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Fourier-transform infrared spectroscopy
an infrared spectrum of
spectrometer simultaneously collects high
range. This confers a significant advantage over a
measures intensity over a narrow range of wavelengths at a time. The term
transform infrared spectroscopy
mathematical process) is required to convert the raw data into the actual spectrum. For 
other uses of this kind of technique, see

The goal of any
spectroscopy, etc.) is to measure how well a sample absorbs light at each wavelength. 
The most straightforward way to do this, the "dispersive spectroscopy" technique, is to 
shine a monochromatic
absorbed, and repeat for each different wavelength. Fourier
less intuitive way to obtain the same information. Rather than 
a monochromatic beam of light at the sample, this technique shines a beam containing 
many frequencies of light at once and measures how much of that beam is absorbed by 
the sample. Next, the beam is modified to contain a different combination of frequencies, 
giving a second data point. This process is repeated many times. Afterward, a computer 
takes all this data and works backward to infer what the absorption is at each wa
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transform infrared spectroscopy (FTIR)[1] is a technique used to obtain 
of absorption or emission of a solid, liquid or gas. An FTIR 

spectrometer simultaneously collects high-spectral-resolution data over a wide spectral 
This confers a significant advantage over a dispersive

measures intensity over a narrow range of wavelengths at a time. The term
infrared spectroscopy originates from the fact that a

mathematical process) is required to convert the raw data into the actual spectrum. For 
es of this kind of technique, see Fourier-transform spectroscopy

The goal of any absorption spectroscopy (FTIR, ultraviolet
etc.) is to measure how well a sample absorbs light at each wavelength. 

The most straightforward way to do this, the "dispersive spectroscopy" technique, is to 
monochromatic light beam at a sample, measure how much of the light is 

absorbed, and repeat for each different wavelength. Fourier-transform spectroscopy is a 
less intuitive way to obtain the same information. Rather than 

beam of light at the sample, this technique shines a beam containing 
many frequencies of light at once and measures how much of that beam is absorbed by 

e sample. Next, the beam is modified to contain a different combination of frequencies, 
giving a second data point. This process is repeated many times. Afterward, a computer 
takes all this data and works backward to infer what the absorption is at each wa
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is a technique used to obtain 
of a solid, liquid or gas. An FTIR 

resolution data over a wide spectral 
dispersive spectrometer, which 

measures intensity over a narrow range of wavelengths at a time. The term Fourier-
originates from the fact that a Fourier transform (a 

mathematical process) is required to convert the raw data into the actual spectrum. For 
transform spectroscopy. 

ultraviolet-visible ("UV-Vis") 
etc.) is to measure how well a sample absorbs light at each wavelength. 

The most straightforward way to do this, the "dispersive spectroscopy" technique, is to 
light beam at a sample, measure how much of the light is 

transform spectroscopy is a 
less intuitive way to obtain the same information. Rather than shining 

beam of light at the sample, this technique shines a beam containing 
many frequencies of light at once and measures how much of that beam is absorbed by 

e sample. Next, the beam is modified to contain a different combination of frequencies, 
giving a second data point. This process is repeated many times. Afterward, a computer 
takes all this data and works backward to infer what the absorption is at each wavelength. 
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The beam described above is generated by starting with a broadband light 
source—one containing the full spectrum of wavelengths to be measured. The light 
shines into a Michelson interferometer—a certain configuration of mirrors, one of which 
is moved by a motor. As this mirror moves, each wavelength of light in the beam is 
periodically blocked, transmitted, blocked, transmitted, by the interferometer, due 
to wave interference. Different wavelengths are modulated at different rates, so that at 
each moment the beam coming out of the interferometer has a different spectrum. As 
mentioned, computer processing is required to turn the raw data (light absorption for each 
mirror position) into the desired result (light absorption for each wavelength). The 
processing required turns out to be a common algorithm called the Fourier 
transform (hence the name "Fourier-transform spectroscopy"). The raw data is sometimes 
called an "interferogram". 

In a Michelson interferometer adapted for FTIR, light from 
the polychromatic infrared source, approximately a black-body radiator, is collimated and 
directed to a beam splitter. Ideally 50% of the light is refracted towards the fixed mirror 
and 50% is transmitted towards the moving mirror. Light is reflected from the two 
mirrors back to the beam splitter and some fraction of the original light passes into the 
sample compartment. There, the light is focused on the sample. On leaving the sample 
compartment the light is refocused on to the detector. The difference in optical path 
length between the two arms to the interferometer is known as the retardation or optical 
path difference (OPD). An interferogram is obtained by varying the retardation and 
recording the signal from the detector for various values of the retardation. The form of 
the interferogram when no sample is present depends on factors such as the variation of 
source intensity and splitter efficiency with wavelength. This results in a maximum at 
zero retardation, when there is constructive interference at all wavelengths, followed by 
series of "wiggles". The position of zero retardation is determined accurately by finding 
the point of maximum intensity in the interferogram. When a sample is present the 
background interferogram is modulated by the presence of absorption bands in the 
sample. 

Commercial spectrometers use Michelson interferometers with a variety of 
scanning mechanisms to generate the path difference. Common to all these arrangements 
is the need to ensure that the two beams recombine exactly as the system scans. The 
simplest systems have a plane mirror that moves linearly to vary the path of one beam. In 
this arrangement the moving mirror must not tilt or wobble as this would affect how the 
beams overlap as they recombine. Some systems incorporate a compensating mechanism 
that automatically adjusts the orientation of one mirror to maintain the alignment. 
Arrangements that avoid this problem include using cube corner reflectors instead of 
plane mirrors as these have the property of returning any incident beam in a parallel 
direction regardless of orientation. 
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Schematic diagram of a Michelson interferometer, 
 

Systems where the path difference is generated by a rotary movement have 
proved very successful. One common system incorporates a pair of parallel mirrors in 
one beam that can be rotated to vary the path without displacing the returnin
Another is the double pendulum design where the path in one arm of the interferometer 
increases as the path in the other decreases.

A quite different approach involves moving a wedge of an IR
such as KBr into one of the beams. Increasing the thickness of KBr in the beam increases 
the optical path because the refractive index is higher than that of air. One limitation of 
this approach is that the
accuracy of the wavelength calibration.

Interferometer schematics where the path difference is generated by a rotary motion.

The interferogram has to be measured from zero path 
length that depends on the resolution required. In practice the scan can be on either side 
of zero resulting in a double
mean that for the highest resolution the scan runs to th
zero only. 

The interferogram is converted to a spectrum by Fourier transformation. This 
requires it to be stored in digital form as a series of values at equal intervals of the path 
difference between the two beams. To measure 
through the interferometer, generating a sinusoidal signal where the separation between 
successive maxima is equal to the wavelength. This can trigger an analog
converter to measure the IR signal each tim
Alternatively the laser and IR signals can be measured synchronously at smaller intervals 
with the IR signal at points corresponding to the laser signal zero crossing being 
determined by interpolation.
converters that are more accurate and precise than converters that can be triggered, 
resulting in lower noise.
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Schematic diagram of a Michelson interferometer, configured for FTIR

Systems where the path difference is generated by a rotary movement have 
proved very successful. One common system incorporates a pair of parallel mirrors in 
one beam that can be rotated to vary the path without displacing the returnin
Another is the double pendulum design where the path in one arm of the interferometer 
increases as the path in the other decreases. 

A quite different approach involves moving a wedge of an IR
into one of the beams. Increasing the thickness of KBr in the beam increases 

the optical path because the refractive index is higher than that of air. One limitation of 
this approach is that the variation of refractive index over the wavelength range limits the 
accuracy of the wavelength calibration. 

 
Interferometer schematics where the path difference is generated by a rotary motion.

The interferogram has to be measured from zero path difference to a maximum 
length that depends on the resolution required. In practice the scan can be on either side 
of zero resulting in a double-sided interferogram. Mechanical design limitations may 
mean that for the highest resolution the scan runs to the maximum OPD on one side of 

The interferogram is converted to a spectrum by Fourier transformation. This 
requires it to be stored in digital form as a series of values at equal intervals of the path 
difference between the two beams. To measure the path difference a laser beam is sent 
through the interferometer, generating a sinusoidal signal where the separation between 
successive maxima is equal to the wavelength. This can trigger an analog
converter to measure the IR signal each time the laser signal passes through zero. 
Alternatively the laser and IR signals can be measured synchronously at smaller intervals 
with the IR signal at points corresponding to the laser signal zero crossing being 
determined by interpolation.[6] This approach allows the use of analog
converters that are more accurate and precise than converters that can be triggered, 
resulting in lower noise. 
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configured for FTIR 

Systems where the path difference is generated by a rotary movement have 
proved very successful. One common system incorporates a pair of parallel mirrors in 
one beam that can be rotated to vary the path without displacing the returning beam. 
Another is the double pendulum design where the path in one arm of the interferometer 

A quite different approach involves moving a wedge of an IR-transparent material 
into one of the beams. Increasing the thickness of KBr in the beam increases 

the optical path because the refractive index is higher than that of air. One limitation of 
variation of refractive index over the wavelength range limits the 

 
Interferometer schematics where the path difference is generated by a rotary motion. 

difference to a maximum 
length that depends on the resolution required. In practice the scan can be on either side 

sided interferogram. Mechanical design limitations may 
e maximum OPD on one side of 

The interferogram is converted to a spectrum by Fourier transformation. This 
requires it to be stored in digital form as a series of values at equal intervals of the path 

the path difference a laser beam is sent 
through the interferometer, generating a sinusoidal signal where the separation between 
successive maxima is equal to the wavelength. This can trigger an analog-to digital 

e the laser signal passes through zero. 
Alternatively the laser and IR signals can be measured synchronously at smaller intervals 
with the IR signal at points corresponding to the laser signal zero crossing being 

This approach allows the use of analog-to-digital 
converters that are more accurate and precise than converters that can be triggered, 
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Values of the interferogram at times corresponding to zero crossings of the laser signal 
are found by interpolation.

The result of Fourier transformation is a spectrum of the signal at a series of 
discrete wavelengths. The range of wavelengths that can be 
limited by the separation of the data points in the interferogram. The shortest wavelength 
that can be recognized is twice the separation between these data points. For example, 
with one point per wavelength of a helium
the shortest wavelength would be
at shorter wavelengths would be interpreted as coming from longer wavelengths and so 
has to be minimized optically or electronically.
between wavelengths that can be distinguished, is determined by the maximum OPD. The 
wavelengths used in calculating the Fourier transform are such that an exact number of 
wavelengths fit into the length of the
this makes their contributions orthogonal. This results in a spectrum with points separated 
by equal frequency intervals.
For a maximum path difference d adjacent wavelengths 
cycles respectively in the interferogram. The corresponding frequencies are 

d = nλ1 and d = (n+1)

λ1 = d/n and λ2

ν1 = 1/λ1 and ν2

ν1 = n/d and ν2

ν2 − ν1 = 1/d 

The separation is the inverse of the maximum OPD. For
OPD of 2 cm results in a separation of
sense that the value at one point is independent of the values at adjacent points. Most 
instruments can be operated at different resolutions by choo
Instruments for routine analyses typically have a best resolution of around
while spectrometers have been built with resolutions as high as
corresponding to a maximum OPD of 10
corresponding to zero path difference has to be identified, commonly by assuming it 
is where the maximum signal occurs. The centerburst is not always symmetrical in 
real world spectrometers so a phase correction may have to be calculated. The 
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Values of the interferogram at times corresponding to zero crossings of the laser signal 
are found by interpolation. 

The result of Fourier transformation is a spectrum of the signal at a series of 
discrete wavelengths. The range of wavelengths that can be used in the calculation is 
limited by the separation of the data points in the interferogram. The shortest wavelength 
that can be recognized is twice the separation between these data points. For example, 
with one point per wavelength of a helium-neon reference laser at 0.633
the shortest wavelength would be 1.266 µm (7900 cm−1). Because of aliasing any energy 
at shorter wavelengths would be interpreted as coming from longer wavelengths and so 
has to be minimized optically or electronically. The spectral resolution, i.e. the separation 
between wavelengths that can be distinguished, is determined by the maximum OPD. The 
wavelengths used in calculating the Fourier transform are such that an exact number of 
wavelengths fit into the length of the interferogram from zero to the maximum OPD as 
this makes their contributions orthogonal. This results in a spectrum with points separated 
by equal frequency intervals. 
For a maximum path difference d adjacent wavelengths λ1 and λ2 

cles respectively in the interferogram. The corresponding frequencies are 
and d = (n+1)λ2 

2 =d/(n+1) 

2 = 1/λ2 

2 = (n+1)/d 

The separation is the inverse of the maximum OPD. For 
cm results in a separation of 0.5 cm−1. This is the spectral resolution in the 

sense that the value at one point is independent of the values at adjacent points. Most 
instruments can be operated at different resolutions by choo
Instruments for routine analyses typically have a best resolution of around
while spectrometers have been built with resolutions as high as
corresponding to a maximum OPD of 10 m. The point in the interferogram 
orresponding to zero path difference has to be identified, commonly by assuming it 

is where the maximum signal occurs. The centerburst is not always symmetrical in 
real world spectrometers so a phase correction may have to be calculated. The 

01 │Jan-Feb-Mar 2016 

Page 37 

Values of the interferogram at times corresponding to zero crossings of the laser signal 

The result of Fourier transformation is a spectrum of the signal at a series of 
used in the calculation is 

limited by the separation of the data points in the interferogram. The shortest wavelength 
that can be recognized is twice the separation between these data points. For example, 

0.633 µm (15800 cm−1) 
). Because of aliasing any energy 

at shorter wavelengths would be interpreted as coming from longer wavelengths and so 
The spectral resolution, i.e. the separation 

between wavelengths that can be distinguished, is determined by the maximum OPD. The 
wavelengths used in calculating the Fourier transform are such that an exact number of 

interferogram from zero to the maximum OPD as 
this makes their contributions orthogonal. This results in a spectrum with points separated 

 will have n and (n+1) 
cles respectively in the interferogram. The corresponding frequencies are ν1 and ν2: 

 example, a maximum 
. This is the spectral resolution in the 

sense that the value at one point is independent of the values at adjacent points. Most 
instruments can be operated at different resolutions by choosing different OPD’s. 
Instruments for routine analyses typically have a best resolution of around 0.5 cm−1, 
while spectrometers have been built with resolutions as high as 0.001 cm−1, 

m. The point in the interferogram 
orresponding to zero path difference has to be identified, commonly by assuming it 

is where the maximum signal occurs. The centerburst is not always symmetrical in 
real world spectrometers so a phase correction may have to be calculated. The 
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interferogram signal decays as the path difference increases, the rate of decay being 
inversely related to the width of features in the spectrum. If the OPD is not large 
enough to allow the interferogram signal to decay to a negligible level there will be 
unwanted oscillations or sidelobes associated with the features in the resulting 
spectrum. To reduce these sidelobes the interferogram is usually multiplied by a 
function that approaches zero at the maximum OPD. This so-called apodization 
reduces the amplitude of any sidelobes and also the noise level at the expense some 
reduction in resolution. 

For rapid calculation the number of points in the interferogram has to equal a 
power of two. A string of zeroes may be added to the measured interferogram to 
achieve this. More zeroes may be added in a process called zero filling to improve the 
appearance of the final spectrum although there is no improvement in resolution. 
Alternatively interpolation after the Fourier transform gives a similar result. 

Advantages of Fourier Transform spectroscopy 

There are three principal advantages for an FT spectrometer compared to a scanning 
(dispersive) spectrometer. 

1. The multiplex or Fellgett's advantage. This arises from the fact that 
information from all wavelengths is collected simultaneously. It results in a 
higher signal-to-noise ratio for a given scan-time for observations limited by 
a fixed detector noise contribution (typically in the thermal infrared spectral 
region where a photodetector is limited by generation-recombination noise). 
For a spectrum with m resolution elements, this increase is equal to the 
square root of m. Alternatively, it allows a shorter scan-time for a given 
resolution. In practice multiple scans are often averaged, increasing the 
signal-to-noise ratio by the square root of the number of scans. 

2. The throughput or Jacquinot's advantage. This results from the fact that in a 
dispersive instrument, the monochromator has entrance and exit slits which 
restrict the amount of light that passes through it. The interferometer 
throughput is determined only by the diameter of the collimated beam 
coming from the source. Although no slits are needed, FTIR spectrometers do 
require an aperture to restrict the convergence of the collimated beam in the 
interferometer. This is because convergent rays are modulated at different 
frequencies as the path difference is varied. Such an aperture is called a 
Jacquinot stop. For a given resolution and wavelength this circular aperture 
allows more light through than a slit, resulting in a higher signal-to-noise 
ratio. 

3. The wavelength accuracy or Connes' advantage. The wavelength scale is 
calibrated by a laser beam of known wavelength that passes through the 
interferometer. This is much more stable and accurate than in dispersive 
instruments where the scale depends on the mechanical movement of 
diffraction gratings. In practice, the accuracy is limited by the divergence of 
the beam in the interferometer which depends on the resolution. 

Another minor advantage is less sensitivity to stray light that is radiation of one 
wavelength appearing at another wavelength in the spectrum. In dispersive 
instruments, this is the result of imperfections in the diffraction gratings and 
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accidental reflections. In FT instruments there is no direct equivalent as the apparent 
wavelength is determined by the modulation frequency in the interferometer. 
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