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Summary |

Work done during this period (September 15 and December 14, 1989) covered two ‘oi' the
three primary areas of study‘of this project. The first concerned an inv(estigation.ol‘ the Lléa‘ of
maximum likelihoodirestoration (ML‘R),as an alternative to Fourier self -deconvolution (FSD) for
reducing the width of bands of complex spectral multiplets with many overlapping b‘ands, of the type
that aré found in the infrared spectra of coals. The second involved the continuing development of
a step-scanning interferometer for the photoa‘coustic depth-profiling of materials whose coniposit ion

varies in the spatial region between. 5 and 50 um from its surface.

Appnlication of Maximum Likelihood Restoration to Complex Spectra

The aim of this project is to pefform quantitative analysis of the Fourier transform iﬁt‘rn red
(FT-TR) spectra of coals and coal extracts. The major difficulty encountered in the ﬁnalysis’ of"lhe
FT~IR  spéctra of coals 1s the complexity of fhé bands, which consist of many closely overlmaped
peaks, - Two techniques that are éommonly used for the quantitative analysis of cofnplgx FT-1R
spectra are deconvolution and curvé-f'itting. DeconQolution isa mathgmatical technique that narrows
the peaks in a spectrum, thereby improving the effective resolution. Curve-fitting pptimizes a sel
of band parameters using g least squares criterion, to simulate the true spectrum. We have recently
‘Lompieted work on optlmlzmg the combination of these two techmques with the aim of applying this
to the spectra of coals and coal extracts. Two types of deconvolution were investigated in this
context: Fourier éelf-deconvolution (FSD) and maximum likelihood res‘toration (MLR). lf wds “
concluded that for noisy spectra MLR gave superior results. This work is to be published in the ncar
future [1-3].

In our earlier studies finely groﬁnd cdal was extracted using chlorocform. The FT-IR
spectrum of the C-H stretching region of a dilute "solution of the extract ix) spectral grade carbon
tetrachloride was then obtaine‘d. Figure | shows a typical exufnple of such a spectrum, and the best

“deconvolution re‘sults that could be obtained using MLR. Although there are many more bands

apparent after deconvolution there are probably other bands which remain unresolved. Furthermore,

it is possible that some of the smaller bands are artifacts from the deconvolution process.
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Figure 1. FT-IR spectrum of (C-H) stretching region of a coal extract. Top: original; Bottom:

after application of MLR.




Since these px'qblems stem f‘rom the’extreme complexity of the F'f-lR spectra of coal extracts
our recent ei‘forts have concentrated on analyzing spectra obtained by thin‘ lnygr chromatography
“coupled with diffuse reflectance FT-IR spectroscopy (TLC-DRIFTS). ‘ln this technique a strong
solvent is used to transfer the eluites from the TLC plate to a series of cups filled with a boxx»’dcrod
IR transparent glass. This gives approximately 50 spectra from l.ext‘rnct. The sum of all these
spectré'is compared with the spectrum ‘of the whole‘c':oal extract in Figure 2. It can be seen that the
aromatic compounds have not been e‘lut‘ed during the TLC process. This is indicated by the absence
of intensity in the aromatic (C-H) stretching region (3100 ‘tov 3000 cm™) and in the aromatic (C-11)
bending region (930 to 680 cm™). The simplification of the spectra obtained using this technique
should greatly facilitate the analysis. | | |

Figure; 3 shows a series of spectra from different cups. Although there are no obvious bands
that are only present in some spectra, significant intensity changes in relative band intensities can
be seen. This is particularly apparent in the C-‘—-O‘stretching region (1790 to 1680 cm™) and in the
C-O stretching region (1260 to 1100 cm™), These are two of the main r.egions for studies of coal
oxidation using FT-IR.

Figure 4 shows the deconvolution of one of these spectra (cup #38) in the region 1800 to 1000
cm using both FSD and MLR. It can be seen ;hat the spectrum deconvolved using MLR showsg

| significantly better resolution, and also shows suppression of oscillations in. the baseline region that
are caused by noise. This confirms our earlier conclusions that MLR is better than FSD for the
deconvolution of noisy spectra.

The same series of spectra that are shown in Figure 3 were deconvolved using MLR and are
shown in Figufe 5. After resolution enhancement several more bands become apparent, for example
in the C=0 stretching region and in the C-O stretching region. It should be n_‘oted, how‘ever. that
the positions of the broad bands between approximately 1270 and 1140 cm™' are currently not very
reproducible and more wor‘k nee‘ds to be done in this area.

Current work is éoncentrating on the curve-fitting some of these deconvkolved spectra, with

the aim of testing the reproducibility of the results and to determine any systematic trends in the

data.
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Figure 2. Compdrison of a whole coal extract spectrum (top) and the sum of the 50 spectra obtained

from the same extract using TLC-DRIFTS (bottom),
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Figure 3. Represcntative members of a series of 50 spectra obtained from a coal extract using TLC-
DRIFTS.
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Figure 4, One of a series (cup #38) of 50 spectra obtained from a coal extract using TLC-DRIFTS

Top: original spectrum. Middle: spectrum after application of FSD. Bottom: spectrum after
application of MLR.
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Figure 5. The same series of spectra as shown in Figure 3, after application of MLR.




Step-Scanning Interferometer

The step—scunnilng interferometer that was constructed in our lnborathr&x during the first
two years of this project incorporated a mechanical stepper-motor drive. It is known that for step-
scanning interferometry, the distance between each sampling position must be identical, and any
deviation will lead to a decrease in si‘gnal-to—noise ratio (SNR).  We have shown that for
photoacoustic depth-profiling with a step-scanning interferometer the positioning error should be
less than 5 nm. The accuracy at which the movable mirror could be pbsitioned'using the sté;mer—
motor drive alone is insufficient to allow this épecif‘ication to be met, By using the laser reference
interference record to monitor positional inaccuracy, the mirror positioy‘n errdr could be corrected
using a piezoelectric‘transducer (PZT) as a fine contrél of the mirror position.
| Briefly, the PZT control cifcuit works as foIIoWs. The computer acquires the He-Ne laser
interference recbra which is recorded with a d.c. amplifier (in contrast to the case for a rapid-
scanning interferometer). For a rapid-scanning interferometer, this point is called the laser zero-
crossiﬁg (LZC), but because the interference record is measured at d.c., the entire interference record
is positive and the LZC is not at zero. | Nevertheless, this point is still termed the LZC in this work;
it gives the most sensitive measure of the position of thé movable interferometer mirro‘r. The
computer then sets up a digital-to-analog converter (DAC) in the control circuit, Two conmmﬁtors
monitor whether the analog laser voltage is greater or less than upper and lower control limits set just
above and below the LZC value. The outputs of the comparators are fed into an integrator whose
output is sent to the high-voltage amplifier that controls the fine-control PZT element. If the
retardation is too small, the laser voltage is too high and the comparator outp‘uts couse the integrator
voliage to increase, thus increasing the thickness of the PZT and causing the retardation to increase.
- The converse operation occurs when the obtical retardation is too large.

Although this system allowed good results to be obtained, it still gave rise 1o several problems:
a. The time required to move from one sampling position to the next was very long, resulting in an

excessively‘ long measurement time;
b, It was not possible to operdte the spectrometer in the rapid-scanning mode making optical

alignment difficult;

¢. The moving mirror could not be returned to the same starting position for successive scans




because of hysteresis, |

We believed that these problems could be alleviated by subsfituting the stepper-motor ¢rive
‘by an unusual piezoelectric drive that allows a travel of greater than 4 mm ("Inchworm", Burleigh
Instrun1ents). ‘Figupe 6 shows the manner in waich the Inchworm operates. There are three
piezoelectric elements (2 clamps and | extension bar), The extension bar starts at its minimum length
and the forward clamp is. clamped to the drive spindle, As extension bar (which is fixed to the bench :
at its mid4pqint) expands, tﬂ‘us moving the spindle forward, Each step nominally corresponds to un‘
expansion of 4 nm, When 256 steps Have been made, th‘e gxtension bar is at its maximum leﬁgtln
At this point, the forward c.lainbs unclamps and the rear clamp clamps. This series of steps is known
as the clamping cycle. Further co‘mmancl steps cause the extension element to shrink, thus pulling
the spindle forward. Aftqr 256 stebs, the clamps are switched again and the Inchworm motor has
come full cycle. Operation of the Inchworm motion is very fast, with the highest translation speed
being about 0.5 mm/s. QOperation of the step-scanning interferometer at this speed would be
eduivalent toa conventioqal rapid-scanning interferometer operating at slow speed (1.58 kHz for the
laser interferogram) and would enable optical alignment to be easily carried out, In a‘ddition‘, the
movable mirror can be advanced ‘much more rapidly between successive sampling positions than it
could with the stepper-motor control, sfmply by calling the Inchworm to advance a speciflied number
of steps, n. Finally, the movable mirror should be able to return to the same starting position for
successive scans; if the previous interferogram was measured at N sampling positions, the movable
mirror should be returned to its starting position simply by specifying that it returns nN steps, Thus
we believed that the installation of an Inchworm drive woﬁld enable all three disadvantages of the
stepper-motor drive listed above to be overcome,

Schema‘tics for installing the new drive were drawn up and the coﬁtrol programs were written
during the first eight weeks of this quarter. The drive was installed in November. Unfortunately,
two problems with the Inchworm were encountered that we were unaware of when the drive wis
purchased, The first problem is that during the clamping cycle the spindie is loose momentarily,
The He-Ne reference laser interference record shows this by deviating from its normal sine wave
form into a large "glitch" that can last on the order of up to about 25 ms. The second problem is that

the step size for the Inchworm motor, that is specified as being 4 nm by the manufacturer, actually




Figure 6, Operation of the Inchworm.
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varies during the expansion and contractioﬁ portions of the stepping cycle; The number of steps
required to move one laser fringe is shown in the histogrnm In Figure 7; it can be seen thxﬁ the
required number of steps sizes. of 3.4 to 8.0 nm, with a rmean of 5.7 nm,

These two problems made control of the stepping motion required f'or‘ the invtel't’cromctc‘r
difficult, It had been hbped that the Inchworm'’s step size would be constant at at;out 4 nm (as is
implied in the manuf‘aéturer's promdtional litefature). This would have allowed the instruments
computer to calculate exuotly‘how many steps are needed to reach the next sampling position and the
Inchworm could be driven forward by that many steps at high speed. Methods of circumventing
the effect of these problems were élevised and their implemen‘tation will be described in the next

quarterly réport.
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Figure 7. Histogra'n showing the number of steps of the Inchworm to translate the moving mirror

by one laser fringe (0.6328 um retaiation).










