrum by measuring at each angle 

of rotation at least one of the light transmitted through 
the Sample and the light reflected off of the Sample. 

11. The method of claim 8, further comprising: 
scanning four spectral scans with every 3600 of filter 

rotation at t0 and at +(0+180) degrees. 
12. The method of claim 11, further comprising: 
gating the four spectral Scans intervals in time or in angle 

So as to Select a Single Scan or to average two or more 
SCS. 

13. The method of claim 8, further comprising: 
rotating the filter assembly freely on its spindle. 
14. The method of claim 8, further comprising: 
angularly oscillating the filter assembly about a central 

angle. 
15. The method of claim 8, further comprising: 
Stepping an angular rotation of the filter between two 

wavelength positions in order to obtain an on-peak 
Versus off-peak measurement. 

16. The method of claim 8, further comprising: 
holding the filter by its edge so that the holder does not 

create a shadow at the filter's center of rotation. 
17. The method of claim 8, further comprising 
Determining a gas oil ratio by measuring the percentage 

of methane. 
18. The method of claim 8, further comprising: 
determining a percentage of at least one of Aromatics, 

Olefins, Saturates in a Sample. 
19. The method of claim 8, further comprising: 
determining a percentage of contamination from an equa 

tion developed by correlation to a training Set. 
20. The method of claim 8, further comprising: 
Determining a percentage of CO in natural gas in a 

Sample. 
Improved correlations for physical properties comprising 

density, Viscosity, pressure, Volume, and temperature 
properties. 

21. The method of claim 8, further comprising: 
Determining a percentage of contamination using high 

resolution spectra downhole to monitor Sample 
cleanup. 
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22. The method of claim 8, further comprising: 
Determining a percentage of aromatics to monitor Sample 

cleanup. 
23. A method of measuring the Spectrum of a fluid Sample 

in a downhole environment comprising: 
lowering a Sonde containing a Sampling Spectrometer into 

a bore hole; 
illuminating a fluid Sample in the Sampling Spectrometer; 
directing light from at least one interference filter onto the 

fluid Sample; 
rotating the one or more interference filters to obtain 

different wavelengths of light transmitted through the 
filters as the angle of incidence of the light upon the 
rotating filter changes, 

recording the intensities corresponding to those wave 
lengths, and 

correlating angular position of the filter with measured 
light intensity to obtain a measure of the Spectrum of 
the fluid sample at different wave lengths of light. 
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24. A downhole spectrometer comprising: 

A Sonde for traversing a borehole; 

An instrument body in the Sonde comprising: 

At least one interference filter attached to a Spindle SO 
that, upon rotation, the angle at which light Strikes 
the filter changes, and 

at least one light-detecting devices, with each light 
detecting devices paired with one interference filter; 

a collimated light beam incident on at least one inter 
ference filter, a portion of light incident upon the 
interference filter being transmitted through the 
Sample, the transmitted light incident upon the light 
detecting devices with which it is paired; and 

A rotator component to rotate the angle of the Spindle and 
its attached interference filters relative to the incident 
light upon the interference filters. 


