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A short history and the principle of Fourier spectroscopy are presented. Some engineering problems, such as
mirror motion irregularities during interferogram scanning, beam splitter construction and influence of water
vapour, detector choice, sampling density, and scanning speed are discussed. Some ways to solve the problems
are proposed. The advantages and disadvantages of Fourier spectroscopy with comparison to other spectroscopic
techniques are presented. The applications in various domains with relevant references are mentioned. New
trends in the Fourier spectrometry design are indicated. The works conducted in Poland are shortly described.

1. Introduction

The relation between interferogram registered in
interferometric system and spectral distribution of
source radiation used for interferogram generatation
was observed for the first time by Foucault [1] in
1862 and utilised by Michelson' in 1891 [3].

At that time the main goal of experiments was to
determine a structure of spectral lines only. In the ex-
periment Michelson applied his interferometer with
one of mirrors uniformly moved, and surprisingly,
such a set-up is met in current Fourier spectrometers.
In 1911 Rubens and Wood [4] used the interferometer
consisting of two parallel plates with variable dis-
tance between them to determine far-infrared radia-
tion spectrum of some bodies (A € 100-300 pm).

Detailed description of the goals and experiments
to be considered as the beginning of Fourier spec-
trometry is given in Ref. 5. However, at that time no
computer was available, therefore any more complex
calculations were extremely laborious. Probably, by
this reason advantages resulting from the relation be-
tween interferogram and its Fourier transform could
not be appreciated properly almost for a half of cen-
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! Albert Abraham Michelson was born in 1852 in Strzelno, a
town of Polish population, now in the territory of Poland
(Pomerania). 4 years later his parents, Samuel Michelson and
Rozalia Przytubska, with young son, emigrated to California [2].
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tury. Only in 1951 Fellgett, in his thesis [6], presented
the first numerically Fourier transformed interfero-
gram, which was obtained by scanning the fringes
formed in air wedge between two glass plates.
Fellgett demonstrated in his work, that in comparison
to classical spectrometry a multiplexing spectrum reg-
istration introduces increase in a signal value of sig-
nal-to-noise ratio (feature known in literature as
Felgett’s advantage). A little earlier, Jacquinot [7] had
pointed out that interferometer has greater light effi-
ciency than a conventional spectrometer of the same
resolution (Jacquinot’s advantage).

In 1957 the first conference in Bellevue (France)
was devoted to Fourier spectroscopy [8], however,
named yet as Interferometric Spectroscopy (Spectros-
copie Interferentielle, in French). In 1961, J. Connes
[9] published the thesis giving mathematical basis of
Fourier spectroscopy. Some improvement in spec-
trometer design was introduced by her husband
P. Connes (cat’s-eye retroreflector, control of mirror
displacements with a laser interferometer, and others).

The crucial date for the Fourier spectroscopy was
elaboration of FFT algorithm by Cooley and Tukey
[10] in 1965. Moreover, minicomputers came into
practise; therefore Fourier spectroscopy could be ap-
plied to routine spectroscopic analyses. In IR region,
difficulties connected with cooling of a detector and
even the whole instrument (in the case of emissive
spectrum) were reduced due to development of highly
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sensitive detectors and active cooling systems (ther-
moelectric elements, Stirling refrigerator).

Since the middle of the sixties essential develop-
ment of Fourier spectrometers was achieved. Many
topical conferences were organised [11], topical num-
bers of scientific journals were issued [12], moreover,
numerous monographs were published concerning the
bases of Fourier spectrometry [see e.g. Refs. 13-16]
and its applications [see e.g. Refs. 17 and 18] as well.
Bibliography related to Fourier spectrometry problems
includes already hundreds of papers. At last, since
some time Fourier spectrometers, constructed for vari-
ous applications, are available commercially [19].

2. Principle of Fourier spectroscopy

A general scheme of optical system of a Fourier
spectrometer is shown in Fig. 1. The instrument con-
tains the source of radiation S, the parabolic off-axis
mirror M, the Michelson interferometer (the beam split-
ter B and two the planar mirrors M; and M), the focus-
ing parabolic off-axis mirror M,, and the detector D.

The radiation emitted by the source S, after
collimation by the parabolic off-axis mirror M, prop-
agates to a Michelson interferometer, and after that
both interfered beams, reflected from both planar mir-
rors, are focused by the parabolic off-axis mirror M,
at the detector plane. The detector registers inter-
ferometric - signals (interferogram) for various dis-
placements of one of the planar mirrors of the inter-
ferometer. In Fig. 1 movement of the mirror M, is de-
noted with the aid of arrows and the letters +z and —z.

The interferometric pattern in a Michelson interfer-
ometer arising at a focal plane of the mirror M, does
not depend on parameters of the source, i.e., its dimen-

Fig. 1. Basic optical system of the Fourier spectrometer.

234

Opto-Electr., 6, no. 4, 1998

sions, intensity distribution in the source area, and the
source position. These features represent essential ad-
vantages of a Michelson interferometer, especially
when natural sources, like e.g., planet surfaces are used
in place of the mirror M, and the source S (Fig. ).
However, the interferometric pattern has the form of
circular fringes (Haidinger fringes) and their radial
density increases with increase in the shift z of the mir-
ror M,, measured from the mirror position, with null
difference of the optical paths for both branches of the
interferometer. For z = 0 (null difference of optical
paths) intensity distribution in the interferometric field
is uniform. That is a problem for spectrometers with
high spectral resolving power, when a large shift of the
mirror is required. In this case the detector diameter
should be sufficiently small or the focal length of the
mirror M, sufficiently large to detect proper state of in-
terference only.

If the proper design is fulfilled, then we can ana-
lyse the result of interference in the middle of detector
plane only. The demanded result can be described by
the following equation

I(z,k)=1,(k)+1,(k)+ 2,1, (k)I, (k) cos(kz), (1)

where k = 2m/A is the angular wave number (A - wa-
velength). The detector response is a result of the sum
of interferometric signals for whole spectral radiation
generated by the source S (multiplexing phenomena),
this means that measurement of the interferogram is
obtained by the following integration

RG) = [IRR,d, @

where Ry is the spectral sensitivity of detector.

The intensities I;(k) and I(k) of interfering waves
reflected from the first and second mirrors, respec-
tively, depend on the coefficient of spectral transmit-
tance T; (k) (i = 1,2) of both channels of the spectrom-
eter, therefore we can write

I,(k)=1,(k)T,(k), i=12 (3)
where Iy(k) is the spectral intensity (radiance) gener-
ated by the source S and

(k) =T, ()T, (KT, k), i=12 @

1. (k) is the coefficient of spectral reflection of the mir-
ror M, Ty (K) is the coefficient of spectral transmission
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of both branches of the Michelson interferometer; t.(k)
is the coefficient of spectral reflection of the mirror M.
Denoting

flk) = 1,(k)T,(k)T,(k)R,, (%)

according to equations (1-3) we have
R(z) = C + FT ™ [f()]+ 27FT “[f(k)], ~ (6)

where
C = [11,(0)+ 1, (k)R dk (7)

is the constant and FT* FT* are the operators of
Fourier and inverse Fourier transformations, respec-
tively.

If the interferogram could be known in an unlim-
ited range of the mirror shift [z € (-e0, )], then accord-
ing to Eq. (6) by calculating the Fourier transform of
R(z) three separate elements could be obtained, namely
Cd(k), f(-k) and f(k). Using such a theoretical proce-
dure, knowing spectral transmission of both channels
of the spectrometer, i.e., coefficients T, (k) and 1, (k)
as well as the spectral sensitivity Ry of detector, the
spectral radiance Iy(k) is determined on the basis of
Eq. (4). The metrological problem can be inverted. For
the known spectral radiance I(k) of the source (usually
for IR region a black body is used) the spectral sensi-
tivity of the detector is found. Moreover, for all known
spectral parameters of the spectrometer, the spectral
transmission of any element set between the mirror M,
and the Michelson interferometer, or between the inter-
ferometer and the mirror M, is measured. In the same
way as for the source radiance determination, the spec-
tral emission of any body can be determined by intro-
ducing the light flux of the studied body directly into
the interferometer. It is worth remarking that in the
considered theoretical procedure, in all cases, the mea-
surement is accomplished with precise determination
of spectral parameters of the spectrometer and precise
calculation of the Fourier transform calculation.

However, in real cases the measurement of the de-
tector response R(z) occurs in the finite range of the
mirror displacement only [z € (-Zyaxs Zmax)]- By defi-
nition, let A(z) be a function equal to zero outside the
measurement range of z. In the simplest case A(z) = 1
for z € (-Zpaxs Zmax)s @and A(z) = 0 outside of this
range. For the last solution one can speak about a
nonapodized interferogram. As it can be seen later the
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choice of the apodization function, gradually decreas-
ing with increase in |z‘ improves the measurement pos-
sibility. In other words, in place of R(z) theoretically
determined in the unlimited range of z, in real cases
the apodized interferogram R’(z) is known and de-
scribed by the following relation

R (2) = R(2)A(2) (8)

The Fourier transform of the product leads to con-
volution of the Fourier transforms of the components.
Therefore, taking into account result (6) we can write

FT™“[R(2)] = Ca(k,z,,, )+ &

H (k) + fR)]® alk, z,,,),
where the monochromatic response of spectrometer
(function named also as instrument line shape) is
given by the relation '
a(kz,, )=FT "[A(2)] (10)
In relation (9), which is solved numerically, three
components can be separated with the aid of a com-
puter program. It is possible due to usually narrow
band of the monochromatic response a(kz;,). The

third component

f1k) = a(k,z,,,)® f(k) 1
is the quantity determined during the measurement. Ac-
cording to (11) the demanded function f(k) is spread by
a monochromatic response. The obtained result cannot

be identical with the real quantity due to a finite range of
mirror displacement of the spectrometer.

3. Resolving power of the spectrometer

The measure of the spectrometer resolving power
is a minimum difference expressed in wave numbers
of two monochromatic responses to be taken as sepa-
rate. The criteria commonly used in optics, for exam-
ple the Rayleigh criterion, are rather conventional.
Resolving power determined on the basis of any crite-
rion indicates instrument capabilities only. Resolving
power of a real instrument, besides the monochro-
matic response, depends on many other factors, there-
fore it must be determined experimentally.

Let a source emit two sufficiently close spectral
lines for k = k; and k = k; + Ak. Moreover, let both
lines be of equal intensities. Due to the small differ-
ence Ak between both lines the equality of spectral

235



Fourier spectrometry and its applications

transmission of both lines in both channels of the

spectrometer can be assumed. For these lines, by the

same reason, equal detector sensitivities can be taken.

According to Eq. (5) and (4), in place of Iy(k) = d(k —
k;) + 8[k — (k; + Ak)] we can write

Fos k) = 8k —k,) + 8lk = (k, + AK)].  (12)

Taking into account Eq. (12), relation (11) be-
comes the sum of monochromatic responses

fas (ky=alk —k,,z,,,)+alk—(k, +A4k),z,,] (13)

In the case of nonapodized interferogram [A (z) =
1 for z € (~Zmaxs Zmax)» A (z) = 0 for ‘z‘ > Zonax the
monochromatic response function is

ak,z, )=sine(kz,,, ) (14)

where sine(x) = sinx/x. This means that on account of
relation (13) we have

Iy (k) =sine[(k —k, )z, .. ]+
+sine[k — (k, + Ak)]z

(15)

max *

According to primary criterion formulated by Ray-
leigh both monochromatic responses are resolved if
the function f’,5(k) in its centre of symmetry takes the
value 20% smaller with comparison to its maximum.
Additionally, the criterion formulation can be ex-
pressed by the following relation

['a5 (ky +0.54k, ) = 08 f" 35 (k) gy - (16)

Such a situation is shown in Fig. 2a. The individ-
ual monochromatic responses are denoted by dashed
lines and the spectral intensity distribution f’,5(k) by
the solid line. The limiting value Ak, fulfilling the re-
lation (16) and determined numerically is given as
AkyZp,, = 1.5m. To simplify our considerations the
notion of angular wave number k has been used.
However, in spectroscopy the basic notion is some-
what different, namely the wave number 1/A = k/(27)
expressed in cm!. Therefore the resolving power for
the wave number is given by the relation

1 075
A—| ===
(;{JR Z max

According to relation (17) an evident conclusion
can be formulated: the construction of the Fourier
spectrometer with high resolving power requires suf-
ficiently large displacement of one of mirrors of the
Michelson interferometer.

(17)
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Fig. 2. Resolving power in the case of nonapodized (a) and
apodized (b) interferograms.

As it is seen in Fig. 2a, the individual monochro-
matic responses, besides the main maximum, have
sidelobes of significant intensities with comparison to
their maximum (over 20%). Such a phenomenon can
be harmful when two lines of different intensities are
studied. The intensity value of the weak line can be
comparable or even less than the sidelobe intensity of
the strong one, and in this case the distinction of the
weak line becomes impossible. Moreover, the sidelo-
bes would be interpreted as false lines. To avoid such
a situation the apodization of the interferogram is ap-
plied. The function A(z) in Eq. (8) should gradually
decrease with increasing }z‘ There are various apo-
dization functions used like cosine, trapezoidal, Gaus-
sian, etc. [14,20]. The most common function is trian-
gular one (linearly decreasing up to zero at the edges
of the interferogram), for which [14]

a(k,z,,, ) = sine’ (0.5kz (18)

z )
* “max max /*

Now, for the Rayleigh criterion we have
0.5 AkyZpax = T and
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According to equations (17) and (19) the applica-
tion of the apodization triangular function reduces the
resolving power of the spectrometer with comparison
to the case of nonapodized interferogram due to a
larger width of the main maximum measured at half
peak intensity. But simultaneously it reduces the
height of sidelobes to 4.7% of the peak intensity
(Fig. 2b).

It is worth to remark that any interferogram,
apodization achieved by decreasing the intensity at
the interferogram edge, leads to two opposite ten-
dencies presented above. Any improvement in the
monochromatic response by decreasing the sidelobe
influence reduces the spectrometric resolving
power. Fortunately, apodization is introduced nu-
merically. For one measured interferogram various
spectrograms can be determined for various func-
tions of apodization. The comparison of the spectro-
grams obtained in such a way may be useful.

4. Engineering problems

The design and construction of Fourier spectrome-
ter, especially with high resolving power, require
overcoming many mechanical, electronic and optical
technological difficulties. The requirements related to
some of them are extremely high. Despite an appre-
ciable price the advantages of Fourier spectrometers
resulting from their flexibility are so significant that
they find more and more common applications in
chemistry, atmospheric and cosmic studies, optical
measurements, and others. Individual engineering
problems will be shortly discussed with some ways to
solve the problems.

Mirror motion irregularities

The optical configuration of the Michelson inter-
ferometer should be so adjusted, that two interfering
planar waves emerging from the interferometer will
be ideally parallel. Permissible deviation is so small
and, moreover, fulfilled for a whole range of inter-
ferometer mirror movements, that the word ideal is
not an exaggeration. Using an approximate method
to estimate the interferometric error only the as-
sumption of 0.1 A as the permissible error of the
wave deviation can be made [21]. If the diameters of
interferometric beams are denoted by D, then the
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maximum tilt error of the movable mirror is given by
the equation

Ao, =01 A (20)
D

For rather small diameter D = 20 mm and typical
short wavelength edge of the spectral range
Amin = 2 pm, the value of o, is equal to 2 s of arc. To
fulfil such an exact condition various technical rem-
edies are used. For small diameters D cube corners
are applied [22] (Fig. 3), for larger ones —cat’s eye
retroreflectors (Fig. 4) [23]. The common feature of
both solutions is the independence of returning
waves of the tilt of the elements. The disadvantage
of the cat’s eye retroreflector is elongation of optical
system. In case of large diameter D, three additional
interferometers can be applied. The interferometers
are set at three points of plane mirror to control its
angular position with the aid of linear piezoelectric
transducers.
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Fig. 3. Interferometer with moving cube corner prism and
two planar mirrors.

Fig. 4. Interferometer with two cat’s eye reflectors. One of
the reflectors is moved.
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Temperature instability

Temperature changes of environment and heat in-
ternal sources (laser, electronic elements, driver con-
trolling the mirror, and others) change the tempera-
ture distributions in thé instrument area, what leads to
a misalignment of the interferometer. Besides temper-
ature stabilisation in internal area of the interferome-
ter, to decrease influence of remaining temperature
changes the compact design of the interferometer
should be applied [24]. This means that the beam
splitter, mirrors and retroreflectors should be mounted
in a common assembly (Fig. 5). All elements of the
assembly should be made of the same material (ex-
tra-fine steel), including all screws. Lapping of all
mechanical elements before their mounting is indis-
pensable.

M
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Fig. 5. Compact design of the interferometer with two cube
corner reflectors. One of the cube corner prism is moved.

Beam splitter

The optical path difference between both
branches of the interferometer should be independ-
ent of wavelength. This means that lengths of wave
paths in both branches for materials with large dis-
persion should be equal. For this purpose the beam
splitter is equipped with a compensator (Fig. 6)
made of the same material as the plate with a
semitransparent film (Ref. 14, Chaper 9). The influ-
ence of air dispersion remains which is usually too
weak to be taken it into account.

In the interferometer, two interfering waves reflect
from the semitransparent surface and pass through it
in both cases only once. The reflection from remain-
ing surfaces of the beam splitter generates parasite ra-
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Fig. 6. Beam splitier consisting of two plates (compensator
and beam dividing plate).

diation disturbing the required interference result. To
remove the parasite radiation out of instrument all
beam splitter surfaces are mutually tilted by small an-
gles. In this case a thickness and wedge angles of both
plates have to be equal because of influence of their
dispersion. Moreover, wedge directions of plates
should coincide.

For the spectral range A € (2, 16 pm) the plates of
the beam splitter are usually made from KBr (refrac-
tive index n = 1.53, high transparency) sensitive to
humidity (Ref. 25, Vol. 3, Chapterl). The semitrans-
parent surface is covered by the films with germa-
nium, giving almost uniform transmittance and reflec-
tance in a large spectral range of IR (Ref. 14 Chapter
9). Some disadvantage of such a solution is the opac-
ity of germanium in visible range, preventing visual
instrument adjustment. Moreover, the interferogram
is detected as a set of samples. The mirror positions
for the registered sample signals are determined using
additional Twyman-Green interferometer, which is
based on the elements of the Michelson interferome-
ter described earlier (see Fig. 1). This means that the
beam splitter should be designed to divide the radia-
tion used by two interferometers simultaneously.
Usually, the second interferometer operates with the
red line of He—Ne laser, fully absorbed by germanium
film. To fulfil the condition of division for two differ-
ent spectral regions, the active area of the beam split-
ter is divided geometrically into two independent
parts with different semitransparent films.

It is worth to remark that technologically the beam
splitter belongs to the most complicated components
of the spectrometer.
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Parabolic mirrors

Focusing features of optical elements should be in-
dependent of wavelength. This is possible for mirrors
only. There are two solutions: axial parabolic mirrors
for cat’s eye retroreflector or off-axis parabolic ones.
The first solution requires a large area along the mir-
ror axis. In the second case the off-axis parabolic mir-
rors are more difficult to manufacture.

Detectors and cooling process

Thermal and quantum detectors are used. The de-
tectors of the first group respond to temperature
changes induced by infrared signal. They can be
used at room temperature with no cooling. Low
noise level and wide spectral range are their advanta-
geous properties. However, limited sensitivity and
long response time require low frequency modula-
tion. Quantum detectors measure the signal energy
of excited electrons in the detector material. Due to
high noises generated at room temperature they have
to be cooled, what simultaneously increases the de-
tector sensitivity (Ref. 15, Chapter 4). The most
commonly used quantum detectors are manufactured
on the base mercury cadmium telluride (HgCdTe)
ternary alloys.

For commercial spectrometers, devoted to the
studies of the absorptive spectrum, the detectors co-
oled using micro Peltier termoelements (temperature
about 200K) are sufficient [26]. Other applications,
like measurements of emissive spectrum, require op-
eration in the temperature of liquid nitrogen, or even
below using Stirling refrigerator (Ref. 27, Chapter
15). The last solution is especially devoted to space
studies.

Sampling density

The interferogram is detected as a set of samples.
According to, equation (8), in place of R’(z) the quan-
tity is measured as

R' (z) =R (2) Z 6(z — mAz), (21)
where Az is the interval between adjacent samples.

According to the considerations of Chapter 2, see
especially relations (9-11), Fourier transformation of
R’((z), for one component of (9) with the demanded
function f(k), gives

[y k)= Z f'(k —mk,), (22)
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_on

= (23)
Az

ko

The result of sampling gives the multiplied func-
tion f’(k) with the period k. The sampling density
should be so high that the adjacent functions f’(k) do
not mutually overlap.

Let the function f’(k) be defined in the region
k € (Kinax> Kmin)- Separation of the functions f’(k-mkg)
is possible if

_on

- 24
v (24)

Kox = Kin <o

max min

Because K,y = 27/ Apins and Kpiy = 270/A a4, and if
we assume for simplicity that A, >> Ay, then in
place of the inequality (24) a simple relation can be
written as Az < A,,;,. In practice, to avoid the influ-
ence of any signal jitters, more restrictive condition is
taken, i.e.,

Ain (25)
2

Az <

Using the interferometer with a He-Ne laser to
control mirror displacements, signal samples are usu-
ally registered with the interval Az = Ay Ne
= 0.633 pm. Such a configuration can be applied to
the IR spectral range A;, > 1.3 pm. For a spectrome-
ter with the resolving power of 0.1 cm-!, according to
Eg. (19), we have z,,, = 10 cm. In this case, record-
ing only half of the interferogram, the number of sam-
ples is considerably large (Zyax/Apene = 158028). The
registration of the whole interferogram requires two
times larger number of samples. However, there are
spectrometers with the resolving power 10 times
higher [28], and even more. Accordingly, data pro-
cessing in Fourier spectrometry requires fast ana-
log-digital conversion and fast computers with a large
memory.

An influence of registration errors is a software
problem and it will not be presented here. It includes
the issues of irregularities of the individual intervals,
precision of data processing as well as the problem
of asymmetry of interferograms related to residual
dispersion and other errors non mentioned here, but
requiring, so-called, phase correction procedures.
Such problems are widely discussed in literature
[14].
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Influence of water vapour

As it has been mentioned earlier some optical ma-
terials used in IR region have a weak moisture resis-
tance (KBr, for example). Moreover, water vapour,
and water in general, has strong absorption bands in
this region [29] (band of 5-8 pm, for example). This
restrains the possibilities of measuring other compo-
nents, such as contained in water solutions. Besides
sealing the instrument and simultaneous application
of water vapour absorbing medium inside, the spec-
tral analyses in other spectral regions or even on spec-
tral absorptive water background are indispensable.

Scanning speed

The design of electronics system depends on ve-
locity of moving mirror. For slow displacement with
the signal modulation frequency even lower than a
few Hz, a chopper is used to eliminate noise. For ac-
curate interferogram sampling the positions of the
moving mirror should be monitored by secondary
fringe-referenced device. Due to conjugation with the
interferometer drive mechanism, the interferogram
can be sampled at equal intervals, independently of
some irregular velocity of the moving mirror. For in-
terferometers of low resolution it is sufficient to use
the stepping-motor drive, without any monitoring of
the mirror positions. The movable mirror is held sta-
tionary at each sampling position and then moved
rapidly to the next one. For higher resolution the ser-
vomechanism has to be used to actuate the mirror af-
ter every step controlling by an additional laser refer-
ence interferometer.

The rapid-scanning method increases modulation
frequency of registered signals what enables their
amplification without chopper use. To increase the
signal/noise ratio, the signal-averaging techniques
must be used. Moreover, all corresponding data
points in each successive scan step have to be digit-
ised at exactly the same retardation value. In this
case an additional laser fringe-referenced interfer-
ometer becomes indispensable. The main advantage
of a rapid-scanning spectrometer, with comparison
to slow-scanning one, is reduction of measurement
time.

5. Advantages and disadvantages of
Fourier spectrometry

The proprieties are listed with reference to other
spectrometric measurement methods.
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Advantages:

e higher light efficiency (Jaquinot advantage);

e higher signal-to-noise ratio, multiplex opera-
tion (Fellgett advantage);

¢ natural co-operation with computers and com-
puter networks;

e interactive possibilities of measured interfero-
gram processing (noise removal, apodization
changes, phase correction);

e interactive transformation of calculated spec-
trum (compensation of linear change, differen-
tiation and deconvolution of spectral distribu-
tion, fitting spectral distributions to spectral
data library).

Disadvantages:

e measurement time (from a few to dozen and so
seconds) required to measure interferogram
and calculate FFT;

e high technological requirements and resulting
relatively high price of a spectrometer.

6. Fourier spectrometry applications

Fourier transform spectroscopy is a widely used
technique to measure spectral transmission, reflection
and emission of solids, liquids and gases especially in
infrared and far infrared spectral ranges (Ref. 15, Chap-
ter 3). Every domain, such as chemistry, space studies,
optics and other fields of application using the Fourier
spectrometry technique has elaborated own methods and
instruments for its specific requirements. Below, the ap-
plication domains, their goals, and eventually some per-
formance data will be mentioned. In some cases general
reviews in scientific journals or conference papers will
be quoted as well to provide more detailed information.

Analytical chemistry

Determination of absorptive spectra of various
substances as well as spectral emisssivity of materials
to establish their chemical constitutions [30]. The ap-
plications concern inorganic [31] or volatile organic
compounds [32], polymer materials [33], refined pe-
troleum products [34], even semiconductor materials
[35] and many others. To determine a gas phase reac-
tion of physically and/or chemically unstable mole-
cules air is drawn into the absorption cell [36].

Atmosphere and environment monitoring

The measurements concern especially determina-
tion of pollutant concentration in air, so-called, atmo-
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spheric chemistry [36]. The studies can be conducted
from stable [37] or mobile [38] laboratories. Observa-
tions of effluence of small building smokestacks [39]
are performed. Moreover, using two in-parallel lo-
cated monitoring systems the changes of plume con-
stituents under wind influence can be determined
[40]. Fourier spectrometry can be useful to study the
greenhouse effect [41].

Remote sensing from spaceborne spectrometers

Persky in his excellent review [18], describing in
detail 23 systems performed up to 1995 in various
countries, presented goals and some measurement re-
sults, as well as technical parameters of instruments
and their designs. He distinguished four basic catego-
ries of the remote sensing methods:

(a) sounding of atmospheric temperature and water
vapour altitude profiles, atmospheric process studies,
and surface composition of the Earth,

(b) environmental monitoring of the Earth’s green-
house gases, ozone, pollutants, etc.,

(c) surface and atmospheric composition studies of
planets other than Earth,

(d) military purposes (missile defense system).

Many references cited in the review deserve par-
ticular notice for the readers interested in them. Simi-
lar role to Persky’s review fulfils the earlier mono-
graph [17]. For extreme weak concentration of gases
(pollutants, for example) absorptive spectra are stud-
ied with the Sun as a radiation source [42].

Biological studies

In the eighties Fourier spectrometry revolutionised
the field of biomedical infrared spectroscopy [43] due
to its advantages [44]. Extremely high quality infrared
spectra of animal and human tissues and cells allow
us to analyse their structural and dynamic properties
at molecular level [45].

Applications in optics

Measurements of spectral transmission of filters
[46], spectral diffusion and specular reflection [47],
spectral emission of materials at high temperatures
[48] and in consequence temperature [49] as well as
optical constants of solids, liquids and gases [50] be-
long to natural applications of Fourier spectrometry.
The application of the attenuated total reflection
(ATR) method allows the surface studies of the solids
(Ref. 15, Chapter 3). Monitoring of thin films used,
e.g., in semiconductor device manufacturing is the
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same natural problem of Fourier spectrometry [51]. It
is interesting that FTIR spectrometry can be inte-
grated with polarisation methods to determine proper-
ties of electro-optical materials [52] and the dielectric
function of layered materials [53].

Micromeasurements

Good examples of the possibilities of new FTIR
method are determination of molecular composition
of a single suspended microparticle [54] and inte-
grated dust analysis by observation of isolated parti-
cles or particle clusters [55].

7. Current trends in Fourier
spectrometry

Contemporary the Fourier spectrometry is exten-
sively developed technique. As usual, a tendency to im-
prove its possibilities will never disappear. A study of
time-dependent phenomena [56], the enlargement of
spectrum to visible and UV ranges [57] and field spec-
trometry [58,59] consisting in registration of some
interferograms, simultaneously by focal-plane array de-
tector, are natural steps. Similar nature of such tendency
is reduction of interferogram registration time to a frac-
tion of a second [60], and even millisecond [56], to fol-
low-up, for example, chemical reactions [61]. However,
a tendency to improve some parameters is rather accom-
panied by opposite changes of other parameters, e.g.,
time reduction is accomplished due to decrease in spec-
troscopic resolution, and almost always with cost rise.

A cost problem is the essential one. Simplification
of the moving mirror system [59,62] is one of the
propositions to remedy it. More sophisticated method
is registration of the whole interferogram with the aid
of a matrix detector [63,64], however, with consider-
able decrease in instrument resolution, related to lim-
ited number of array-detector pixels.

To avoid the vibration influence, upon mirror mo-
vement, the interferometer basing on fibre optics can
be used [65]. The path difference scan is generated by
stretching a fibre or changing its temperature. Due to
an influence of dispersion, the fibre optic spectrometry
gives promising results in a narrow spectral range only.

8. What is in Poland?

Besides a wide use of commercial spectrometers in
various scientific laboratories, original designs are de-
veloped in the co-operation between the Space Re-
search Centre (the Polish Academy of Sciences) and
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the Institute of Micromechanics and Photonics (the
Warsaw University of Technology).

One of designs, sponsored by the State Committee
for Scientific Research and managed by the Space Re-
search Centre, concerns the atmosphere studies from
the satellite. The spectrometer is devoted to the
CESAR project (the Central European Satellite for Ad-
vance Research), which has been established by the
countries of the Central European Initiative involving
Italy, Austria, Czech, Slovak Republics, Hungry, and
Poland. The project managed by the Italian Space
Agency is a result of promotion of co-operation in the
space programme. The spectrometer measuring the ab-
sorptive spectra with the Sun as a radiation source has
to determine the weak concentrations of pollutants and
their spatial distributions using the wavelength band
2-16 pm with spectral resolution 0.1 cm! and for the
altitude range between 10 km and 100 km (+1km) with
vertical spatial resolution ~2 km.

The second stationary instrument has been de-
signed in the Optical Engineering Division of Insti-
tute of Micromechanics and Photonics in co-operation
with Space Research Centre. The project is sponsored
by the Warsaw University of Technology within the
framework of the University Priority Program of Pho-
tonics Engineering. The spectrometer measures the
absorptive spectra of atmosphere in the spectral range
3-12 pm (resolving power better than 1 cm™) to de-
termine concentrations of pollutants. The radiation
emitted by a ceramic radiator, located close to the in-
strument, is focused at a spherical mirror plane, dis-
tanced at 20 m from the spectrometer. After reflection
from the mirror, the transmitted radiation is intro-
duced into the spectrometer. In this way the absorp-
tion path in the atmosphere is two times longer than
the distance between the mirror and the instrument.

At present, both spectrometers are tested. The de-
tailed information about the instrument designs and
the study results will be published later.
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