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DEVELOPING A METHOD TO USE 
FOURIER TRANSFORM-INFRARED SPECTROSCOPY  

TO QUALIFY PARTS FOR LIGO’S ULTRA HIGH VACUUM 
 
 

Edward Macaulay 
Imperial College, London 
September 29, 2007 

 
LIGO’s sensitive optics and ultra high vacuum (UHV) require that any new 

components added to the UHV be qualified for contaminant outgassing.  
Presently, this rate is quantified by vacuum baking most small components 
destined for the UHV, and analyzing any residual gas in the vacuum chamber with 
a Residual Gas Analyzer (RGA).  However, the seismic isolation systems planned 
for Advanced LIGO can’t be analyzed with an RGA as these parts are too large to 
fit inside our vacuum bake ovens – they have to be baked in a neutral atmosphere 
(N2) oven.  To qualify these parts for UHV, I have developed a procedure to 
analyze contaminants using Fourier Transform-Infrared spectroscopy (FT-IR).  A 
method has been developed using diffusion pump oil as an example.  We are 
currently in the process of establishing a calibration between quantitative results 
from FT-IR and outgassing rates detected with the RGA, after which the method 
can be expanded for all contaminants of interest to LIGO. 
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Introduction: 
 
MOTIVATION: 
 
According to LIGO-T040001-00, there are two reasons to limit outgassing in the UHV:  to 
reduce noise due to scattering in the interferometer arms, and to limit absorption and 
scattering on LIGO’s mirrors1.   Procedures for preparing components for UHV with 
vacuum bake ovens are detailed in LIGO-E960022-B-E2.  FT-IR is required to qualify parts 
which are too large to be vacuum baked, such as seismic isolation systems. 
 
The seismic isolation systems for Initial LIGO were qualified with an out-sourced FT-IR 
analysis, with the results cross correlated to RGA data.   The primary motivation for 
developing an ‘in-house’ FT-IR analysis method is to be able to maintain a consistent 
calibration to RGA outgassing.  Other advantages of ‘in-house’ FT-IR include a faster 
analysis time, and procedure consistency (FT-IR analysis methods vary between labs; if the 
out-sourced analysis lab had to be changed for any reason, a new RGA correlation would 
have to be established)3. 
 
OVERVIEW AND SCOPE OF PAPER: 
 
The procedure for a complete analysis of a component with FT-IR is as follows: 
 

1) Extract contaminants from a known surface area of the component with a 
known volume of solvent to collect any contaminants. 

2) Remove the solvent via evaporation. 
3) Transfer the residue to an FT-IR window. 
4) Collect the IR spectrum of the sample. 
5) Analyze spectrum to identify and quantify contaminants. 
6) Compare to pre-existing outgassing calibration. 
7) Estimate total outgassing of sample. 

 
The scope of this paper is primarily the development of sections 3, to 7, in particular how 
FT-IR can be used to derive quantitative results from sample limited solutions.  An example 
method and detection limits for diffusion pump oil has been demonstrated, and initial 
calibrations to outgassing have been started.  More work is required to finalize the 
outgassing calibration for diffusion pump oil, at which point the method can be expanded 
for all the contaminants of interest. 

                                                 
1 Dennis Coyne, Vacuum Hydrocarbon Outgassing Requirements, 9/1/04, LIGO-T040001-00 
2 Albert Lazzarini, Fred Raab, David Shoemaker, Rainer Weiss, John Worden, Gary Sanders, Ligo Vacuum 
Compatibility, Cleaning Methods and Qualification Procedures, 3/13/03, LIGO-E960022-B-E 
3 Coyne, Dennis. "Ultra-High Vacuum (UHV) for the Advanced LIGO Detector." Caltech. 30 Aug. 2007 
<http://www.ligo.caltech.edu/~coyne/AL/SYS/UHV.htm>. 
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Fourier Transform Infrared Spectroscopy  
Principle of Operation 
 
The following section is an introduction to FT-IR spectroscopy, with an emphasis on how the particulars of 
the technique affect the final procedure developed for taking spectra. 
 
INTRODUCTION: 
 
The Fourier Transform Infrared Spectrometer (FT-IR) can be used to acquire the mid 
infrared (IR) transmission spectrum of any substance placed in the sample compartment.  As 
practically all organic molecules have a characteristic IR absorption, the spectrum is 
sufficient to identify the molecules.  The FT-IR has two light sources: a tungsten filament, 
which radiates as a black body and provides the IR illumination, and a helium-neon laser, 
which is used for calibration.4  The path of light is as shown in Figure 1. 

 
The Michelson interferometer has one servo controlled mirror (SCM). Essentially, the 
spectrometer uses the Michelson interferometer to successively illuminate the sample over all 
the wavelength ranges of interest, while the photodiode records the transmitted light.  There 
are three processes to consider in order to collect the spectrum: 

                                                 
4 Nicolet FT-IR User's Guide: Thermo Electron Corporation, 2005. 1-56. 
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FIGURE 1: SCHEMATIC ILLUSTRATION OF AN FT-IR 
SPECTROMETER 
The tungsten filament has a broad infrared spectrum, which is filtered at 
progressive frequencies by the Michelson interferometer.  By comparing the 
resulting spectrum with and without a sample in place, the transmission 
spectrum of the sample can be deduced. 
 



LIGO LIGO-T070242-00-R 

 

Page 5 of 25 

1) Fringe Counting: 
The HeNe laser is on throughout the process of collecting a spectrum.  As the SCM in the 
interferometer scans, the spectrometer counts the interference fringes due to the 633 nm 
wavelength of the laser, and uses this information to calibrate the position of the SCM and 
the wavelength of the transmitted light.5 
 

2) Background Collection: 
The first task in collecting an FT-IR spectrum is to collect a ‘background’ spectrum – the 
transmission spectrum due to all of the components in the spectrometer under illumination 
from the tungsten filament, except for the material to be sampled.  As the SCM scans, the 
Fourier Transform (FT) of this spectrum is recorded at the photodiode, from which the 
original transmission spectrum is reconstructed on a computer by taking the Inverse Fourier 
Transform (IFT).  A typical background spectrum is shown in  
Figure 2 
 

 
 
FIGURE 2: A TYPICAL BACKGROUND SPECTRUM.  The envelope of the function is the 
blackbody emission spectrum of the filament.  The absorption peaks are primarily due to the 
presence of water vapor and CO2 in the atmosphere.  The units of the vertical axis are arbitrary 
for a single spectrum – the percent transmittance of a sample is only deduced from the ratio of 
two spectra. 

 
If the sample is to be collected on a spectrometer window (a substrate of infra-red 
transparent material on which samples can be placed – typically crystals of NaCl or KBr), the 
background should be collected with a blank window in place. 

                                                 
5 MICHELSON INTERFEROMETER & FOURIER TRANSFORM SPECTROMETRY. 8 June 2007. 
University of Washington. <http://courses.washington.edu/phys331/michelson.pdf>. 
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3) Sample Collection: 
At this stage, the sample should be placed in the compartment.  After scanning and taking 
the IFT, the resulting transmission spectrum represents the product of the total infrared 
transmission of the all the components of the spectrometer, as before, and the transmission 
spectrum of the sample.  The transmission spectrum of the sample can be extracted by 
dividing the sample spectrum by the background spectrum.  The spectrometer can be set to 
automatically record multiple spectra and take the average – 32 scans is the default setting. 
More scans can be taken for added sensitivity, but more scans also take longer time, during 
which the background (air transmittance, filament emission,...) can change, thus worsening 
the ratio operation. 
 
PARTICULAR CONSIDERATIONS FOR SAMPLE LIMITED CASES: 
 
Mathematically, the FT-IR process can be illustrated as follows:  With the sample removed, 
the observed background transmission spectrum, TB, is the product of the transmission 
spectra of the filament, F, (a black body spectrum) the spectrometer’s internal optics, O, the 
atmosphere, A, and the transmission spectrum of a blank slide, B, so: 
 

TB=F×O×A×B 
 
Where TB, F, O, A and B are all functions which depend on the wavelength of the emitted 
light (any other wavelength dependent transmission effects could be considered in this 
manner, but this is not necessary). 
 
Similarly, the sample spectrum is the product of the transmission spectra of the filament, the 
optics, the atmosphere, the blank slide, and the transmission spectra of the sample, S.  For 
completeness, F, O, A and B may not necessarily be the same as before – for example, 
changes in the temperature of the filament could affect F, and changes in the atmospheric 
composition could affect A.  So for the sake of generality, these functions will be indicated 
with dashes in the case of the sample transmission spectrum, TS, to indicate that they aren’t 
necessarily the same as before: 
 

TS=F’×O’×A’×B’×S 
 
So if we assume that the change in transmission spectra of the other components of the 
spectrometer is small, then 

S ≈ TS÷TB 
 
Or, to preserve generality without this assumption:  
 

S= (F’×O’×A’×B’×S) ÷ (F×O×A×B) 
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The rationale for presenting the principle of FT-IR in this way is that it illustrates that 
S=TS÷TB only if all of the other factors are identical when the sample and background are 
collected (i.e. A=A’, etc.). 
 
To elaborate further, the absorbance spectra is defined as  
 

absorbance=-log10(transmission) 
 

This is a convenient definition, as it allows absorbance spectra to be added and subtracted.  
In the case of the sample spectrum, it’s absorbance spectrum, As, is  

 
As=-log10[(F’×O’×A’×B’×S)÷( F×O×A×B)] 

 
If we define ∆F=F’÷F, etc., then 

 
As= - (log10S) - (log10 ∆F) - (log10 ∆O) - (log10 ∆A) - (log10 ∆B) 

 
In practice, ∆F and ∆O are negligible, so  
 

As= - (log10S) - (log10 ∆A) - (log10 ∆B) 
 

In the sample limited cases that we are interested in, the absorbance due to ∆A and ∆B can 
be on the order of the absorbance due to the sample.  Our ability to detect absorbance peaks 
due to samples is limited by ‘pseudo-absorbance’ due to changing background parameters, 
which actually affects the procedure which should be used to collect samples. 
 
To illustrate, Figure 3 shows the absorbance spectrum obtained with the FT-IR sample 
compartment completely empty for both the background and the sample scans.  In principle, 
the spectrum should have no peaks – all the features which are visible are due entirely to ∆A. 
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FIGURE 3: ‘PSEUDO ABSORBANCE’ DUE TO CHANGING ATMOSPHERIC 
CONDITIONS.  The large peak around 2400 wavenumbers is due to CO2 absorption – the 
magnitude of the peak corresponds to the amount by which the CO2 concentration in the 
spectrometer changed between the background and sample spectra being taken. This plot is 
essentially ∆A as a function of wavenumber.  Precisely how ∆A varies depends on exactly how 
the atmosphere in the sample compartment changed.  As an example, exhaling over the sample 
compartment between spectra yields a CO2  peak, whereas inhaling yields a trough.  These 
effects are readily discernable. 

 
As Figure 3 is the noise baseline in the spectrometer, any absorbance peaks smaller than this 
level will be undetectable.  In practice, absorbance peaks due to changing CO2 

concentrations are not problematic – since they always occur at the same wavenumbers, they 
can readily be identified and removed. 
 
PROCEDURE TO MINIMIZE ∆A & ∆B: 
 
In order to collect absorbance spectra in sample limited cases, the priority is to minimize ∆A 
& ∆B.  The philosophy here is to use the same, or as close to the same as possible, window 
to collect the background and the sample spectra, and to minimize time and disturbances 
between taking the two spectra so that the atmosphere is as consistent as possible.   
 
The spectrometer can be purged with nitrogen gas to reduce the absorption due to carbon 
dioxide and water vapor in the system.  However, in practice, the important issue with 
absorption due to CO2 and water vapor is not that it’s arbitrarily small, but that it’s the same 
when the background and sample spectra are collected.  The best way to minimize ∆A 
appears to be to minimize the time and disturbance between collecting background and 
sample spectra.   
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In principle, ∆B can be completely eliminated by using the same slide to collect the 
background and sample spectra.  If exactly the same window is used for both spectra, the 
window doesn’t even have to be particularly clean, as any absorption due to contaminants on 
the window will be divided out (as long as the unwanted contaminants on the window 
remains the same for both spectra).  The main disadvantage of this method is that it requires 
the sample to be prepared on the window between taking background and sample spectra.   
 
If different slides are used for the background and sample spectra, then any differences in 
transmission of the two slides (due to variations in the crystal, differences in thickness, or 
different surface contaminants) will appear in the final sample spectrum. 
 
The following table (next page) considers three different methods of collecting spectra – the 
first method is the manufacturer’s recommended method (although this isn’t optimized for 
sample limited cases).  In practice, however, none of the methods can suppress ∆A to levels 
where the affected regions of the spectrum are usable for analyzing low concentrations of 
samples with peaks in these regions.  Both methods two and three allow the use of the same 
slide for collecting the background spectrum.  Therefore method two is the most ideal 
option, as it is less complicated than method three. 
 
If the samples are to be collected at sites without an FT-IR spectrometer, the best option 
would be to ship the evaporated residue of the sample in a scintillation vial to the lab for 
analysis with method two.  If it isn’t possible to ship the residue, the next best option would 
be to prepare an FT-IR window at the site, to be shipped to the lab for analysis with method 
one.  In this case, for every batch of measurements, a brand new reference window and a 
window carrying the residue of the evaporation of a similar quantity of uncontaminated 
solvent should be included with the sample (for method 1). 
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 Method One Method Two Method Three 

 
PROCEDURE: 

 
Record 
background 
spectrum with 
blank slide in place, 
then record sample 
spectrum with 
different pre-
prepared sample 
slide immediately 
afterwards. 
 

 
Record 
background 
spectrum with 
blank slide in place.  
Remove blank 
slide, prepare 
sample, replace, 
and collect sample 
spectrum. 
 

 
Record a background 
spectrum with an empty 
sample compartment, 
immediately after collect the 
‘sample’ spectrum with a blank 
slide in place. 
 
Prepare sample on the 
window. 
 
Record a background 
spectrum with an empty 
sample compartment, 
immediately after collect the 
‘real’ sample spectrum with the 
sample slide in place. 
 
Subtract the two spectra. 

 
ADVANTAGES: 

 
Shortest possible 
time between 
collecting sample 
and background 
spectra minimizes 
∆A as much as 
possible. 
 

 
∆B is completely 
minimized. 

 
∆B is completely minimized, 
∆A is lower than method two, 
but ~√2 higher than method 
one*. 

 
LIMITATIONS: 

 
 

 
Different slides 
represents worst 
case for ∆B. 
 

 
Preparing a sample 
slide can take 
several minutes, if 
not hours, 
increasing ∆A.  

 
Much more complicated 
method for small 
(insignificant) reduction in ∆A 
over method two. 
 

 
*Let ∆Ax be the range of change of the atmospheric transmission spectra in the time between taking a 

background spectrum and a transmission spectrum, when the two spectra are taken immediately after each 
other (as is the case for method one).  When the blank slide spectrum is taken for method three, we can also 
expect a variation within the range of ∆Ax.  Again, when the second, sample spectrum, is taken in method 
three, we can expect another independent variation of ∆Ax.  These two variations are essentially random, so in 
the final, subtracted absorbance spectra, we should expect the range of uncertainty to be: 

 
√(log10 ∆Ax)

2+(log10 ∆Ax)
2 

 
That is, √2(log10 ∆Ax), as opposed to just (log10 ∆Ax) in the case of method one. 
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Method to Collect Spectra for Low Concentration Quantitative 
Analysis with FT-IR 
 
This section develops a method to prepare FT-IR windows for quantitative analysis 
 
CONCEPT: 
 
In the case of identifying contaminants, only the functional form of the absorbance spectra 
is of importance.  However, in order to quantify contaminants, the absorbance scale of a 
material must be calibrated to the quantity of material present when the spectrum was taken.  
In the case that an unknown quantity of sample is to be determined with FT-IR, the 
absorbance spectrum of the sample must be compared to the absorbance spectra of known 
quantities of previously collected spectra (known as ‘standards’).6 
 
WINDOW CONFIGURATIONS: 
 
The essential point is that the method used to prepare samples and collect spectra must 
produce absorbance values which consistently depend on the quantity of material present.  
The conventional method to achieve this is to use a fixed path length cell, as shown in 
Figure 4. 

 
FIGURE 4:  AN EXPLODED VIEW OF A TYPICAL FIXED PATHLENGTH CELL   
For scale, the diameter of the windows is 32 mm.  The two windows and the spacer 
create a sealed chamber, which is filled with a solution of solvent and sample.  As the 
pathlength is fixed by the spacer (usually Teflon), the absorbance of a given peak of the 
sample is proportional to the concentration of sample in the solution. 

                                                 
6 TQ Analyst User's Guide. Thermo Electron Corporation, 1992. 40-47. 
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However, while the cell is ideal for quantitative analysis when the sample is not limited, it’s 
not ideal in sample limited cases for several reasons: 

• The system consists of lots of separate components, and is not disposable.  In 
practice, this makes it difficult to clean well enough to be useful to study low 
concentrations of samples. 

• The cell works best for quantitative analysis when the ratio of sample to solvent is 
greater than 50:50.7.- in the case of trace samples, the solvent spectrum would 
completely overwhelm the sample. 

• The design of the cell necessarily occludes some of the solution from the IR beam, 
reducing the signal to noise ratio (SNR). 

 
However, it appears to be possible to obtain consistent quantitative data by applying drops 
of solution directly onto the surface of disposable FT-IR windows with a pipette, as shown 
in  Figure 5. 
 

 
 FIGURE 5 APPLYING SOLUTION ONTO THE SURFACE OF AN FT-IR WINDOW  
The solution must be applied slowly, so that it can evaporate before it diffuses to the edge of 
the window.  The diameter of the window is 19mm. 

 
As the solvent evaporates off, the amount of sample remaining on the window is 
proportional to the original concentration in the solvent.  As long as the solution evaporates 
completely on the window, depositing an optically thin sample, and the window is fully 
illuminated by the IR beam, the absorbance peak absorbance depends linearly on the 
concentration of sample in the original solution. 

                                                 
7 Pillai, Dinesh E (Thermo Electron Corporation). Email to the author. 10 Aug. 2007. 
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IR BEAM INVESTIGATION 
 
According to the Beer-Lambert law, the absorbance of a material at a particular wavelength, 
Aλ depends linearly on three variables; A, B and C.  A is a variable which depends on the 
material, B is the optical pathlength, and C is the concentration of the material, so  
 

Aλ = A×B×C 
 
Recalling the relationship between absorbance and the fraction of light transmitted: 
 

absorbance=-log10(transmission) 
 
so 
 

transmission=10- A×B×C 
 
thus the fraction of light transmitted through an area of the NaCl window (from which the 
quantity of material is deduced) depends exponentially on the concentration of material on 
the surface.  To maximize the signal due to limited samples, we should aim to minimize the 
amount of light transmitted when the sample is in place, so that the absorbance peaks are 
more distinguishable when the sample spectrum is compared to the background spectrum.  
Since it’s the fraction of transmitted light which depends exponentially on concentration, we 
can optimize the sample spectrum by containing the sample on the area of the window 
which has the greatest IR flux.    
 
To determine this area, or see if the IR illumination over the window is uniform, the sample 
holder was photographed with an IR sensitive camera.  The setup used is shown in Figure 6. 

 
FIGURE 6: PHOTOGRAPHING THE SPECTROMETER’S IR BEAM.   In order to photograph only the IR 
beam, and not the laser, the spectrometer’s cover was removed so that the optical path of the laser could be 
blocked.  All the lights in the lab were turned off, and the camera was set to the longest exposure time 
possible, (ISO 1600). 
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FIGURE 7: CLOSE-UP OF A 
WINDOW, UNDER 
ILLUMINATION FROM THE IR 
BEAM.   
Grid paper was placed inside the 
window holder to provide scale and 
perspective.  The length of each 
square is 1.27 mm ( 1/20

th of an 
inch).  The diameter of the window 
is 19mm.  IR illumination registers 
as pink (orange on the paper).  The 
spectrometer has an auto-optics 
alignment procedure, which was run 
immediately before taking the 
photograph. 

 
As can be seen figure 7, although the IR beam does completely engulf the window, it’s 
concentrated in an 11 mm diameter circle of apparently uniform intensity(the circle appears 
ellipsoidal due to the perspective of the photograph, but the grid markings confirm that the 
beam is roughly circular.)  We should aim to contain all of the sample within this circle – any 
sample deposited in the diffusely illuminated region will contribute exponentially less to the 
absorbance spectrum. 
 
It’s best to center the window as well as possible on the beam to improve the spectrum’s 
SNR.  The vertical misalignment is easy to fix as the window is mounted on a screw.  The 
beam appears to be horizontally misaligned by about 2mm – this should be remedied by 
engineering a new slide holder with this offset built in or with an adjustable horizontal 
alignment.  The aperture of the new holder should also be reduced so that the entirety of the 
remaining window is completely illuminated by the bright beam center. 
 
QUANTIZATION QUALIFICATION: 
 
To test this method of preparing windows for quantitative analysis, solutions of DP oil were 
made up in reagent grade isopropanol, in concentration ranges from 1 to 4 parts per 
thousand (ppt).   A single 2µl drop of each solution was applied to the centre of a 19 mm 
NaCl window (in normal operation the entire sample would be deposited and evaporated, 
drop after drop, on the center of the slide).  The spectra were recorded with an empty 
sample chamber as a background – they should be compared to the spectrum of a blank 
slide.  Once the spectra were collected, the baselines were calibrated with the ‘Auto Baseline’ 
command in EZ-Omnic 7.3.  The spectra can be seen in Figure 8. 
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FIGURE 8: THE SPECTRA OF DIFFERENT CONCENTRATIONS OF DP OIL.  The functional form of 
each spectrum is the same, but the absolute absorbance scale is proportional to the concentration.  The spectra 
were recorded with an empty sample compartment as the background – they should be compared to the 
spectrum of the blank slide (0.0 parts per thousand concentration). In principle, the blank slide should be 
completely clean of DP oil.  However, the strong resemblance of this spectrum to the spectra with known 
concentrations of DP oil suggests that the blank slide has been contaminated with DP oil.  Although this 
implies a systematic offset of the other spectra, it doesn’t necessarily compromise the principle of using this 
method for quantization. 
 

 
 
FIGURE 8: LINEAR FIT OF PEAK ABSORBANCE.  This is a plot of the peak absorbance (at 2922 
wavenumbers) of the spectra in figure 7 as a function of their concentration, with a best fit line plotted in red.   
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Detection Limits: 
 
DP OIL: 
 
As can be seen in figure 3, the spectrometer has an inherent noise floor - we cannot 
distinguish absorbance peaks lower than this.  With the data from figure 7, we can compare 
the absorbance due to features in the noise floor to absorbance due to known quantities of 
DP oil.  As can be seen, the absorbance of the peak due to the 0.17 part per thousand (ppt) 
concentration of DP oil is about twice that of the noise threshold.  There’s some discretion 
as to precisely where the smallest detectable peak would disappear into the noise floor, but it 
appears to correspond to the absorbance of a 0.1 ppt sample. 
 
0.1 parts per thousand of DP oil in a 2µl drop corresponds to a total volume of DP oil of 0.2 
nanoliters – this is the smallest quantity of DP oil that we must collect onto the FT-IR 
window in order to make a detection with the standard settings.  Note that, with longer 
acquisition times, higher sensitivities can be achieved, as long as background conditions can 
be controlled (∆A, ∆B).  Great measurement caution should be applied when doing this.  
Higher upper limit sensitivities can be achieved if specific contaminants (for example, a 
forbidden machining oil) are searched for. 
 
OTHER CONTAMINANTS: 
 
The minimum detectable volume of other contaminants on an FT-IR window can be 
determined by comparing the maximum absorbance peaks due to an equal volume of DP oil 
and any other contaminant (as long as both samples are prepared in the same way).  For 
example, if the maximum absorbance peak of a new contaminant was twice that of DP oil, 
we would be able to detect half as much.    
 
The only further complication of detecting contaminants on an FT-IR window is that the 
noise floor varies as a function of wavenumber (see Figure 3), which should be taken into 
account.  A quick estimate of the detection limit for a new sample could be made by 
considering the relative maximum absorbance compared to DP oil, and the absorbance due 
to the noise floor where the maximum absorbance occurs.   If the detection limit of a new 
contaminant is of particular interest, it could always be investigated directly, as presented 
here for DP oil. 
 
SURFACE DETECTION CONSIDERATIONS: 
 
The previous considerations applied only to detection limits for contaminants once they 
were present on the FT-IR window.  Of more use is the limit to which contaminants can be 
detected on components.  For this limit, it’s important to consider the percentage of each 
contaminant removed from a surface by a particular solvent, and how this depends on the 
sampling method.  For example, if the sampling method used collected 100% of DP oil, 
then at least 1m2 surface area of a component would have to be sampled in order to certify 
that the surface was contaminated with less than 0.2 nLm-2 of DP oil. 
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In practice, the sampling efficiency is likely to be less than 100%, and depend on the 
contaminant, the solvent, and the method used.   More investigations will be required into 
these variables before a final value can be placed on the detection limits with FT-IR. 
 
Evaporation Considerations: 
 
To find the detection limit of the spectrometer, only one drop of solution was applied to 
each window.  When finally analyzing solution from air baked LIGO components, several 
liters of solvent will be concentrated by evaporation down to a few milliliters of solution*, 
which can be applied to an FT-IR window with a pipette.   All the remaining solution should 
be transferred to the window, to gain as much signal as possible.  As this is an essential step 
in preparing FT-IR windows, absorbance scale as a function of number of drops was 
specifically investigated. 
 
2µL drops of a 5ppt solution of DP oil in isopropanol were successively added to a window, 
with the spectrum recorded between drops.  As can be seen figure 10, the peak absorbance 
increases for the first four drops on the window.  Surprisingly, the absorbance decreases as the 
fifth drop is added.  This phenomenon has been observed when preparing other windows 
(which prompted this investigation).  The absorbance spectra are well above the noise floor 
of the spectrometer – the reduced absorbance is unlikely to be due to random fluctuations. 
 

 
A possible explanation for this phenomenon may be that sample molecules, being initially 
contained within the 11m central beam profile, are washed out to the diffusely illuminated 
area of the window by successive drops. As a conclusion, the solution should be 
concentrated as much as possible before being applied to the window, the drops should be 
deposited in the smallest possible area and one should insure that this area is at the center of 
the IR beam profile.  Drops can also be applied alternately to either side of the window.

                                                 
* When boiling off 0.5 liters of isopropanol, ~1 ml of solution was the least that could be boiled down to, due 
to the amount of solvent vapor that remains in the flask and then condenses down on the flask surface when 
temperature is reduced to room temperature.  One could flush out the residual vapor with nitrogen before 
cooling down the flask.   In practice, boiling off the solution any further would not be recommended anyway, 
as the residue needs to be removed from the flask, and some solvent is necessary to rinse its surface, which 
becomes increasingly impractical as the final volume of evaporated solution becomes smaller.  We discuss other 
methods to further concentrate the solution. 

 
 
 
 
 
 
 
FIGURE 10: ABSORBANCE 
DUE TO DP OIL AS DROPS 
ARE ADDED TO THE 
WINDOW 
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Outgassing Calibration: 
 
The previous section demonstrates that it’s possible to use FT-IR to obtain quantitative 
estimates of the volume of contaminants.  The quantity of interest, however, is the 
contaminant outgassing rate in UHV.   On its own, the FT-IR spectrometer can’t provide any 
data on this - the contaminant outgassing rate must be inferred from cross-calibrations to 
RGA data.  The basic idea is to contaminate an ultra clean FT-IR window with a controlled 
amount of sample.  After scanning the window with the FT-IR, the window is vacuum 
baked, and the outgassing rate observed.   By repeating this process over a range of 
contaminant volumes, peak absorbance on an FT-IR spectrum can be calibrated to particular 
outgassing atomic mass units (AMUs) on the RGA spectrum.  This procedure is molecule 
dependent, cannot be guaranteed for unknown samples, and has just been started.  We rely 
on the (weak) assumption that outgassing molecules are also easily soluble in solvents. 
 
METHOD: 
 
As the NaCl windows come in cardboard holders (so they can be easily mounted in the 
spectrometer), the crystals were first removed from the cardboard, so they could be vacuum 
baked.  Custom anodized stainless steel holders have been made so the crystals can be 
scanned in the spectrometer, as shown in Figure 9. 
 

 

 
 
 

 

 

 

 

 

 

 

 

 

 
FIGURE 9:  ANODIZED STEEL 
HOLDER FOR THE NACL 
CRYSTALS.  To photograph the IR 
beam in the previous section, graph 
paper was placed in the holder 
instead of a crystal. 
 

 
Six NaCl windows were removed from the cardboard holders they are supplied in, and 
placed on a UHV foil support to be vacuum baked, pictured in Figure 10.   
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FIGURE 10:  NACL WINDOWS ON UHV 
FOIL.  The foil is corrugated to minimize the 
surface in contact with the NaCl windows. 

The windows were cleaned with spectrometer grade methanol before being vacuum baked at 
50◦C for 48 hours.  The outgassing was then recorded with an RGA scan.   The windows 
were then removed from the vacuum bake oven.  A 2µL drop of a 1ppt solution of DP oil in 
isopropanol was placed on two of the windows.  One of the windows was then placed in the 
custom window holder, and scanned with the FT-IR (Figure 11).  
 

 
FIGURE 11: AN FT-IR SCAN OF AN NACL WINDOW AFTER VACUUM BAKING AND 
APPLYING 2 NANOLITERS OF DP OIL.  The peak at 2922 wavenumbers is due to DP oil – 
the other peak at 2300 wavenumbers is due to CO2. 
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The foil tray of windows was then returned to the vacuum bake oven.   The window which 
had been FT-IR scanned was not returned to the oven, in case it had picked up additional 
contaminants from the slide holder.  The remaining five windows were vacuum baked, as 
before, then RGA scanned.   The RGA scans are shown in Figure 12.  
 

 
FIGURE 12: RGA OUTGASSING SPECTRUM OF FT-IR WINDOWS WITH AND 
WITHOUT ADDED DP OIL CONTAMINATION.  The peak at one AMU is due to 
hydrogen – the other peaks at low (<45 AMUs) is due to water vapor.  Flag contaminant 
hydrocarbons are higher than 50 AMUs. 

 
As can be seen in Figure 12, the clean windows appear to outgas slightly more contaminants 
than the windows with the addition of DP oil.  This is probably because the windows were 
not particularly clean to start with (they were attached to the cardboard with glue).  Also, DP 
oil, which is a low outgassing material, may form a film that prevents outgassing of other 
materials present on the slide.  In future, the windows should probably be solvent cleaned to 
remove glue residue, then vacuum baked first just for cleaning purposes, then vacuum baked 
again to obtain a control AMU spectrum.   The amount of contaminants placed on the 
window should be increased until associated outgassing AMUs are clearly identifiable. 
 
A new, 21/2 inch diameter vacuum bake oven is currently being assembled, which will be 
ideal for further calibration work.  Much work is still needed to establish the outgassing 
calibration.  When FT-IR is being used to qualify components, there’s no reason that the 
FT-IR windows couldn’t be vacuum baked after being FT-IR scanned – so that the 
outgassing rate from the window can be observed directly.  The only disadvantage of baking 
windows this way is that it would remove any samples on the windows. 
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Summary, Conclusions, and Suggestions for Further Work: 
 
SUGGESTIONS FOR EXPANDING THE PROCEDURE FOR COMPLETE ANALYSIS: 
 
A complete FT-IR procedure is as shown in Figure 13.  The absorbance to volume 
calibration has been established first, as this calibration is essential for both the subsequent 
volume to outgassing calibration, and the preceding sampling efficiency data.   Establishing 
this calibration (and the corresponding detection limits) should be possible for other 
contaminants by comparing the absorbance due to equal volumes of DP oil and a new 
contaminant. 

 
FIGURE 13: A COMPLETE OUTLINE 
OF THE FT-IR ANALYSIS 
PROCEDURE.   

 
 
As for establishing the volume to outgassing calibration, a wide range of contaminant 
volumes need to be studied with both the FT-IR and RGA.  Finally, the efficiency with 
which contaminants are collected from a surface needs to be established.  There are many 

VOLUME OF CONTAMINANT 

OUTGASSING RATE 

Absorbance to 
Volume 

Calibration 

Volume to 
Outgassing 
Calibration 

 

PEAK ABSORBANCE 

Begun for DP Oil 

Sampling 
Efficiency 

SURFACE CONTAMINANTS 

Established for DP Oil 

No Data 
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variables which will need to be investigated, such as the type of solvent used, the particular 
contaminants, and the method used to sample. 
 
Once both of these areas have been investigated, it should be possible to use FT-IR to 
estimate the outgassing rate of selected pollutants based on a solvent sampling and FT-IR 
scan, as follows: 
 
The absorbance peaks from an FT-IR scan can be matched to a contaminant volume.  The 
contaminant volume on the FT-IR window can then be used to estimate the contaminant 
volume on the component, by considering the sampling efficiency and the surface area 
sampled.  Once the total contaminant volume on the surface is established, the outgassing 
rate of the entire component can be estimated based on the outgassing calibration.  
 
FT-IR SPECTRUM ANALYSIS: 
 
If the final sample spectra appear to consist of many different contaminants, more 
sophisticated software will have to be used to analyze the spectrum, such as TQ-Analyst.   
This software requires the spectra of different concentrations of individual contaminants 
(‘standards’) to be loaded into a library.  The software can then be used to analyze a sample 
spectrum and determine the quantities of the constituent contaminants.8 
 
Pre-existing libraries of FT-IR spectra are available.   However, as each contaminant of 
interest to LIGO is likely to be calibrated for outgassing with an RGA, a commercial FT-IR 
library is not likely to be of much use in outgassing estimations, unless outgassing rates 
prove to have the same dependence on total volume for all contaminants.   
 

                                                 
8
 TQ Analyst User's Guide. Thermo Electron Corporation, 1992. 40-47. 
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Window Preparation Procedure:  
 
This is a detailed procedure for the ‘method two’ of preparing FT-IR windows for analysis, once the solution 
has been collected and concentrated into a scintillation vial. (Instructions specific to using Omnic software are 
in blue)  A procedure for sampling components, and reducing the solution into a scintillation vial needs to be 
developed. 
 

1. Before beginning to collect a spectrum, have ready: 
• Omnic Software: 

i. Make sure the ‘Experiment’ drop down menu is set to ‘LIGO FT-IR 
Collection Method’.  

ii. The method can be altered as required in the ‘Experiment Setup’ 
window, found in the ‘Collect’ Menu under ‘Experiment Setup’ (or 
press Ctrl+E) 

• A work surface covered with brand new UHV foil. 
• The sample solution, in a scintillation vial, with the cap on. 
• The reference pipette, with the volume set to 2µL (‘200’ on an Eppendorf 

Reference), a brand new tip, suspended so the tip does not come into contact 
with anything. 

• A place to put the FT-IR slide such that the NaCl surface does not come into 
contact with anything, and the slide is completely flat (the ‘slide holder’). 

 
2. If necessary, the contents of the scintillation vial can be concentrated further by 

leaving the vial uncapped to allow the solvent to evaporate off.  The vial should be 
weighed before and after to determine the amount by which the volume of the 
solution changes.  The procedure should be carried out in a Class 100 flow hood to 
avoid contaminating the sample.  Recap the vial when finished. 

 
3. Place the FT-IR slide in the spectrometer, close the hood and the inspection 

window, and collect the background spectrum.  
(click the ‘Col Smp’ button.  Enter the spectrum’s name, and click ‘OK’.  Click ‘OK’ 
on the ‘Please prepare to collect the background spectrum’ window – the 
background spectrum is then collected automatically) 

 
4. While the background is collecting, charge up the pipette with solution: 

• Uncap the scintillation vial – place the cap upside down on the foil. 
• Press the pipette plunger down to the second stop. 
• Insert the tip into solution, and slowly release the plunger. 
• If bubbles are collected in the tip, dispense the solution back into the 

scintillation vial and try again – release the plunger more slowly and ensure 
the tip is fully submerged. 

• Ensure the outside of the tip is free from additional solution. 
 

5. Once the background spectrum has been collected, remove the slide via the 
inspection window – keep the inspection window open for as short a time as 
possible.  
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(a window will pop up after collecting the background spectrum with ‘prepare to 
collect sample spectrum’.  Leave this window until step 9) 

 
6. Place the slide on the slide holder, and discharge the solution from the pipette slowly 

onto the center of the NaCl window, holding the pipette with both hands, as close to 
vertical as possible. 

 
7. If the solution runs off the NaCl surface onto the surrounds, the sample can’t be used reliably for 

quantitative analysis.  If no more solution is available with which to prepare another 
slide, then the contaminant concentration should be adjusted according to the best 
estimate of solution remaining on the window. 

 
8. Apply further drops, allowing each drop to evaporate completely, (~1 minute), until 

the solution is transferred onto the window. 
 

9. Place the slide in the spectrometer via the inspection window, and collect the 
spectrum.  It’s important to minimize the time between collecting the background 
spectrum and the sample spectrum.  
(click ‘OK’ in the ‘Prepare to Collect Sample Spectrum Window’ – the sample 
spectrum is collected automatically).  Once the sample has been collected, choose 
‘Add to Window 1’ in the popup window.  Save the spectrum.  Multiple spectra can 
be added to the same window for comparison. 

 
10. For quantitative analysis, the baselines of the spectra will have to be calibrated.  

Omnic can perform this automatically with the ‘Aut Bsln’ button.  If multiple spectra 
are open in the same window, ensure that the absorbance scale is the same for all the 
spectra with the ‘common scale’ command, found in the ‘View’ menu / ‘Common 
Scale’. 

 
If the FT-IR window has to be prepared off-site from the spectrometer, the prepared 
window should be sent with a clean window from the same batch, to be used as a control, 
and ‘method one’ used, with the blank slide as a background.    
 
If the slide can be prepared by the spectrometer, there’s no reason all three methods couldn’t 
be used – with the best spectrum used for analysis, for example: 
 

1. Record the spectrum of a blank slide (empty compartment for background, blank 
slide for sample) – this is the first part of method three. 

2. Record a background spectrum with the blank slide in place – this is the first part of 
method two. 

3. Prepare the slide. 
4. Collect a sample spectrum – this is method two. 
5. Collect the spectrum of the slide again with an empty sample compartment as a 

background – this is method three. 
6. Finally, collect the spectrum of the sample slide with a new blank slide as a 

background – this is method one. 
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