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The ultimate limits of Fourier transform-infrared (FT-IR)*

Tomas Hirschfeld
Chemistry & Materials Science Department, Lawrence _ivermore National Labaratory
P. 0. Box 808, L-322, Livermore, California 94550

Abstract

Continual improvements in FT-IR have brought us within two orders of magnitude of the theoretical limits
of the technology, set by the intrinsic noise of the blackbody spectrum. Further improvements in the
technology still require further optimization by step-by-step comparison between actual components perform-
ance and their theoretical limit.® Among insights from such a process, we have found a surprisingly low
energy efficiency in current interferometers, substantial amounts of excess noise in the detectors ana
nonlimearity in their amplifiers, and an insufficient utilization of the very low aberration levels of
interferometers. Beyond this, substantial improvements in spectroscopic semsitivity can pe achieved Dy
appropriate choice of the optical interaction. Here the elimination of the 100% line is a particularly
desirable goal. The optics of sampling accessories alsa merit much attention, including throughput matching
(and also throughput conservation), optimizing interaction strength, signal strength and detector noise
optimization, etc. Finally, data processing can be used to substantially improve the performance capapili-
ties of FT-IR, particularly if we are willing to depart from the conventional data presentations used in IR
spectroscopy.

Recently Fourier transform infrared spectrometers have achieved signal-to~noise values in excess of one
million, and have thus vecame the second highest signal-to-noise instrument in the analytical lavoratory,
right after the analytical balance. Under these circumstances, it seems reasonable to ask ovurselves: do we
really need any further improvement? and, is this really possiole?

To answer the first question, many of the techniques that are at the leading edge of Fourier transform
infrared spectrascopy today (such as trace analysis, microanalysis, thin film analysis, GC-IR, infrared
microprobing, and the 1001 advanced computer tricks of infrared spectrascopy) have an unlimited cemand for
signal-to-noise; and they often demand it under difficult conditions, at low throughput, short measurement
times, restricted area or transmission samples, etc. Other technigues, also popular, such as absorbance
substract, diffuse reflectance, and trace analysis, are limited, on one hand, Dy instrumental accuracy and
stability; and, on the other hand, by our ability to trade in excess signal-to-noise ratio for mathematical
corrections to known ErTOr SOUICES.

Given this open-ended need, can we meet it? To study this, we must consider the capapilities of an
ultimate instrument--an instrumental analog of that so useful fiction, the ideal gas. This will deliver at
its output the full signal-to-noise available, that is, the shot noise limited SNR of the blackbody source.
Given reasonable assumptions, such as 1 s throughput and 1% efficiency (!), Fig. 1 shows the capabilities
of such an instrument for a 1.0 sec measurement at 2 cm~! resolution. The performances shown are well in
excess of anything achieved in FT-IR today, and tell us that there is substantial room between current instru~
ment performance and its theoretical limits. Even if we bring into the analysis the real world limitations aof
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detector performance (Fig. 2), predicted SNRs of the order of 80,000 are well in advance of current
instrument performance.

In trying to understand this considerable gap, we may suspect our theoretical understanding of the
behavior of the FT-IR instruments is accurate enough. However, a comparison of calculated and actual
interferograms shows that, while theoretical analysis does not give exact predictions, it comes quite
close. At the present time, large differences between the theoretical and the actual performance of
instrumentation are not satisfactorily understood.

In looking for possible improvements, the assumed and realistic 1% efficiency is an obvious candidate
(Table 1). Clearly, there is need for improved optics and beamsplitter designs. However, an even larger
improvement is possiple by improving the source. A very high temperature blackbody, such as the hafnium
tantalum carbide blackbody source (Fig. 3), operates at 2000° K with high emissivity. The actual performance
improvement is even higher than what we could calculate from here, due to a substantial reduction in noise.
Apparently, the geometry of this source suppresses air scintillations, an, up to now, unsuspected source of
noise in high signal-to-noise FT-IR abosrption measurements. The noise improvement disappears in vacuum
instruments, supporting this interpretation.

Table I. Overall efficiency of FT-IR Spectrometer.

Source emissivity 90%
Aperture 95%
Intrinsic efficiency 25%
Beamsplitter efficiency 60%
Angular aperture B86%
Compensator 61%
Surface figure 95%
Mirror loss 51%
Detector efficiency 40%
Electraonic efficiency 90%

Total efficiency 1.15%

Another improvement in instrumentation is to tailor the throughput of the instrument to that required
for the application. The signal in absorption spectroscopy, the dominant use of FT-IR, is not the light
that hits the detector, but the light that fails to get there because it was absorbed by the sample. There-
fore, optimum performance is achieved when the geometry of the sampling system is adjusted to make the
transmission of the sample approximate 37%.

In many forms of spectroscopy, this can be done by using reduced throughput spectroscopies. Reducing
the throughput of the instrument will buy us improvement in such techniques as diffuse reflectance, attenu-
alerd total reflectance, microsampling, microprobing, and GC-IR (high throughput instruments are optimal 1n
apvsorbance substract, low transmission samples, and in photo-acoustic spectrascopy).

We see then that the techniques of FT-IR in which SNR is dominant are all techniques favoring low
throughput instruments. Such a low throughput instrument, matched to the throughput of an optimized geometry






