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  1.1 
 Introduction to Mapping and Imaging 

 The analysis of localized regions of samples by vibrational microspectroscopy can 
be accomplished in two ways, by mapping or imaging. 

  Mapping  involves the sequential measurement of the spectra of adjacent regions 
of a sample. This is achieved by moving each region of that sample into the beam 
focus of a microscope after the spectrum of the previous region has been mea-
sured; the measurement is then repeated until the entire region of interest has 
been covered. 

  Imaging , on the other hand, requires an image of the sample to be focused onto 
an array detector, where the intensity of the radiation passing through each region 
of the sample is measured at each pixel. In a mapping experiment in which the 
sample is only moved in one direction    –    say the  x  direction    –    the measurement is 
called  line mapping . If the sample is moved in both the  x  and  y  dimensions, the 
measurement cannot be properly called imaging, as the spectra have not been 
acquired by an array detector. However, the spectra that are obtained can be treated 
in exactly the same way as if they had been acquired with an array detector. 

 In  hyperspectral imaging , the images at more than ten wavelength regions are 
recorded simultaneously with a  two - dimensional  ( 2 - D ) array detector. Vibrational 
hyperspectral imaging can be accomplished through the measurement of either 
the mid - infrared,  near - infrared  ( NIR ) or Raman spectrum. The measurement of 
each type of spectrum is accomplished in different ways, although the instruments 
that have been developed for the measurement of NIR and Raman spectra are 
more closely related than are mid - infrared hyperspectral imaging spectrometers. 
In NIR and Raman instruments, the signal at a given wavelength is recorded at 
each pixel. In NIR imaging instruments, the light is usually passed through a 
monochromator or narrow band - pass fi lter (e.g., a liquid crystal tunable fi lter) 
before being focused on the sample, and from there onto the array detector. The 
image from one wavelength region is measured at all pixels simultaneously. The 
wavelength region is then changed (usually, but not necessarily, to an adjacent 
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spectral region) and the intensity at each pixel is measured again. This process is 
repeated until all wavelengths of interest in the spectrum have been measured. 

 An analogous approach is used for Raman imaging, except that the monochro-
mator must be located after the sample. The signal from all pixels for a given 
wavelength setting is acquired rapidly in NIR imaging instruments, where the 
 signal - to - noise ratio  ( SNR ) is usually high. The SNR for Raman imaging is much 
lower, so that a much longer integration time is needed. Thus, Raman imaging 
can be painfully slow unless only a few wavelength regions are measured. In both 
NIR and Raman imaging spectrometers, the bandpass of the monochromator or 
fi lter determines the  spectral resolution . Occasionally, only a short spectral range 
or a few wavelength regions may be suffi cient to classify samples that are com-
posed of just a few components. On the other hand, for complex or previously 
uncharacterized samples, it is usually necessary to measure data over the entire 
spectral range. In mid - IR imaging instruments, it is more common to couple the 
array to an  interferometer , so that interferograms from different spatial regions 
of the sample are recorded at each detector element. Subsequent Fourier transfor-
mation yields the desired hyperspectral data set. All types of systems will be 
described in this chapter. 

 In addition to the mapping and imaging approaches outlined above, a hybrid 
technique is also available where a linear array of detectors is used to measure the 
spectra over a line of points on a sample simultaneously, so that a line image is 
measured. By using the same approach as for mapping measurements, and with 
a single - element detector, the sample is moved after each measurement so that 
the spectra of the next linear region of interest are measured. The spectra are then 
 ‘ stitched ’  together to form the complete image. This  ‘ push - broom ’  approach has 
proved to be useful for mid - IR imaging (as will be discussed later in the chapter). 
Of course, it may well be that even the region that can be monitored with a 2 - D 
array detector (especially the smaller arrays, such as 16    ×    16 pixels) does not cover 
the entire sample of interest. In that case, the sample is also moved after each 
measurement so that a hyperspectral image of the adjacent region is acquired. 
These data can then also be stitched together (a procedure sometimes known as 
 quilting  or  mosaicing ) to allow an image to be observed over a wider area. 

 The end result of either spectroscopic mapping or hyperspectral imaging is an 
array of spectra (sometimes called a  hyperspectral cube ) from which the identify-
ing characteristics of inhomogeneous samples can be obtained. For Raman 
imaging, the sample need not be of constant thickness, although ideally it should 
be as fl at as possible. Conversely, when mid - IR or NIR absorption spectra are to 
be measured, the thickness of the sample should be as uniform as possible. In 
this case, it is sometimes possible to synthesize an image that shows the concen-
tration of a certain component by simply plotting the absorbance at a certain 
wavelength of a band that is isolated from all others in the spectrum (e.g., the 
C ≡ N stretching mode of polyacrylonitrile,  vide infra ; Figure  1.24 ). If this approach 
proves to be feasible, the image may either be plotted as a gray scale, with white 
representing the absence of the component and dark gray representing its greatest 
concentration, or    –    more commonly nowadays    –    through the use of color.   
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 It is usually not possible to obtain samples of absolutely constant thickness, and 
in this case the ratio of the peak absorbance or integrated absorbance of bands 
that can be assigned to particular components must be calculated  [1, 2] . An 
example of this approach can be seen in Figure  1.1 , which shows the infrared 
images of thin cerebellar sections from an untreated rat and a rat treated with the 
drug cytarabine. The images demonstrate the spatial distribution of lipid and 
protein by ratioing the absorbance of the CH 2  antisymmetric stretching band at 
2927   cm  − 1  and the N – H stretching band at 3350   cm  − 1 . For more complex samples, 
principal component analysis or more sophisticated chemometric algorithms may 
be applied (as described in Chapter  2  in this book and also by Diem  et al.   [3]  and 
 Š a š i ć   and Clark  [4] ). Although many applications of imaging spectroscopy will be 
described throughout this volume, only the design of the instruments used to 
acquire these data will be described in this chapter.    

  1.2 
 Mid - Infrared Microspectroscopy and Mapping 

  1.2.1 
 Microscopes and Sampling Techniques 

 Although many noble efforts at fabricating a microscope for infrared spectrometry 
using a prism monochromator were made during the 1940s and 1950s  [5 – 10] , and 
Perkin - Elmer actually advertised a microscope that could be installed in one of 

     Figure 1.1     Infrared spectroscopic gray - scale images of thin cer-
ebellar sections from (a) a control rat and (b) a rat treated with 
the drug cytarabine, showing the spatial distribution of lipid and 
protein by ratioing the absorbance of the CH 2  antisymmetric 
stretching band at 2927   cm  − 1  and the N – H stretching band at 
3350   cm  − 1 .  Reproduced with permission from Ref.  [1] .   

(a) (b)
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their prism spectrometers  [11] , the performance of these instruments was mar-
ginal and the use of infrared microscopes never caught on commercially until the 
early 1990s. Until that time, the mid - IR spectra of minute samples were measured 
by mounting the sample behind a pinhole of the appropriate dimensions, so that 
only the region of the sample of interest was irradiated. The sample was then held 
at the focus of a simple beam condenser that fi tted in the sample compartment 
of the spectrometer. As the size of the region of interest decreased, locating the 
sample so that the region of interest corresponded to the position of the pinhole 
became increasingly diffi cult. However, the situation was dramatically improved 
when a standard refl ecting microscope was interfaced to a  Fourier transform 
infrared  ( FT - IR ) spectrometer. In this case, the previous function of the pinhole 
was replaced by a remote aperture at a conjugate focus of the sample. A simplifi ed 
schematic of a typical infrared microscope is shown in Figure  1.2 .   

 The microscope shown in Figure  1.2  is designed to operate in either the trans-
mission or refl ection mode. In the  transmission mode , the beam from the inter-
ferometer is passed onto a toroidal coupling optic and thence to the Cassegrainian 
condenser. The condenser focuses the beam into a small spot where the sample 
is mounted. The radiation that is transmitted through the sample is collected by 
the objective and refocused at a remote adjustable aperture. The part of beam that 
passes through the aperture is imaged onto an optical viewer (or, more frequently 
nowadays, a video camera) so that the image of the sample that is passed by the 
aperture can be viewed. The sample is usually mounted on an  x,y,z  stage The 
height of the sample is adjusted with the  z  control to ensure that the position of 

     Figure 1.2     Simplifi ed schematic of a typical microscope inter-
faced to an FT - IR spectrometer.  Courtesy of PerkinElmer Inc.   
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the sample is coincident with the beam focus. The  x  and  y  controls are then used 
to adjust the location of the sample so that the region of interest is at the center 
of the beam. The jaws of the aperture are then adjusted so that only the region of 
interest is seen at the viewer. The aperture is often rectangular and can be rotated 
through 180    °  to allow the greatest amount of light transmitted through the region 
of interest in the sample to pass through the aperture. When the conditions have 
been optimized, a 45    °  mirror is slid into position so the light that is transmitted 
through the remote aperture is collected by the third Cassegrain and focused onto 
the detector, which measures the spectrum of the desired region of the sample. 

 The condenser goes by two names: some call it a  Cassegrain , while others call it 
a  Schwarzschild  objective. The present author has always been rather confused 
about the difference between a Cassegrain and a Schwarzschild objective but, 
aiming to resolve such confusion, contacted one of the designers of the fi rst FT - IR 
microscopes, Bob Messerschmidt (now with Rare Light, Inc.), as to their differ-
ence. His reply to this question was as follows:

  The Schwarzschild objective has been used in almost all FT - IR 
microscopes, and is still used to this day. The design is 
attributable to the German physicist and astronomer Karl 
Schwarzschild (1873 – 1916). The Schwarzschild objective is an 
all - refl ective two - mirror system in which the mirrors are very 
nearly concentric. The system employs one concave and one 
convex mirror, and is on - axis, with a hole in one mirror for the 
light to pass through. The beauty of the system is in its 
simplicity. It has excellent imaging characteristics over a 
surprisingly wide fi eld of view, a fact that arises from the mirror 
concentricity. The fi rst commercial FT - IR microscope, the 
Digilab IRMA, used this design because the designers were 
aware that the 1953 Perkin - Elmer microscope for dispersive 
spectrometers used such a Schwarzschild objective. 

 The Schwarzschild objective can be considered a special case of 
a Cassegrainian system. In fact, the Schwarzschild objective is 
sometimes simply referred to as a Cassegrainian or Cassegrain 
microscope objective. This name comes from an optical design 
attributed to Laurent Cassegrain, a Catholic priest who was born 
in the region of Chartres around 1629 and died in 1693. The 
invention seems to have occurred in 1672, the same year Isaac 
Newton reported his fi rst invention, the Newtonian telescope, 
using a similar yet not the same two - mirror confi guration. Most 
modern telescopes are Cassegrain designs, or very similar. A 
Cassegrain system is any two - mirror objective with a convex and 
concave mirror, with a hole in the latter for the light to travel 
through. There is no requirement of concentricity. So, all 
Schwarzschild objectives are Cassegrain objectives. The key 
performance feature of the Schwarzschild design is the 
concentricity, or near - concentricity, of the two mirrors. It took 
over 200 years to be invented from the time of Laurent 
Cassegrain ’ s original design.   
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 When the microscope shown in Figure  1.2  is used in the external refl ection mode, 
the same Cassegrain is used both as the condenser and the objective. In the exter-
nal refl ection mode, the angle at which the toroidal coupling optic is held is 
switched so that the beam is passed to the top of the objective via a small defl ec-
tion mirror. The size and location of this mirror are such that half the beam enters 
the Cassegrain. The beam is demagnifi ed by the primary and secondary mirrors 
and focused on the sample, which is at the same location as for transmission 
measurements. The refl ected beam is then reconfi gured by the secondary and 
primary mirrors, the optical properties of which are such that the beam misses 
the small defl ection mirror and passes to the remote aperture. Even if a perfect 
mirror is held at the sample focus, it can be seen that, in comparison to a trans-
mission measurement, only half the signal can be measured when the microscope 
is used in its refl ection mode. 

 Three types of external refl ection spectra can be measured with the micro-
scope optics in the refl ection mode shown in Figure  1.2 , for which the angle of 
incidence on the sample is about 30    ° . In the fi rst type,  transfl ection spectroscopy  
(which is of increasing popularity for mid - IR spectroscopy), a sample of thick-
ness between 5 and 10    μ m is deposited on a refl ective substrate and the transfl ec-
tion spectrum measured. In measurements of this type, the beam passes through 
the sample, is refl ected from the substrate, and then passes back through the 
sample before it re - emerges from the surface of the sample and passes to the 
detector. This type of measurement has occasionally been used for tissue 
samples, and has proved quite benefi cial when the sample is deposited on a 
 ‘ low - e glass ’  (low emissivity) slide (Kevley Technologies, Chesterland, OH, USA). 
These slides, which are fabricated by coating glass with a very thin layer of silver -
 doped tin oxide, were originally developed for the windows of tall buildings. The 
coating is thin enough to be transparent to visible light, yet is highly refl ective 
in the mid - IR region. Thus, while any tissue sample on these slides can be 
inspected by visual microscopy, it still allows the transfl ection spectrum to be 
measured  [12] . 

 Transfl ection spectra have the disadvantage that radiation refl ected from the 
front surface of the sample will also reach the detector and give rise to a distortion 
of the pure transfl ection spectrum. Merklin and Griffi ths  [13]  showed that the 
contribution by front - surface refl ection can be eliminated by measuring the spec-
trum at Brewster ’ s angle using p - polarized radiation; that is, radiation polarized 
such that its electric vector is parallel to the plane of incidence. Brewster ’ s angle 
for tissue samples is about 50    ° , which is somewhat higher than the angle of inci-
dence of most infrared microscopes, although the distortion introduced by front -
 surface refl ection will be reduced signifi cantly. It should be noted, however, that 
the use of a polarizer will reduce the SNR of the spectrum by between a factor of 
2 and 3, so this approach may not be benefi cial if very small samples, such as 
single cells, are being investigated. 

 The other two types of external refl ection microspectroscopy are less well suited 
to the characterization of tissue samples. In the fi rst type, which is variously called 
  specular refl ection  ,   front - surface refl ection   or   Kramers – Kronig refl ection  , the refl ectance 
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spectrum of thick, nonscattering, bulk samples is measured and converted to the 
wavenumber - dependent optical constants    –    that is, the refractive index,   n �ν( )  and 
the absorption index,   k �ν( )     –    by the Kramers – Kronig transform, as discussed by 
Griffi ths and de Haseth  [14] . As the requirement for the lack of scattering by the 
sample is essentially never met for tissue samples of the type obtained in medical 
diagnosis, this will not be discussed further. 

 The fi nal type of measurement that can be made with the microscope in its 
refl ection mode is  diffuse refl ection  ( DR ) spectroscopy. Today, very few applica-
tions of mid - IR microspectroscopy of neat samples are available, because for mid -
 IR DR spectrometry the samples should be diluted to a concentration of between 
0.5 and 5% with a nonabsorbing diluent (e.g., KBr powder) to preclude band satu-
ration and severe distortion by refl ection from the front surface of the particles. 
However, this mode has substantial application for NIR measurements, where 
sample dilution is not needed. Because the absorption of NIR radiation by most 
samples is rather weak, they must either be at least 1   mm thick or be mounted on 
a refl ective or diffusing substrate, such as a ceramic or Tefl on disk. In the latter 
case, the spectrum is caused by a combination of diffuse refl ection, transfl ection 
and front - surface refl ection (hopefully with diffuse refl ection being the dominant 
process).  

  1.2.2 
 Detectors for Mid - Infrared Microspectroscopy 

 Essentially all mid - IR spectra are measured today using FT - IR spectrometers for 
which the  optical path difference  ( opd ) of the interferometers is varied continu-
ously; these are often referred to as  ‘ continuous ’  or  ‘ rapid - scan ’  interferometers. 
Most standard laboratory FT - IR spectrometers are equipped with a 1   mm    ×    1   mm 
or 2   mm    ×    2   mm  deuterated triglycine sulfate  ( DTGS ) detector operating at ambient 
temperature. However, the sensitivity of DTGS detectors is too low to allow them 
to be used to measure the relatively weak signals encountered after the beam has 
been passed through the small aperture of a microscope. Instead, the more sensi-
tive liquid - nitrogen - cooled  mercury cadmium telluride  ( MCT ) detector is almost 
invariably used. These detectors operate in the photoconductive mode; that is, 
when infrared radiation is incident on them the photons promote electrons from 
the valence band to the conduction band, and the increase in conductivity is a 
measure of photon fl ux. 

 The properties of MCT detectors depend on their composition, that is their 
Hg   :   Cd ratio.  ‘ Narrow - band ’  MCT detectors are typically about 50 - fold more sensi-
tive than DTGS, but do not respond to radiation below  ∼ 750   cm  − 1 . The cut - off can 
be extended to a lower wavenumber, but at the expense of sensitivity. Thus,  ‘ mid -
 band ’  MCT detectors have a cut - off of about 600   cm  − 1 , while their sensitivity is 
about half that of the narrow - band detector.  ‘ Wide - band ’  detectors cut off at  ∼ 
450   cm  − 1  but are even less sensitive. Fortunately, few spectra of organic samples 
contain useful bands below 700   cm  − 1 , as a result, FT - IR microscopes are almost 
invariably equipped with narrow - band MCT detectors. 
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 The  noise equivalent power  ( NEP ) of an infrared detector is a measure of the 
noise generated by the detector and is given by:

   NEP
*

=
A

D
D     (1.1)  

where  A D   is the area of the detector element and  D  *  is the specifi c detectivity of the 
detector (which is typically a constant for a given wavelength, detector composition 
and temperature.) The greater the NEP, the lower is the sensitivity of the detector. 
Most detectors are specifi ed in terms of their D *  rather than their NEP. The D *  of 
a narrow - band MCT detector is close to the value given by the background limit for 
infrared photons, and their performance can only be improved signifi cantly by 
switching to a liquid - helium - cooled bolometer. To the present author ’ s knowledge, 
the use of such a bolometer for mid - IR microspectroscopy has not been reported. 

 From Equation  1.1  it can be seen that the area of any detector used for infrared 
microspectroscopy should be as small as possible. Provided that all the radiation 
that passes through the sample is focused on the detector, the use of a 0.25   mm 
detector gives a SNR that is fourfold greater than if a 1   mm detector were used for 
the characterization of microsamples. For mid - IR microspectroscopy, the detector 
is usually a 250    ×    250    μ m narrow - band MCT photoconductive detector, although 
some vendors do provide options for 100    ×    100    μ m or even 50    ×    50    μ m - sized ele-
ments. As identical objectives are usually used to focus the beam onto the sample 
and the detector (e.g., see Figure  1.2 ), there is 1 ×  magnifi cation and the  largest  
sample that can be measured with a 250    μ m detector is 250    ×    250    μ m; however, 
this is rarely a signifi cant limitation in mid - IR microspectroscopy when samples 
 smaller  than 250    μ m are usually of interest. 

 The SNR of a FT - IR spectrum (i.e., the reciprocal of the noise of a 100% line 
measured in transmittance) is given by the following equation  [15] :

   SNR
* 

=
( ) −U T D t

AD

ν ν ξΘΔ� 1 2

1 2     (1.2)  

where  U  ν   ( T ) is the spectral energy density of the source radiation (W   (sr cm 2    cm  − 1 )), 
 Θ  is the optical throughput or    é tendue   (cm 2  sr),   Δ�ν  is the resolution at which the 
spectrum is measured (cm  − 1 ),  t  is the measurement time (s), D *  is the specifi c 
detectivity of the detector (cm Hz 1/2    W  − 1 ),  ξ  is the effi ciency of the optics and  A D   is 
the detector area (cm 2 ). Microscopes are designed to have a high optical effi ciency, 
 ξ , and a numerical aperture that gives the highest  é tendue,  Θ , for small samples. 
The spectral resolution,   Δ�ν , is governed by the nature of the sample and the 
information required by the operator. 

 The data acquisition rate (sampling frequency) for mid - IR interferograms is 
usually equal to the frequency,  f  L  Hz, of the interferogram that is generated by a 
laser (usually a helium - neon laser at 632.8   nm) simultaneously with the infrared 
interferogram.  f  L  is equal to the product of the wavenumber of the laser and the 
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optical velocity (i.e., the rate of change of opd) of the interferometer. For a standard 
Michelson interferometer, the optical velocity is twice the mechanical velocity of the 
moving mirror. The scan speed is usually determined by the effect of the frequency 
on the signal being detected on the D *  of the detector  [15] . For example, the D *  of 
the DTGS detector that is supplied as standard with most FT - IR spectrometers is 
greatest when the modulation frequencies of the signals in the interferogram are 
low. For the most effi cient operation with a DTGS detector, therefore, the optical 
velocity of the interferometer must also be low. The typical optical velocity used in 
this case is 0.316   cm   (opd)   s  − 1 , corresponding to a 5   kHz signal from the interfero-
gram generated by the 632.8   nm line of a He – Ne laser and hence a 5   kHz data 
acquisition rate. Conversely, the D *  of the MCT detector is approximately constant 
for modulation frequencies between 1   kHz and 1   MHz, but decreases at lower 
modulation frequencies. Many continuous - scanning interferometers are operated 
at an optical velocity of 1.264   cm   (opd)   s  − 1 , corresponding to a 20   kHz signal from 
the 632.8   nm line of a He – Ne laser. In this case, the modulation frequency for 
750   cm  − 1  radiation is  ∼ 950   Hz and radiation at all higher wavenumbers is modu-
lated at a frequency greater than 1   kHz. Obviously, the D *  remains relatively con-
stant over the range at which the fastest instruments can scan ( > 100   kHz). 

 Most FT - IR spectra measured through a microscope are acquired at a resolution 
of 4   cm  − 1 , which requires 8K data points for each symmetric (double - sided) inter-
ferogram. If the data acquisition frequency with a He – Ne laser is 20   kHz, then the 
time to measure each interferogram is 0.4   s. Assuming that the mirror can be 
turned around fairly effi ciently, this implies that about 2.5 scans can be measured 
per second. For mapping purposes, it is fairly common to average 16 scans before 
advancing the position of the microscope stage; however, the number of scans 
required to achieve the desired SNR will depend heavily on the size of the sample 
aperture employed, with smaller apertures (for higher spatial resolution) requiring 
many more scans, typically hundreds. 

 Although contemporary FT - IR spectrometers and microscopes are well matched, 
for spectra measured when using sample apertures that approach the diffraction 
limit ( < 20    μ m) even a 30   s collection may result in a spectrum with a rather poor 
SNR. It may be noted that if the measurement of each spectrum takes 30   s and a 
64    ×    64 map is required at 20    μ m spatial resolution, it would take over 34   h to 
acquire all the spectra required for the image! 

 At this point, it may be asked if certain parameters can be changed to decrease 
the measurement time to allow maps to be acquired in reasonable times. As the 
size of the remote aperture for most applications is smaller than 250    μ m, it is valid 
to suggest that even smaller detectors should be installed in FT - IR microscopes, 
so that the SNR is optimized for samples that are 50    μ m or smaller in dimension. 
The answer is a very practical one: it is simply very diffi cult to keep the beam 
aligned with the tighter tolerance required for the beam to be focused accurately 
on a detector that is smaller than 250    μ m. As we will see later, the situation is dif-
ferent when array detectors with very small pixels are used for hyperspectral 
imaging. 



 12  1 Infrared and Raman Instrumentation for Mapping and Imaging

 The measurement time,  t , is largely determined by the goal of the experiment. 
If only a few regions of the sample are of interest, then several minutes can be 
used for each measurement. However, if the sample is to be mapped, hundreds 
of spectra are often needed and the time for each should be less than 1   min if the 
measurement is to be completed in a reasonable time.  

  1.2.3 
 Sources for Mid - Infrared Microspectroscopy 

 One parameter in Equation  1.2  has not yet been discussed, namely the spectral 
energy density,  U  ν   ( T ). The only parameter that can lead to a signifi cantly improved 
SNR is the spectral energy density of the source radiation,  U  ν   ( T ). In general, the 
operators of laboratory FT - IR spectrometers have little control over the source 
installed in their instruments. Most instruments are equipped with an incandes-
cent silicon carbide source, such as a Globar, operating at about 1400   K. The emis-
sion characteristics of mid - IR sources are usually similar to those of a blackbody, 
so that it is possible to increase the spectral energy density by increasing the tem-
perature of the source. However, increasing the temperature of a Globar often 
leads to cracking and the rapid degradation of electrical contacts at the end of the 
rod. One material that has been reported to be operable to over 1950   K is molyb-
denum silicide; another source that can be taken up to a temperature close to 
2000   K is a homogeneous material with the chemical formula Mo  x  W 1 −  x  Si 2 , which 
is available commercially as Kanthal Super 1900. The molybdenum and tungsten 
atoms are isomorphous in this chemical formula, and can thus replace each other 
in the same structure. However, a detailed comparison of any of these materials 
with a Globar with respect to infrared microspectroscopy has, to the present 
author ’ s knowledge, never been reported. 

 Provided that samples can be removed from the laboratory, there are two alterna-
tive sources of infrared radiation that are far better than incandescent sources for 
mid - IR microspectroscopy, namely the synchrotron and the  free electron laser  
( FEL )  [16] . 

 A  synchrotron  is a particular type of cyclic particle accelerator, or cyclotron, in 
which the particles are electrons. A magnetic fi eld is used to bend the path of the 
electrons and an electric fi eld is used to accelerate them. Both fi elds are carefully 
synchronized with the traveling beam of electrons. By increasing the two fi elds 
appropriately as the particles gain energy, their path can be controlled as they are 
accelerated. This allows the particles to be contained within a large narrow ring, 
with some straight sections between the bending magnets and some bent sections 
within the magnets giving the ring the shape of a round - cornered polygon. This 
shape also allows (and, in fact, requires) the use of multiple magnets to bend the 
particle beam. The strength of the transverse magnetic fi eld is varied periodically 
by arranging magnets with alternating poles along the beam path. This array of 
magnets is sometimes called an undulator, or  ‘ wiggler ’ , because it forces the 
electrons in the beam to assume a sinusoidal path. The acceleration of the elec-
trons along this path results in the release of a photon. 
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 In a typical  cyclotron , the maximum radius is quite limited as the particles start 
at the center and spiral outward; thus, the entire path must be a self - supporting, 
disc - shaped evacuated chamber. As the radius is limited, the power of the device 
becomes limited by the strength of the magnetic fi eld, but synchrotrons overcome 
this limitation through the use of a narrow beam pipe that can be surrounded by 
much smaller and more tightly focused magnets. The ability of this device to 
accelerate particles is limited by the fact that the particles must be charged to be 
accelerated at all, and all charged particles under acceleration emit photons, 
thereby losing energy. The limiting beam energy is reached when the energy lost 
to the lateral acceleration required to maintain the beam path in a circle equals 
the energy added each cycle. More powerful accelerators are built using larger 
radius paths and by using more numerous and more powerful microwave cavities 
to accelerate the particle beam between corners. 

 A FEL shares the same optical property as a conventional laser; that is, the emis-
sion of a beam of coherent electromagnetic radiation that can reach high power. 
However, FELs use some very different operating principles than a conventional 
laser to form the beam. Unlike conventional lasers, which rely on bound atomic 
or molecular states, FELs use a relativistic electron beam as the lasing medium, 
which gives them the widest frequency range of any laser type, and makes many 
of them widely tunable, currently ranging in wavelength from microwaves to soft 
X - rays. In certain respects, the FEL is similar to a synchrotron. To create a FEL, a 
beam of electrons is accelerated to relativistic speeds. As in the operation of a 
synchrotron, the beam passes through a periodic, transverse magnetic fi eld. 
However, in an FEL, the undulator is placed in an optical cavity, or resonator, that 
refl ects the emitted light back and forth. The electrons become tightly bunched 
because of interactions with a light beam that is also passing through the undula-
tor. The light may either be introduced from an external  ‘ seed ’  laser or, more fre-
quently, is radiation that has been generated from a previous bunch of electrons 
that is refl ected from mirrors that form an optical cavity outside the undulator. 

 Viewed relativistically in the rest frame of the electron, the magnetic fi eld can 
be treated as if it were a virtual photon. The collision of the electron with this 
virtual photon creates an actual photon by  Compton scattering . Mirrors capture 
the released photons to generate a resonant gain, while the wavelength can be 
tuned over a wide range by adjusting either the energy of the electrons or the fi eld 
strength. As the energy of the emitted photons is governed by the speed of the 
electron beam and magnetic fi eld strength, an FEL can be tuned. Furthermore, 
because the resonance is specifi c for light of a given wavelength, the power of the 
beam is signifi cantly greater than that of a synchrotron, for which broadband 
radiation is emitted. 

 What makes this device a laser is that the electron motion is in - phase with the 
fi eld of the light already emitted, so that the fi elds add coherently. As the intensity 
of the emitted light depends on the square of the fi eld, the light output is increased. 
In the rest frame moving along the undulator, any radiation will still move with 
the speed of light and pass over the electrons, allowing their motion to become 
synchronized. The phase of the emitted light is introduced from the outside. 
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Depending on the position along the undulator, the oscillation of the electrons is 
either in - phase or out - of - phase with the radiation introduced from the outside. 
The light either tries to accelerate or decelerate these electrons, thereby gaining or 
losing kinetic energy, and so moves faster or slower along the undulator. This 
causes the electrons to form bunches; when they are synchronized they will in 
turn emit synchronized (i.e., coherent) radiation. 

 Steiner  et al . have reported the measurement of maps of  octadecanephosphonic 
acid  ( OPA ) molecules deposited on a microstructured aluminum oxide/gold 
surface using an FEL source  [17] . The beam from the FEL was fi rst passed 
through an interferometer to modulate the beam at a frequency of a few kilo-
hertz. (Note that as the FEL emits monochromatic radiation, the interferometer 
was only used as a modulator and served no spectroscopic function.) The beam 
was then passed through a wire - grid polarizer and a photoelastic modulator so 
that the polarization was switched at a rate of 75   kHz, and then through a pinhole 
to be focused onto the sample with a Cassegrainian objective at an incidence 
angle of approximately 60    ° ; in this way the diameter of the Airy disk ( vide infra ) 
was about 15    μ m. Radiation that was polarized such that the electric vector was 
parallel to the surface was absorbed by the surface species, whereas radiation 
polarized such that the electric vector was perpendicular to the surface was not 
absorbed. The beam was collected by a second Cassegrain and then refocused at 
the detector. As the detector signal is passed into a lock - in amplifi er referenced 
to the polarization modulation frequency, the interferogram was caused only by 
the surface species  [18] . The sample was then moved in a raster fashion in order 
to generate a spectroscopic map that showed OPA to be attached on the alumi-
num oxide surface, and not to the gold. Although the attached molecules formed 
a highly ordered fi lm, a lower degree of ordering was found for phosphonic acid 
adsorbed onto gold. 

 For these investigations, Steiner  et al.  measured either 40    ×    40 or 20    ×    20 pixels 
per image, with three scans being averaged for each data point. The measurement 
time   per pixel for a single wavelength was  ∼ 5   s, with an additional 2   s for data pro-
cessing; hence, the total measurement time per   image for a single wavelength was 
190   min for the 40    ×    40 pixel image and 45   min for the 20    ×    20 pixel image. Under 
normal conditions, the operators of the FEL require 10 – 20   min to change the 
wavelength of the FEL; thus, to measure the image at three wavelengths required 
at least a day. 

 From a spectroscopic standpoint, the main difference between a synchrotron 
and an FEL is that a synchrotron emits broadband radiation, while the FEL emits 
monochromatic radiation with several orders of magnitude higher brilliance than 
a synchrotron. Thus, radiation from a synchrotron can be expanded and passed 
into a FT - IR spectrometer, for which the interferometer and all the subsequent 
optics are no different from those in a conventional FT - IR spectrometer (or micro-
spectrometer.) When a FEL is used for spectroscopy, the monochromatic radiation 
generated can be modulated in any appropriate manner (e.g., by a tuning fork 
chopper) before being passed onto the sample and detector. In principle, FELs can 
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be used for imaging by passing monochromatic radiation onto a focal plane array 
detector and measuring the signal from each pixel ( vide infra ), although such 
experiments have not yet been reported. The laser would then be tuned to the next 
wavelength of interest, and this process would be repeated for as many wave-
lengths as were needed to characterize the sample. This is rarely a fast process, as 
it usually takes several minutes to change from one wavelength to the next. 

 The synchrotron has an equivalent black - body temperature of 10   000   K  [19] . The 
effective diameter of the beam from a synchrotron is typically about 100    μ m; 
moreover, the light is emitted into a narrow range of angles, making this an almost 
perfect radiation source for mid - IR microspectroscopy. Not all synchtrotrons are 
equipped with infrared beam lines, although as the importance of the results 
obtained continues to increase this situation is changing. Beam time on most 
synchrotrons is highly prized, and potential users may often have to write a short 
proposal to be granted beam time. However, since FT - IR microscopes with a syn-
chrotron source allow spectra with diffraction - limited spatial resolution and high 
SNR to be measured in a few seconds, many spectroscopists are starting to use 
the combination of synchrotron source, FT IR spectrometer and either a single -
 element detector or an array detector  [20 – 23] .  

  1.2.4 
 Spatial Resolution 

 Today, FT - IR microscopes are designed to allow the spectra of physically small 
samples, or regions of small samples, to be measured as quickly and easily as 
possible. An example of such a system is shown in Figure  1.3 . On this microscope, 
a video image of the sample is displayed on the monitor screen immediately adja-
cent to the sample; this allows the position of the sample and the jaws of the 
aperture to be optimized prior to measurement of the spectrum. A motorized 
sample stage allows mapping to be readily accomplished.   

 The spatial resolution of a microscope is ultimately determined by diffraction 
of the radiation. If monochromatic radiation from a point source is passed into 
the microscope, then a series of concentric rings of decreasing intensity is seen at 
the beam focus. The Airy disk is the central bright circular region of the pattern 
produced by light diffracted when passing through a small circular aperture. The 
size of the Airy disk depends on the wavelength of the radiation and the optics of 
the microscope. The radius of the Airy disk is the distance between the central 
maximum and the fi rst minimum of the diffraction pattern and is given by:

   r
NA

= 0 61.
λ

    (1.3)   

 Here,  NA  is the numerical aperture, defi ned as:

   NA n= sinθ     (1.4)  
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where  n  is the refractive index of the medium in which the optics are immersed 
(i.e., 1.0 for air and up to 1.56 for oils) and  θ  is the half - angle of the maximum 
cone of light that can enter or exit the condenser or objective. (Immersion optics 
are almost never used for infrared microspectroscopy because of absorption by the 
oil, but have occasionally been used to improve the spatial resolution in Raman 
microspectroscopy. Immersion oils have been shown to be essential in order to 
obtain good depth resolution with confocal Raman microscopy  [24] .) 

 Two objects are completely resolved if they are separated by 2 r , and barely 
resolved if they are separated by  r . The latter condition is sometimes known as the 
 Rayleigh criterion of resolution . The largest numerical aperture that can generally 
be achieved for a Cassegrainian optic is approximately 0.6, so the diffraction -
 limited spatial resolution is approximately equal to the wavelength of the light 
when  n    =   1.0. 

 Although it was stated that the spatial resolution of a microscope is ultimately 
limited by diffraction, all modes of chemical imaging employ detector elements 
of fi nite size. When the image of the pixel at the sample plane becomes the limit-

   
  Figure 1.3     The Bruker Optics Hyperion microscope.  Courtesy of Bruker Optics.   
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ing aperture, it can often become the limiting factor determining the ultimate 
spatial resolution before wavelength - limited diffraction effects become apparent. 
As the wavelengths of radiation across the mid - IR spectrum typically range from 
2 to 14    μ m, and if the pixel size at the sample plane (which is a function of native 
detector pixel size and overall system magnifi cation) is larger than the wavelength 
being used to measure it, then the system is said to be  ‘ pixel size - limited ’ . Con-
versely, if the wavelength of light being used to measure the sample is smaller 
than the pixel size at the sample plane, the system is said to be  ‘ diffraction - limited ’ . 
This is an important    –    yet often misunderstood    –    concept. For example, the use of 
higher magnifi cation objectives (e.g., 36 × ) results in very small images at the 
sample plane. However, this does not necessarily result in an improved spatial 
resolution, as these systems are often already diffraction - limited. Some  focal plane 
array  ( FPA ) imaging systems, report a pixel size of 1.1    μ m when a 36 ×  objective 
is used, but this is a  ‘ waste of pixels ’  as the pixel size is signifi cantly smaller than 
the wavelengths of light in the mid - IR; that is, the resolution is already diffraction -
 limited. In the example of the 36 ×  objective providing a 1.1    μ m pixel size, this 
spatial resolution could only really be achieved at 9000   cm  − 1 , well beyond the high 
wavenumber cut - off of the FPA. 

 In practice, even though the size of the images of the pixels at the sample plane 
is smaller than the wavelengths of light being used to measured the sample, the 
fi nite thickness of the sample (typically 5 – 20    μ m) can degrade the achievable 
spatial resolution signifi cantly. This effect is discussed further in Section  1.4 . 

 While several types of microscope are commercially available for mid - IR micro-
spectroscopy, these differ in how the sample is apertured and how the light is 
transferred within the microscope. The fi rst has the simple design concept shown 
in Figure  1.2 , namely that the beam from the interferometer is focused at the 
sample; thus, the sample is at an image of either the source or the Jacquinot stop 
(for higher - resolution FT - IR spectrometers). The beam is then refocused at the 
remote aperture and then again onto the detector. In the alternative design, the 
beam from the interferometer is passed through two apertures, one before and 
one after the sample, as shown schematically in Figure  1.4 . This approach, which 
originally was called  redundant aperturing  and is now more frequently known as 
 dual aperturing , provides a slightly higher spatial resolution near the diffraction 
limit than the single - aperture design, as shown on a theoretical basis in Figure 
 1.5 . The second aperture serves much the same purpose as the pinhole in a confo-
cal microscope ( vide infra .)   

 Sommer and Katon  [25]  reported an elegant experiment that verifi ed the improve-
ment of spatial resolution through the use of dual aperturing. These authors 
mounted a free - standing polymer fi lm at the beam focus of a microscope with 
dual rectangular apertures of 8    ×    240    μ m, and then measured a series of spectra 
as the edge of the fi lm was moved into the beam. The spectra were measured with 
both apertures installed, and also with a single aperture mounted before or after 
the sample. By measuring the intensity of the polymer bands, it could be shown 
that the worst resolution was obtained when a single aperture was located after 
the sample. The performance for dual remote apertures and a single aperture 
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  Figure 1.5     (a) Energy profi le showing the diffracted radiation 
outside the area defi ned by a single aperture; (b) Corresponding 
profi le obtained with masks located before and after the sample. 
 Reproduced from  Infrared Fourier Transform Spectrometry  by 
P. R. Griffi ths and J. A. de Haseth;  ©  2007, p. 307.   

   
  Figure 1.4     Dual - aperture microscope similar to the optics of an 
IRPlan microscope.  Reproduced with permission from Ref.  [25] .   

(a) (b)
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located before the sample was comparable, as shown in Figure  1.6 . However, it 
should be noted that the dual - aperture design has the limitation that less energy 
reaches the detector than with the single - aperture design, so that the SNR for a 
given spatial resolution is decreased.   

 It was found that keeping the apertures of a dual - aperture microscope in align-
ment over a long period of use was not an easy task, especially when a high spatial 
resolution is desired and the apertures must be very small. Consequently, Thermo -
 Electron devised a clever scheme to overcome this problem by using the same 
aperture twice, as shown in Figure  1.7 . 1)  The dual - aperture concept is similar to 
that of a confocal microscope ( vide infra ; Section  1.5 ). Both, the dual - aperture 
design and confocal microscopes preclude imaging measurements, however, 
because in order to image a sample all regions of that sample which are of interest 
must be completely illuminated by the source radiation, while the detector pixels 
serve the purpose of the remote aperture that would normally be located after the 
sample. The dual - aperture system is ideally suited to mapping measurements with 
diffraction - limited spatial resolution, in which case a source of very high bright-
ness such as a synchrotron is needed.   

 The manufacturers of infrared microscopes are split almost evenly between 
those that produce  ‘ infi nity - corrected ’  and those producing  ‘ non - infi nity - corrected ’  
microscopes. Infi nity correction effectively refers to a collimation of the beam 
throughout the microscope (other than at the condenser and objective outputs), 
and is frequently used in research - grade optical microscopes. Despite the added 

 Nicolet Corporation made its fi rst FT - IR 
spectrometer in 1971 and became the market 
leader shortly afterwards. In 1995, Thermo -
 Electron Corporation purchased Nicolet and 

1) dropped the Nicolet name. In 2006, Thermo 
Electron purchased Fisher Scientifi c and the 
corporation is now known as Thermo - Fisher. 

   
  Figure 1.6     Percentage of stray energy outside the area defi ned 
by an 8    ×    240    μ m rectangular aperture for various imaging 
modes.  Reproduced with permission from Ref.  [25] .   
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complexity in microscope design,  ‘ infi nity correction ’  provides for added fl exibility 
in the choice of  ‘ off - the - shelf ’  visible objectives (as most are for infi nity - corrected 
systems), and also in that fi lters and other optical components can be placed 
anywhere where the beam is collimated. Infi nity correction can also provide for 
improved image clarity and focus. Non - infi nity - corrected microscopes (otherwise 
known as  ‘ fi nite tube length ’  microscopes), although less complex in design, are 
limited in terms of available options, such as other objectives, the placement of 
fi lters and other optical components, and sometimes also in the quality of the 
images in terms of clarity and focus. For those microscopes that are most 
commonly used in conjunction with FT - IR spectrometers, Varian and Thermo -
 Fisher employ the infi nity - corrected type, while Bruker and PerkinElmer use 
non - infi nity - corrected optics.  

  1.2.5 
 Transmission Microspectroscopy 

 Occasionally, transmission spectra of small inhomogeneous samples show the 
presence of artifacts. For example, the effect of scattering may cause symmetrical 
bands to lose their symmetry. Instead of having the symmetric shape of the absorp-
tion index spectrum, the stronger bands begin to take on the appearance of the 

   
  Figure 1.7     Dual confocal aperturing achieved with a single 
physical aperture.  Reproduced from Infrared Fourier 
Transform Spectrometry by P. R. Griffi ths and J. A. de Haseth; 
 ©  2007, p. 307.   
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refractive index spectrum (this phenomenon is sometimes called the  Christiansen 
effect   [26] ). Romeo  et al.   [27, 28]  observed a second effect caused by light scattering 
while measuring the infrared spectrum of whole cells using FT - IR microspectros-
copy. These authors showed that light scattering by the nucleus introduces a broad 
undulating spectral feature into the baseline of the spectrum, which they attributed 
to Mie - type scattering by the cell nucleus. Dielectric spheres are known to scatter 
electromagnetic radiation if the wavelength of the light is comparable to the 
sphere ’ s size. The theory of this scattering process was fi rst described (on a theo-
retical basis) by Mie  [29] , and has been nicely summarized by Romeo  et al.   [27, 28] . 
The same effect is visible in Raman spectroscopy, causing baseline ripples and 
perturbation of band intensities. In Raman spectroscopy the effect is sometimes 
termed  ‘ morphology - dependent resonance ’ . 

 Mie theory assumes a spherical scattering particle in the fi eld of a plane elec-
tromagnetic wave. The scattering cross - section  Q sca   of a dielectric sphere inter-
acting with a plane electromagnetic wave is given by a series expansion of the size 
parameter,  ρ , and complicated expressions in the half - integer order Bessel (Ricatti –
 Bessel) functions of the fi rst type and their complex equivalents (Hankel func-
tions). The size parameter  ρ  is defi ned by

   ρ π λ= 2 r mo     (1.5)  

where  r  is the radius of the sphere,  λ  the wavelength of the light, and  m  o  the ratio 
of the refractive indices between the sphere and the surroundings. The Bessel 
functions account for the undulating wavelength dependence of Mie scattering. 

 The angular dependence of Mie scattering is given by series expansions in the 
Legendre polynomials and their derivatives with respect to the scattering angle. 
While the exact solution of this problem is rather complex, Diem ’ s group also used 
an approximate formula, which was fi rst reported by Walstra  [30] :

   Q sca = − ( ) + ( ) −( )2 4 4 12ρ ρ ρ ρsin cos     (1.6)  

where  ρ  is the size factor as defi ned above. This approximation reproduces the 
rigorous calculation to within 1%, and matches the spectra remarkably well. By 
using the approximate calculations, Romeo  et al.  were able to model the Mie scat-
tering background satisfactorily, and corrected the distorted spectra by subtracting 
the modeled Mie background.  

  1.2.6 
 Attenuated Total Refl ection Microspectroscopy 

 It can be seen from Equations  1.2  and  1.3  that the spatial resolution of infrared 
microspectroscopy can be improved by immersing the sample in a medium of 
high refractive index. This exactly what is done in  attenuated total refl ection  ( ATR ) 
spectroscopy using a single - refl ection hemispherical  internal refl ection element  
( IRE ). For example, if a germanium ( n    =   4.0) hemispherical IRE is used, not only 
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is an increase in the numerical aperture obtained (because of the increased refrac-
tive index of Ge), but the outer ray angle of incidence (which defi nes  NA ) is also 
increased, as the light is refracted inwards. The difference between the focusing 
that occurs with a triangular prism and a hemispherical IRE is seen in Figure  1.8 a 
and b.   

 The fi rst ATR accessory to make use of a single - refl ection IRE with approxi-
mately hemispherical geometry was the Split Pea (Harrick Scientifi c), the usual 
image size of which is about 250    μ m when used with a germanium IRE. Although 
germanium has the highest refractive index of infrared transparent materials (and 
therefore gives the greatest demagnifi cation), it has the great disadvantage in that 
it is not transparent to visible light. As a result, sample alignment in some of the 
earlier devices was quite tricky. Since the introduction of the Split Pea, a number 
of analogous accessories have been introduced for ATR microspectroscopy, includ-
ing several that have been explicitly designed to replace the objective in a standard 
infrared microscope. The Bruker Optics Hyperion, as shown in Figures  1.9  and 
 1.10 , is just one example of a microscope designed for FT - IR microspectroscopy; 
analogous systems are available from a number of different vendors. Several 
manufacturers have designed accessories where the sample can be aligned without 
being in contact with the IRE. When the appropriate region has been selected, the 
IRE is moved into place. With the Bruker Hyperion, the tip of the internal refl ec-
tion element is 100    μ m in linear dimension to achieve high spatial resolution; this 
instrument is equipped with an electronic pressure sensor to ensure good contact 
with the sample, which is particularly important for mapping by ATR microscopy. 
The IRE is spring - loaded to avoid damage, and there are fi ve different pressure 
steps to allow optimal contact for hard and soft samples.   

 Like germanium, silicon also has a fairly high refractive index ( n    =   3.4). Silicon 
is rarely used for the fabrication of large IREs (for which the optical path may be 

   
  Figure 1.8     Beam focusing through (a) prismatic and 
(b) hemispherical internal refl ection elements.  

(a) (b)
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several centimeters) because the presence of trace impurities leads to excessive 
absorption of the radiation below about 1200   cm  − 1 . With the very short path through 
the IRE installed in a microscope objective, however, this is no longer a problem. 
Thus, either silicon or germanium can be used productively as the IRE in an ATR 
objective. 

   
  Figure 1.9     Optical schematic of the Bruker Optics ATR 
objective used in (a) alignment mode and (b) spectral 
acquisition mode.  Illustration courtesy of Bruker Optics.   

IRE

(a) (b)

   
  Figure 1.10     Photograph of the Bruker Optics ATR objective. 
 Illustration courtesy of Bruker Optics.   



 24  1 Infrared and Raman Instrumentation for Mapping and Imaging

 The increase in numerical aperture achieved through the use of hemispherical 
IREs can be seen more quantitatively by considering the design of Varian ’ s slide -
 on Ge ATR accessory, shown in Figure  1.11 . On refraction, the outer ray angle 
which is normally 30    °  (for a  NA  of 0.5) is increased to 50    °  after refraction through 
the Ge IRE. In the Varian design, the underside of the hemisphere (which is in 
contact with the sample) has a relatively large radius of curvature, such that over 
the fi eld - of - view of the IRE ( ∼ 100    ×    100    μ m), it is effectively fl at.     

  1.3 
  R aman Microspectroscopy and Mapping 

  1.3.1 
 Introduction to  R aman Microspectroscopy 

 In principle, Raman microspectroscopy is attractive because the practical diffrac-
tion limit is on the order of the excitation wavelength, which is about 10 - fold 
smaller for Raman spectroscopy with a visible laser than for mid - IR spectroscopy. 
It is therefore possible to focus visible or NIR laser light to much smaller spot 

   
  Figure 1.11     Schematic of Varian ’ s Ge slide - on ATR objective, 
showing how the spatial resolution is enhanced by increasing 
the refraction index of the medium to 4 with Ge and 
increasing the outer ray angle of incidence to 50    ° , resulting 
in a numerical aperture of 3.1.  Illustration courtesy of 
Varian Corporation.   



sizes ( ∼ 1    μ m or less) than may be examined by mid - IR radiation. Until the mid 
1980s, however, Raman spectrometry was a time - consuming and relatively unpop-
ular technique for the characterization of both macro -  and micro - samples for the 
following reasons: 

   •      The intensities of strong bands in Raman spectra are usually at least 10 8  - fold 
weaker than the intensity of the incident monochromatic beam.  

   •      When  photomultiplier tube s ( PMT s) were used for the detection of Raman 
spectra, high - power gas lasers (e.g., Ar + ) were required to yield enough photons 
for the measurement of Raman spectra in less than 1   h; the power supplies for 
the early versions of these lasers generated so much heat that they often required 
water cooling.  

   •      Ineffi cient double and triple monochromators were required to eliminate stray 
light from the Rayleigh line.  

   •      No multiplex or multichannel technique was available for the measurement of 
Raman spectra; hence, the instruments were based on scanning monochroma-
tors with a single PMT detector.  

   •      Many  ‘ real - world ’  samples fl uoresce when illuminated with visible light, espe-
cially green light from a frequency - doubled  neodymium - doped yttrium alumi-
num garnet  ( Nd - YAG ) laser at 532   nm or from an argon ion laser at 488 or 
514.5   nm.    

 Although nothing can be done to make the Raman cross - section of vibrational 
bands any greater without the application of techniques such as resonance Raman 
spectroscopy or surface - enhanced Raman scattering, several important technologi-
cal developments have led to the design of today ’ s truly powerful Raman spec-
trometers. These included (in no particular historical order) the development of: 

   •      Highly effi cient notch fi lters that eliminate the Rayleigh line and transmit both 
the Stokes -  and anti - Stokes Raman bands, or edge fi lters that transmit only the 
Stokes Raman bands and block all shorter - wavelength radiation.  

   •      Small, effi cient single monochromators based on concave holographic gratings, 
transmission holographic gratings or standard Czerny – Turner monochroma-
tors in combination with a notch fi lter.  

   •       ‘ Scientifi c ’  CCD array detectors with quantum effi ciencies close to 100%.  

   •      Visible lasers operating at much lower input power than the earlier gas lasers; 
the most important of these is the He – Ne laser (632.8   nm), while argon ion 
(488.0 and 514.5   nm) and krypton lasers (647.1, 568.2 and 530.9   nm) are also 
useful for Raman spectroscopy.  

   •      Diode lasers emitting at 785   and 840   nm, which minimize fl uorescence and are 
still compatible with silicon - based CCD detectors over much of the Raman 
spectrum.  

 1.3 Raman Microspectroscopy and Mapping  25



 26  1 Infrared and Raman Instrumentation for Mapping and Imaging

   •      Diode - pumped Nd   :   YAG lasers emitting at 1064   nm: with a laser operating at 
this long wavelength, fl uorescence from the sample is often minimized and 
sometimes eliminated.  

   •      The frequency - doubled Nd   :   YAG laser emitting at 532   nm.  

   •      The recent development of blue/green diode lasers operating at, for example, 
472   nm.  

   •      FT Raman spectrometry, which was needed because the Raman spectrum - 
generated 1064   nm radiation was at too long a wavelength for silicon - based CCD 
detectors.  

   •      Effi cient fi ber - optic probes.    

 The fi rst report of the design and testing of an FT - Raman spectrometer was 
by Hirschfeld and Chase in 1986  [31] , and this became available commercially 
during the following year. With these instruments, the sample is illuminated 
with 1064 - nm radiation from a Nd   :   YAG laser, while the Rayleigh -  and Raman -
 scattered light is modulated by a two - beam interferometer. After removal of the 
Rayleigh - scattered radiation by a notch or edge fi lter, the Raman interferogram 
is detected using either an  indium gallium arsenide  ( InGaAs ) or germanium 
detector. Within another year, however, Raman spectrometers based on a poly-
chromator and a CCD array detector were also brought onto the market. These 
instruments were compatible with essentially any laser that led to the generation 
of a Raman spectrum at shorter wavelength than the 1100   nm cut - off of silicon -
 based CCD detectors. Thus, instruments became available with,  inter alia , a 
doubled Nd   :   YAG laser (532   nm), a low - power He – Ne laser (632.8   nm) or NIR 
diode lasers, of which 785   nm and 840   nm were the most common wavelengths. 
Neither of these diode lasers is capable of measuring the complete Raman 
spectrum. For example, if an 840   nm (11   900   cm  − 1 ) diode laser is used, the 
Raman spectrum beyond about 2500   cm  − 1  is beyond the cut - off of a silicon 
CCD. 

 These FT - Raman and CCD - Raman spectrometers revolutionized Raman spec-
troscopy such that, within the space of about fi ve years, about ten different Raman 
spectrometers based on multiplex and multichannel technologies had been intro-
duced commercially  [32, 33] . Several of the CCD - Raman spectrometers were either 
designed for, or could be readily modifi ed for, microspectroscopy. Although FT -
 Raman microspectrometers have been reported (e.g., Ref.  [34] ), they have not 
proved very popular for three reasons: 

   •      Safety: the 1064   nm beam of a FT - Raman spectrometer is high powered, com-
pletely invisible and quite dangerous.  

   •      When the beam from a Nd   :   YAG laser is focused on a sample that absorbs 
1064   nm radiation, even the weakest absorption band will cause signifi cant 
heating. In fact, it is quite common for samples to ignite, or at least to generate 
background blackbody radiation.  



   •      FT - Raman spectroscopy is relatively insensitive compared to dispersive Raman 
spectroscopy, due to the longer wavelength of excitation and the poor noise 
performance of detectors in the NIR. This means that FT - Raman microscopes 
lack the sensitivity to analyze small samples unless high laser powers are 
employed, which leads to the problems noted above.    

 In practice, therefore, CCD - Raman spectrometers have proved to be far more 
successful for Raman microspectroscopy than FT - Raman spectrometers, and most 
instruments are based on this concept. 

 Raman microspectroscopy was not a completely new concept. In 1966, Delhaye 
and Migeon  [35]  showed that a laser beam could be tightly focused at a sample, 
and that Raman - scattered light could be collected and transferred to a spectrome-
ter, with minimal loss. Their calculations showed that the increased irradiance 
more than compensated for the decrease in the size of the irradiated volume. The 
fi rst Raman microscope was reported by Delhaye and Dhamelincourt in 1975  [36] , 
and an instrument based on these principles (the MOLE) was introduced by Jobin 
Yvon at about the same time. However, the optical scheme used for imaging, 
which employed global illumination, was ineffi cient and it was not until the advent 
of CCD - Raman spectrometers that the advantages of Raman microscopy became 
apparent. 

 Arguably the most important advantage of many microscopes used for Raman 
microspectroscopy is the fact that they have a confocal design. In such a design 
(see Figure  1.12 ) the laser beam is fi rst focused on a small aperture (to clean up 
the beam profi le and present a diffraction - limited source), and then refocused by 
an objective lens with a large numerical aperture onto a small (ideally diffraction -
 limited) focal volume within the sample. A mixture of the Raman -  and Rayleigh -
 scattered light from the illuminated spot is then collected by the objective lens. 
The high  NA  of these optics allows the light to be collected over a solid angle of 
almost a full hemisphere. An objective with a  NA  - value of 0.95 collects about 70% 
of the radiation emitted over 2 π  steradians. A dichroic beamsplitter (typically a 

   
  Figure 1.12     Schematic representation of the optics of a confocal microscope.  
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notch fi lter or an edge fi lter) refl ects the radiation from the Rayleigh line and 
transmits the Stokes - shifted Raman - scattered radiation at longer wavelength. After 
passing through a pinhole, the Raman - scattered light is passed into the monochro-
mator and the intensity at each wavelength is measured. The small spot enables 
the image to be transferred to the spectrometer though the narrow (typically ca. 
100    μ m) entrance slit with a minimal loss in energy. Today, several Raman micro-
spectrometers employ confocal optics, which provide the capability to produce 
blur - free images of thick samples at various depths. It may be noted, however, that 
spherical aberration limits sampling with diffraction - limited resolution at depths 
much greater than 10    μ m.   

 As seen in Figure  1.12 , the detector pinhole obstructs the so - called out - of - focus 
(or out - of - plane) light, especially light from adjacent spatial regions and fl uores-
cent emission not originating from the focal plane of the objective lens. Light rays 
from below the focal plane come to a focus before reaching the detector pinhole, 
and then expand out so that most of the rays are physically blocked from reaching 
the detector by the pinhole. In the same way, light from above the focal plane is 
focused behind the detector pinhole, so that most of this light is also vignetted by 
the pinhole and is not detected. However, all the light from the illuminated focus 
(solid lines) is imaged at the pinhole and passed to the detector. The detected light 
originating from an illuminated volume element within the specimen is then 
focused on the entrance slit of a polychromator and the spectrum measured using 
a CCD detector. As the out - of - focus rays from above and below the focal plane are 
largely removed, sharper images are measured than can be acquired from conven-
tional (non - confocal) microscopy techniques. Mapping is accomplished by moving 
the sample by small amounts after each spectrum has been recorded. 

 Several modes of operation are available in state - of - the - art confocal Raman 
microspectroscopy, including the measurement of samples with a spatial resolu-
tion of less than 1    μ m, depth profi ling and line mapping. LaPlant and Ben - Amotz 
have provided a detailed description of the design and construction of a confocal 
Raman microspectrometer  [37] , and several instruments are now available com-
mercially. In the case of the HORIBA Jobin Yvon LabRAM ARAMIS Raman 
spectrometer (see Figure  1.13 ), up to four lasers (three internal, one external), four 
gratings and four notch fi lters may be automatically switched in order to optimize 
the performance for a given sample, as illustrated in Figure  1.14 . While not every 
sample is an effi cient Raman scatterer, this instrument ensures that many types 
of sample can be routinely mapped using fast point acquisitions.   

 Several companies, including Horiba, Renishaw and Witec, market Raman 
spectrometers with confocal optical confi gurations. The WITec alpha300 R confo-
cal Raman microscope differs from other confocal Raman microspectrometers in 
that it has been designed especially for fast microspectroscopy. The data acquisi-
tion time for an entire spectrum can be less than 1   ms, which allows Raman 
mapping of over 10   000 spectra in less than one minute when the Raman signal 
is adequate. These data sets can already be evaluated during data acquisition by 
using fi lters. For example, the integrated intensities of certain bands of interest 
may be calculated or the position or full width at half maximum of the bands may 



be evaluated. Band fi tting to Gaussian or Lorenzian shapes, as well as various other 
fi tting algorithms, can also be applied to the data set. By using these fi lters, several 
 three - dimensional  ( 3 - D ) data sets that can be displayed as images are created from 
the four - dimensional hyperspectral data. 

 The WITec alpha300 R confocal Raman microscope can be upgraded to perform 
 atomic force microscopy  ( AFM ), tip - enhanced Raman spectrometry and near - fi eld 
scanning optical microscopy, and is arguably the most versatile instrument for 
Raman microspectroscopy available today.  

  1.3.2 
  CCD  Detectors 

 The quantum effi ciency of contemporary array detectors can be remarkably high    –
    in excess of 90% in the case of back - illuminated CCDs. The two main sources of 
noise for CCD cameras are: 

   
  Figure 1.13     The HORIBA Jobin Yvon LabRAM ARAMIS 
Raman spectrometer.  Illustration courtesy of Horiba 
Jobin - Yvon Corporation.   

   
  Figure 1.14     Spectra of aspirin measured with seconds of each 
other using a frequency - doubled Nd   :   YAG laser (532   nm) and 
a semiconductor diode laser (785   nm).  Illustration courtesy of 
Horiba Jobin - Yvon Corporation.   
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   •      A dark current, which is largely caused by thermal emission and is usually 
reduced to a negligibly low level by thermoelectrically cooling the detector below 
 − 60    ° C.  

   •      Readout noise, which is the number of electrons introduced per pixel into the 
fi nal signal upon the readout of the device and is caused by: (i) a lack of repeat-
ability of the conversion from an analogue signal to a digital number; and (ii) 
the introduction of spurious electrons into the camera electronics, leading to 
unwanted random fl uctuations in the output. Readout noise, which is usually 
given in terms of electrons, is dependent on the readout rate; typical values are 
5 – 10 electrons for a 50   kHz readout rate to  ∼ 30 electrons for a 2.5   MHz readout 
rate.    

 The combination of these two random effects produces an uncertainty in the 
fi nal output value for each pixel. In the output of the CCD image, readout noise 
is added into every pixel each time the array is read out. This means that a CCD 
with a readout noise of 30 electrons will, on average, contain 30 extra electrons of 
charge in each pixel upon readout. As a consequence, CCDs with a high readout 
noise (more than 80 – 100 electrons) are not very good to use if a sequence of short 
exposure frames is co - added instead of using one long exposure. However, for 
modern scientifi c CCDs, readout noise values are very low, in the range of 10 
electrons per pixel per read or less. Ideally, the limiting noise source in any Raman 
spectrometer should be photon shot noise. Because photons follow Poisson sta-
tistics, for a given signal the uncertainty is the square root of the signals in elec-
trons. In this case, the SNR of many Raman spectra can be remarkably high, even 
though the signal is so low. For example, even if only 100 photons are detected 
(converted to electrons), the SNR is still 10    –    provided that the only noise source 
is photon shot noise. 

 For Raman mapping measurements, the readout time per pixel must be very 
short. For example, if an image consisting of 128 pixels per line and 128 lines is 
acquired with an integration time of 1   s per pixel, then the total acquisition time 
will be a little over 4.5   h. Reducing the readout time to 100   ms per pixel decreases 
the measurement time to 27   min. A further 10 - fold reduction in the readout rate 
decreases the acquisition time to less than 3   min. The latter situation would allow 
hundreds of images to be acquired per day, instead of just one or two. Unfortu-
nately, this condition is not readily achievable in practice because the faster the 
readout time of the detector electronics, the noisier is the readout amplifi er. 

 Hollricher and Ibach  [38]  have described how the SNR of Raman spectra can be 
increased through the use of an  electron multiplying CCD  ( EMCCD ). This device 
is a normal CCD with an additional readout register that is driven with a signifi -
cantly higher clock voltage than a normal CCD readout register. The effect of the 
high clock voltage is to effect an electron multiplication through impact ionization. 
In practice, the gain may be increased by a factor of up to 1000 in this way, so that 
the photon shot noise is always much greater than the readout noise. The SNR of 
the signal from the CH 2  stretching band of  poly(methyl methacrylate)  ( PMMA ) is 
shown as a function of the gain in Figure  1.15 . The improved SNR allows superb 



images to be acquired from Raman mapping experiments in a remarkably short 
time. For example, a 200    ×    200 pixel color - coded image of a 7.1   nm - thick layer of 
PMMA contaminated with 4.2   nm - diameter fi bers acquired with a WITec 
alpha300R confocal Raman microscope is shown in Figure  1.16 . The integration 
time was 7   ms per spectrum, and the total acquisition time 5.4   min. This fast 
response makes it feasible to map relatively large areas in minutes or hours, and 
is critical for practical mapping applications.   

 Another source of  ‘ noise ’  in spectra measured using a CCD is caused by the 
pixel - to - pixel variation in the quantum effi ciency of neighboring pixels. This varia-
tion can be corrected by illuminating the detector array with a uniform light source 
and measuring the signal from each pixel. Once the relative response of each pixel 
has been determined, a correction known as a  fl at fi eld correction  can be applied. 

 Despite all efforts to minimize the noise in Raman spectra measured in the 
short times needed for mapping measurements, it is rare that the spectroscopist 
would not be more satisfi ed if the SNR were higher. Cai  et al.   [39]  reported a more 
powerful way of reducing the noise in Raman spectra a below that achievable by 
Savitzky – Golay smoothing with minimal band broadening  [40] . In their approach, 
multiresolution wavelet transformation and block thresholding was used to both 
suppress the background caused by fl uorescence and to reduce the noise without 
a signifi cant loss in spectral resolution.  

  1.3.3 
 Spatial Resolution 

 For diffraction - limited microscopy, it may be thought that the image should be 
focused on the CCD such that the Airy disk fi lls one pixel. However, Adar  et al .  [41]  

   
  Figure 1.15     Signal - to - noise ratio of the CH 2  symmetric 
stretching band of PMMA plotted against the gain of the 
EMCCD.  Reproduced with permission from Ref.  [38] .   
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demonstrated that image quality could be improved signifi cantly if the sample step 
is much smaller than the spatial resolution of the measurement. As an example, 
Figure  1.17 a shows the Raman map of an 8    μ m polystyrene bead on a silicon sub-
strate recorded with a 100 ×  objective with steps of 1.0, 0.5 and 0.1    μ m. The visual 
image recorded through a standard optical microscope is shown for comparison. 
Clearly, reconstructing the image from data taken with steps smaller than the 
resolution given by the Rayleigh criterion gives a higher quality Raman image.    

 The strength of the objective is, of course, also important, as it controls the 
numerical aperture. Figure  1.18 a shows Raman maps of fi ve 5.18    μ m polystyrene 
spheres recorded with 100 × , 50 ×  and 20 ×  objectives, with the increment between 
data points being 0.2    μ m; Figure  1.18 b shows the line profi les across the two beads 
at the top right of these images.   

 Information can also be collected from different focal planes by raising or lower-
ing the microscope stage. The computer can generate a 3 - D picture of a specimen 
by assembling a stack of these 2 - D images from successive focal planes. Some care 
is needed in the interpretation of the results obtained by depth profi ling with a 
confocal Raman microscope, however. For example, Everall  et al.   [24]  have shown 
that when using metallurgical objectives, which are typically supplied as standard 
with confocal Raman microscopes, the focus is both much deeper than might be 
fi rst thought, and is also blurred due to spherical aberration (see Figure  1.19 ). Even 

   
  Figure 1.16     Color - coded confocal Raman map of a 
7.1   nm - thick PMMA layer (red) and a 4.2   nm contaminant 
layer (green) on glass (blue). The map was computed 
from 200    ×    200 spectra, with an integration time of 7   ms 
per spectrum, for a total acquisition time of 5.4   min. 
 Reproduced with permission from Ref.  [38] .   



   
  Figure 1.17     (a) Visual image of a 1    μ m - diameter polystyrene 
bead. The lower images show Raman images of the bead, 
recorded with a 100 ×  ( NA    =   0.95) infi nity - corrected 
microscope objective at increments of (left to right) 1.0, 0.5 
and 0.1    μ m per step, respectively; (b) Raman spectrum 
measured from the center of one of these beads.  Reproduced 
with permission from Ref.  [41] .   

(a)

(b)

in the absence of spherical aberration, Everall has shown that bands originating 
from sample regions far above and below the optimum focal plane can still con-
tribute signifi cantly to the spectrum  [42] . He demonstrated this by investigating 
the Raman spectra of a 20    μ m - thick layer of  polyethylene  ( PE ) over a 100    μ m - thick 
sheet of  poly(ethylene terephthalate)  ( PET ). The spectra measured at different 
depths, including locating the focus 10    μ m above the sample, are shown in Figure 
 1.20 . It is clear that signals from the PET contribute signifi cantly to the spectrum, 
even when focused in or well above the PE. Everall demonstrated a similar effect 
when scanning laterally across the same sample. These results were found because, 
for every point within the entire illuminated volume of a transparent sample (not 
just the beam waist), there are some rays that can reach the detector. When all of 
these paths are added together, there can be a signifi cant signal originating from 
those parts of the sample that are out of focus. Macdonald and Vaughn have 
developed a simple mathematical model to quantify the contribution of  ‘ out of 
focus ’  regions of the sample  [43] .    

  1.3.4 
 Tip - Enhanced  R aman Spectroscopy 

 By using the techniques discussed in the previous sections of this chapter, it can 
be seen that the spatial resolution achievable by infrared or Raman microspectros-
copy is governed by the diffraction limit shown in Equation  1.3 . It is possible to 
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improve on the diffraction limit by  near - fi eld scanning optical microscopy  ( NSOM ), 
although most of the vibrational NSOM techniques are currently in the develop-
mental stage (see Chapter  2 ). However, there is one technique    –    known as  tip -
 enhanced Raman spectroscopy  ( TERS )    –    whereby the spatial resolution of Raman 
spectroscopy can be reduced signifi cantly below the diffraction limit  [44] . TERS is 
a hybrid system that combines the nanometer resolution afforded by scanning 
probe microscopy (e.g., AFM) with the molecular specifi city of  surface - enhanced 

   
  Figure 1.18     (a – c) Raman maps of 5.18    μ m - diameter 
polystyrene beads recorded with 100 × , 50 ×  and 20 ×  
objectives, respectively. Increments between data points were 
0.2    μ m for all three images; (d – f) Line profi les of the two 
beads at the upper right in panels (a – c). Reproduced with 
permission from Ref.  [41] .   
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  Figure 1.19     Schematic diagram showing how the effect of 
refraction leads to an increase in the depth of fi eld for Raman 
microscopy.  Illustration courtesy of Dr Neil Everall, 
Measurement Science Group, Intertek Corporation.   
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  Figure 1.20     Spectra measured by raising the level of a 
polymer laminate sample consisting of a 100    μ m - thick layer 
of poly(ethylene terephthalate) (PET) under a 20    μ m - thick 
layer of poly(ethylene) (PE). The strongest bands in the 
Raman spectra of PE and PET are marked with arrows. 
 Illustration courtesy of Dr Neil Everall, Measurement Science 
Group, Intertek Corporation.   
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Raman scattering  ( SERS ). It is well known that the Raman spectrum of species 
with a few nanometers of roughened silver or gold surfaces is enhanced by at least 
four orders of magnitude. The primary enhancement in SERS arises from the 
electric fi eld of the radiation being greatly increased because of resonance between 
the wavelength of the illumination laser and the nearby Raman signals and the 
wavelengths of the surface plasmon resonance of the metal nanostructures,  λ  SPR . 

 It has been shown that localized plasmon polaritons in the region of sharp metal 
tips act in an analogous fashion, giving rise to TERS. In one mode of operation, 
TERS employs a sharp metal tip, which is illuminated from the outside to create 
a localized light source  [45] . Alternatively, silver nanoparticles have been deposited 
on silica or titania surfaces and a silicon tip is used  [46, 47] . That these tips are 
not easy to prepare most likely accounts for the fact that TERS is not yet widely 
used. Nonetheless, preliminary results have indicated the feasibility of detecting 
and characterizing single molecules  [45]  with atomic site sensitivity  [48] . The 
investigation of bacterial surfaces  [49]  and single - walled carbon nanotubes  [50]  has 
also recently been reported. Although these early results are very promising, TERS 
is not yet widely used and will not be described in any great depth in this chapter 
(although a more detailed account can be found in Chapter  2 ).   

  1.4 
 Near - Infrared Hyperspectral Imaging 

 Following the above introduction to the types of microscopes used for single - point 
sampling and sample mapping, the instrumentation used for hyperspectral 
imaging by vibrational spectrometry will now be described. NIR imaging instru-
ments will be introduced fi rst, as these are the simplest in design. Raman imaging 
spectrometers will then be discussed, as these bear considerable similarity to their 
NIR counterparts. The instrumentation for mid - IR imaging will be described 
subsequently, as their operating principles are somewhat different to those of NIR 
and Raman imaging systems. Finally, terahertz imaging, which is based on a 
completely different principle to any of the other types of imaging instruments 
will be introduced. 

 Perhaps the simplest type of instrument for NIR hyperspectral imaging spec-
trometer is that originally developed by Spectral Dimensions, Inc. (Olney, MD, 
USA, now Malvern Instruments.) In this instrument, the radiation from a broad-
band source of NIR radiation (a simple tungsten or quartz – tungsten – halogen 
lamp) is passed through a  liquid crystal tunable fi lter  ( LCTF ) so that a narrow 
region of the NIR spectrum is isolated. A typical LCTF is constructed from an 
interwoven stack of Lyot stages (linear polarizers and liquid - crystal variable retard-
ers mounted on birefringent quartz crystals), usually mounted in a temperature -
 controlled housing. A single Lyot stage of an LCTF system is shown in Figure  1.21 . 
Varying the voltage applied to the liquid crystals shifts the pass band in less than 
1   ms, without any mechanical motion or vibration of the optics. Thus, the fi lter can 
be tuned an almost infi nite number of times as there is no wear and tear.   



 The operation of an LCTF may be understood by considering a simplifi ed Lyot 
fi lter stack, in which ( N  +1) polarizers are separated by  N  layers of liquid crystals 
sandwiched between birefringent crystals. The optical retardation,  R    nm, intro-
duced by birefringent crystals is dependent on the thickness of the crystal,  d    nm, 
and the difference between the refractive index of the ordinary ray,  n o  , and the 
extraordinary ray,  n e  , at the wavelength of interest:

   R d n ne o= −( )     (1.7)   

 The velocities of the extraordinary and ordinary ray differ, and these emerge 
from the stack with a phase delay,  Γ  radians, that is dependent upon the wave-
length,  λ , of the radiation:

   Γ =
2π

λ
R

    (1.8)   

 The transmittance of the crystal,  T , is given by:

   T = ( )0 5 22. cos Γ     (1.9)   

 In a typical Lyot fi lter, crystals are often selected so that transmission has its 
maximum value at the wavelength determined by the thickest crystal retarder, with 

   
  Figure 1.21     A typical Lyot stage of a liquid crystal tunable fi lter (LCTF) system.  
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other stages in the fi lter serving to block the transmission of unwanted wave-
lengths. The spectral region passed by the LCTF is dependent upon the choice of 
polarizer, the optical coating and the liquid crystal characteristics (nematic, cho-
lesteric, smectic, etc.) In practice, a Lyot LCTF may have as many as 11 polarizers 
and 10 liquid crystalline layers, and is sometimes equipped with an internal micro-
processor to tune all of the stages. 

 Wavelength scanning in NIR hyperspectral imaging spectrometers has also been 
accomplished with both a scanning monochromator and an  acousto - optic tunable 
fi lter  ( AOTF .) AOTFs are also frequently used in confocal fl uorescence micro-
scopes. AOTFs are electro - optical devices that function as electronically tunable 
fi lters and rely on a birefringent crystal, the optical properties of which vary upon 
interaction of the crystal with an acoustic wave. The resulting compression and 
rarefaction of the crystal give it the properties of a diffraction grating. Changes in 
the acoustic frequency alter the grating constant, which enables the wavelength to 
be tuned very rapidly. The switching time is limited only by the acoustic transit 
time across the crystal, and is rarely greater than 50    μ s. AOTFs designed for opera-
tion in the NIR region typically consist of an optically anisotropic tellurium dioxide 
crystal to which a piezoelectric transducer is bonded. In response to the application 
of an oscillating radiofrequency electrical signal, the transducer generates a high -
 frequency acoustic wave that propagates into the crystal. The alternating ultrasonic 
acoustic wave induces a periodic redistribution of the refractive index through the 
crystal, which then acts as a transmission diffraction grating. Changing the fre-
quency of the transducer signal applied to the crystal alters the period of the 
refractive index variation and, therefore, the angle through which the radiation is 
diffracted, and hence the wavelength band that reaches the detector. The design 
parameters that affect resolution include the dispersion constant of the crystalline 
material (related to degree of birefringence), the incidence angle and the acousto -
 optic interaction length. The relative intensity of the diffracted beam is determined 
by the amplitude (power) of the signal applied to the crystal and by the widths of 
the entrance and exit slits of the monochromator. 

 One of the more important parameters governing which of these wavelength 
selection devices to use is their bandpass    –    that is, the  full - width at half height  
( FWHH ) of their transmittance window. The typical bandpass of a LCTF is 5   nm. 
As the FWHH of most bands in the NIR spectrum is greater than 10   nm, a band-
pass of 5   nm is more than adequate for NIR hyperspectral imaging. The LCTF has 
a far higher optical throughput than a monochromator operated at 5   nm resolution 
(although when the size of the sample being examined is very small, as it is in 
any microscopic measurement, the potential throughput advantage is rarely met 
in practice). 

 The bandpass of a typical AOTF ranges from several nanometers to tens of 
nanometers for the visible and NIR spectral regions. This resolution is suitable 
for fl uorescence spectroscopy where bands are very broad, and is just adequate for 
Raman hyperspectral imaging, albeit with lower resolution than may be achieved 
with a monochromator (see Section  1.5 ). A NIR spectrometer based on an AOTF 
has also been sold commercially. However, the transmission of these devices for 



NIR hyperspectral imaging is somewhat poorer than that of LCTFs, and they 
degrade the image quality slightly more than LCTFs. The optical effi ciency of 
monochromators for NIR hyperspectral imaging is poorer than that of both LCTFs 
and AOTFs. Thus, despite the fact that the FWHH of the pass - band of a mono-
chromator can be made much narrower than that of LCTFs and AOTFs, the 
highest performance for NIR microspectroscopy is usually found when wave-
length selection is accomplished through the use of one of these devices rather 
than a monochromator. 

 The NIR hyperspectral imaging spectrometers designed by Malvern Instru-
ments are equipped with a Stirling - engine - cooled  indium antimonide  ( InSb ) FPA 
detector with 320 pixels in one dimension and 256 in the other (total 81   920 pixels) 
that operates in the range 1200 to 2450   nm. Wavelength tuning is achieved by an 
LCTF, such that the entire spectral range can be covered in 2   min. Alternatively, 
as described above, if the signal from just a few wavelengths is all that needs to 
be measured, the LCTF allows rapid switching between a few selected wavelengths 
and the measurement is over in a few seconds. A short - wavelength alternative 
instrument is also available that is equipped with an InGaAs FPA detector that 
operates in the range from 950 to 1720   nm. 

 Because this instrument is designed for NIR operation, it is possible to use a 
microscope with refractive optics. In the case of the Malvern Instruments system, 
a refractive objective that has 1 ×  magnifi cation is used. With this lens, the sample 
is imaged directly onto the FPA detector. This objective can be easily removed and 
objectives with higher (micro mode) or lower (macro mode) magnifi cation installed. 
The initial alignment of the sample is performed manually, although if a series of 
samples is to be measured then a programmable sample stage enables the sequen-
tial analysis of multiple samples. 

 It is probably true to say that instruments for NIR hyperspectral imaging are 
more versatile and rugged than corresponding instruments used to measure mid -
 IR and Raman spectra. However, they have two disadvantages. The fi rst problem 
is that the absorptivities of the overtone and combination bands in the NIR spec-
trum are far weaker than those of corresponding fundamentals from which they 
are derived. For measurements in the transmission mode, the ideal sample thick-
ness is one that yields a low - noise spectrum with bands that are strong enough to 
allow rapid identifi cation or quantifi cation. For mid - IR spectrometry, this thick-
ness is about 10    μ m. As the center wavelength of mid - IR spectra is about 5    μ m, 
the sample thickness is approximately equal to the smallest dimension in the  xy  
plane that can be observed    –    that is, the diffraction limit when  NA  is approximately 
equal to 0.6. For conventional NIR spectrometry (1200 – 2450   nm), on the other 
hand, the absorptivities of the stronger bands are an order of magnitude less than 
the stronger fundamentals from which they are derived, and so the sample thick-
ness should be at least 100    μ m. However, the diffraction limited spatial resolution 
for NIR measurements is less than 3    μ m if optics with a  NA  - value of 0.6 are used. 
Thus, even though the ultimate spatial resolution is, in principle, determined by 
the optics of the spectrometer, in practice this resolution is never achievable 
because the thickness of the sample means that the diameter of the beam waist 
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at the top or bottom surface of the sample is larger than the diffraction - limited 
spatial resolution. 

 For short - wavelength NIR spectra (950 – 1720   nm), where the absorption bands 
are caused by transitions to the third or fourth vibrational states of C – H, N – H and 
O – H stretching modes, along with weak combination bands, the situation is even 
worse because bands are so weak that the sample thickness must be increased to 
about 500    μ m, even though the diffraction limit is less than 2    μ m. It is at least in 
part for this reason that NIR hyperspectral imaging is rarely used for measure-
ments with very high spatial resolution. Thus, the standard objective of the Malvern 
Instruments imaging spectrometer, for example, is a refractive lens with 1 ×  mag-
nifi cation and a low numerical aperture. 

 The second disadvantage of NIR hyperspectral imaging is more subtle, as it is 
only evident for measurements of powders. Perhaps the most common application 
of NIR hyperspectral imaging is in the characterization of intact pharmaceutical 
tablets by DR spectrometry. These measurements have a signifi cant limitation in 
terms of their spatial resolution caused by the effect of light scattering. Photon 
time - of - fl ight measurements  [51 – 57]  have shown that photons in diffuse transmis-
sion and refl ection measurements emerge from compacted powdered samples 
(e.g., pharmaceutical tablets) in a time that is much greater than would be expected 
if no scattering had taken place. In analogous measurements made by mid - IR DR 
spectrometry, Averett and Griffi ths  [58]  estimated that the average path traveled 
by mid - infrared photons through very weakly absorbing samples is at least 100 
particles, strongly implying that photons do not emerge from the same point at 
which they enter the sample. The greater the particle size, the more strongly a 
given particle will absorb at a given wavelength. Similarly, the greater is the scat-
tering coeffi cient, the fewer particles are encountered by photons in a DR measure-
ment and the better the spatial resolution. For scattering samples, this effect 
clearly has a highly deleterious effect on spatial resolution. In DR measurements, 
photons are extensively scattered on entering the sample, passing through several 
particles (often much more than ten) before re - emerging from the top surface. 

 The effect of scattering on spatial resolution in DR/NIR imaging has recently 
been discussed by Hudak  et al.   [59] . These authors measured the DR spectrum of 
polystyrene powder, but then placed a clear polystyrene window of known thick-
ness over the sample and remeasured the spectrum. From the increase in the 
intensity of the polystyrene bands, it was possible to show that the effective path -
 length through the powder was 1   mm ( ±  ∼ 50%). Yet, the more intense the band 
measured, the shorter was the path - length calculated (although the authors did 
not recognize the fact that the path - length varied inversely with the absorptivity). 
The group then devised a way to correlate the effective path - length with the sam-
pling volume, by using a random walk model to estimate the volume sampled by 
a typical photon (which they called a  ‘ voxel ’ ). It was calculated that the average 
path - length    –    that is, the sampling radius from which 68% (one standard deviation) 
of the measured intensity imaged onto a single detector pixel originates    –    was 
between 30 and 50    μ m. Moreover, it is this distance    –    which is well over an order 
of magnitude greater than the diffraction limit    –    that determines the spatial resolu-



tion of NIR imaging measurements made in DR mode. As the spatial resolution 
of NIR hyperspectral imaging measurements of scattering samples (e.g., pharma-
ceutical tablets) is far larger than the diffraction limit, it is clear that NIR DR 
imaging is best used to characterize samples with a particle size that is far larger 
than the diffraction limit. 

 An alternative approach for NIR hyperspectral imaging to that described above 
is to use a  Fourier transform NIR  ( FT - NIR ) spectrometer. As the design of FT - NIR 
microspectrometers is more similar to that of instruments for mid - IR hyperspec-
tral imaging than the dispersive instruments described above, they will be described 
later (see Section  1.6 ).  

  1.5 
  R aman Hyperspectral Imaging 

 Both, Raman mapping and imaging involve the use of CCD array detectors. In 
mapping, the spectrum of a point of the sample is dispersed across the detector, 
and the sample is moved when each spectrum has been measured. In Raman 
imaging, on the other hand, the image of the sample at a single wavelength is 
focused on the detector and the wavelength is changed after each measurement. 
Raman imaging methods can be broadly classifi ed as either line imaging or wide -
 fi eld source illumination approaches  [60] . In the line approach, a cylindrical lens 
or a Powell lens is employed to distribute the laser beam in one direction across 
the sample. The Powell lens (which is a combination of a cylindrical lens and a 
prism) may be visualized as a prism with a small radius at one edge, which oper-
ates as a cylindrical lens with its radius of curvature decreasing from center to 
edge. The effect is a monotonic decrease in beam divergence from center to edge, 
so that the generated line has a near - uniform intensity along its length  [61] . The 
laser line dimension is oriented parallel to the direction of the entrance slit of a 
polychromator, so that the spectrum is dispersed in the short direction of the CCD. 
This approach reduces the duration of the experiment by   n , where  n  is the 
number of image pixels, assuming that the laser power per pixel is kept constant. 
The spatial resolution parallel to the laser line is the convolution of the microscope 
magnifi cation by the pixel size, while in the perpendicular direction it is equal to 
the width of the laser line convolved by the scanning precision of the instrument. 
As a result, the resolution in one dimension is frequently greater than in the 
second direction. 

 In global (wide - fi eld) imaging, the entire sample fi eld - of - view is illuminated by 
defocusing the laser. The scattered radiation is usually fi rst passed through a notch 
fi lter or a long - pass fi lter to remove the Rayleigh - scattered radiation, and then 
through a device that blocks all but one wavelength region. This device may be a 
monochromator, a dichroic fi lter, an acousto - optic tunable fi lter or a liquid crystal 
tunable fi lter, with the latter being generally favored. The wide - fi eld approach is 
generally favored over line - scan imaging when high - fi delity images at a limited 
number of wavenumbers are desired. In wide - fi eld imaging, the spatial resolution 
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is determined by the convolution of diffraction, the CCD pixel size and the micro-
scope magnifi cation at the focal plane of the CCD. 

 Surprisingly, global laser illumination leads to sample heating degradation at 
much lower laser intensities than point illumination, because of the ineffi ciency 
in conducting heat away from a surface sheet rather than a point. For steady - state 
measurements at a given total laser power (in W), the optical damage threshold 
for a given material scales as the square root of the illuminated area (rather than 
linearly with the area).    Thus, the laser intensity (in W m  – 2 ) required to damage a 
sample is higher for a point illumination than for line illumination, which is in 
turn higher than for area illumination.    There is still an advantage to distributing 
power over a wider area; it is just that this so - called  ‘ power distribution advantage ’  
is not as great as was previously assumed  [62] . 

 As noted in Section  1.3 , confocal microscope designs have been used in several 
Raman microspectrometers that allow sample mapping by moving the sample 
between the measurement of each spectrum. However, confocal microscopy 
cannot be used for wide - fi eld Raman imaging as the entire region of the sample 
of interest must be illuminated, and clearly the  ‘ light source pinhole ’  (see Figure 
 1.12 ) in confocal microscopes does not allow this. For hyperspectral Raman 
imaging, the high image quality attained by the use of confocal optics and mapping 
is sacrifi ced somewhat for data acquisition speed. However, this approach is only 
fast if an image is to be acquired at a single wavelength; for the acquisition of full 
spectra, it can be very slow. 

 One of the fi rst Raman imaging spectrometers to be produced in the USA was 
designed and fabricated by Levin ’ s group at the U.S.  National Institutes of Health  
( NIH )  [63] . The wavelengths for this instrument were controlled by a TeO 2  AOTF. 
The instrument produced high - fi delity, large - format images with a theoretical 
spatial resolution of about 1    μ m, although because of dispersion by the TeO 2  crystal 
the fi nite spectral bandwidth of the AOTF resulted in a slight smearing of the 
output image along one axis. This degradation, which is given by the internal beam 
spread in the crystal,  Δ  θ   di  , could be estimated from the approximate relationship 
reported by Suhre  et al .  [64] :
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where  Δ  λ  is the passband (2   nm),  λ  0  is the center wavelength (700   nm),  Δ  n  is the 
difference in refractive index of TeO 2  for the ordinary and extraordinary rays at  λ  0  
(0.138),  n  0  is the refractive index of TeO 2  for the ordinary ray (2.177), and  θ  1  is the 
angle between the incident beam and the optical axis of the crystal (22.5    ° ); the 
values for the AOTF used by Goldstein  et al . are given in parentheses. These values 
give an external beam spread,  Δ  θ   di  , of 0.13   mrad (0.0037    ° ); this value may be com-
pared with the diffracted beam spread of 0.19   mrad caused by the 7   mm 2  aperture 
presented to the AOTF entrance pupil. In total, these values would lead one to 
predict that the image resolution along one axis would be degraded by about a 
factor of 2.5 on passage through the AOTF. For each AOTF passband frequency, 



the image on the CCD will be shifted slightly because of dispersion by the crystal, 
and software correction is needed if the visual and Raman images are to be 
correlated. 

 In the instrument described by Goldstein  et al .  [63] , the 647.1   nm beam from a 
krypton ion laser was delivered to the sample by an infi nity - corrected microscope 
objective using an epi - illumination scheme. For this, light from the rear housing 
was passed down a horizontal shaft and then refl ected down through the objective 
to the sample. The 180    °  back - scattered light was returned to the objective and 
then to the spectrometer. Wavelength selection was accomplished by an AOTF 
that could provide either random or continuous wavelength selection. The epi -
 illumination scheme was seen to preserve the linear polarization of the incident 
laser beam. Because the AOTF is polarization - sensitive, a half - wave plate was used 
to rotate the plane of polarization by 180    °  in order to preserve the AOTF output. 
The collimated output from the AOTF was fi rst imaged by a tube lens, and then 
by a projection lens onto a liquid - nitrogen - cooled silicon CCD array. One, or occa-
sionally two, holographic notch fi lters were placed in front of the detector to elimi-
nate stray radiation from the Rayleigh line. These fi lters transmitted between 75 
and 80% of the Raman emission beyond 75   cm  − 1  of the Rayleigh line. 

 In order to minimize the data acquisition time, the overall magnifi cation of this 
system was made as small as possible, consistent with the spatial resolution 
desired. As the image is sampled by the discrete pixels of the CCD camera, the 
Nyquist sampling criterion must be obeyed to avoid the generation of artifacts. 
There is an explicit relationship describing how the number of counts per pixel 
depends on the optical design. It is known from Equation  1.3  that the radius of 
the Airy disk  r  is equal to   0.61 λ / NA . If the size of the CCD pixel is  p , then the 
Nyquist sampling criterion requires that the overall magnifi cation,  M , satisfi es the 
condition that  Mr     >    2 p . Goldstein  et al . designed their system such that  Mr    =   2.3 p ; 
in other words, the smallest resolvable feature was sampled by at least two pixels 
 [63] . It should be noted that this rule of thumb is equally applicable to imaging 
spectrometers, where the spatial resolution of the measurement should be spread 
over at least two pixels. 

 The instrument reported by Goldstein  et al . is shown diagrammatically in Figure 
 1.22 . Also shown (in Figure  1.23 a) is the Raman image of 1    μ m - diameter polysty-
rene beads, obtained by recording the signal at 1000   cm  − 1  from one of the pixels. 
Figure  1.23 b shows the spectrum measured from one of the pixels in the region 
of this band. Note that its FWHH band is at least 25   cm  − 1 , whereas the true FWHH 
of this band is less than 10   cm  − 1 , thereby demonstrating the trade - off between 
magnifi cation, image quality, spectral resolution and data acquisition time in 
Raman mapping. A similar system explicitly designed for  in vivo  tissue diagnostics 
has been described by Vo - Dinh  et al.   [65] .   

 ChemIcon, Corp. (now ChemImage, Corp.) market a Raman imaging spectrom-
eter that shares some of the features of the NIH instrument reported by Goldstein 
 et al . but, nonetheless, has some signifi cant differences. First and foremost, wave-
length selection is accomplished through the use of an LCTF rather than an AOTF. 
The spectral bandpass of this instrument is 9   cm  − 1 , and it has the capability of 
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  Figure 1.22     Schematic diagram of the Raman imaging 
microscope reported by Goldstein  et al. .  Reproduced with 
permission from Ref.  [63] .   

   
  Figure 1.23     (a) Image of 1    μ m - diameter polystyrene spheres 
acquired using the instrument shown in Figure  1.21  by 
holding the AOTF at 1000   cm  − 1 ; (b) Spectrum from one pixel 
of the CCD.  Reproduced with permission from Ref.  [63] .   

(a) (b)



being tuned at fi ner increments. It is also claimed that a  spectral resolving power  
of better than 0.1   cm  − 1  has been consistently achieved, although this term probably 
refers to the accuracy to which the center wavenumber of the LCTF bandpass may 
be set, as the FWHH of the passband of an LCTF is never as small as 0.1   cm  − 1 . 
The Raman microscope sold by Renishaw, Inc. may also be used in the imaging 
mode, by holding the monochromator at a certain wavelength for each time incre-
ment. However, the Renishaw instruments are mainly used in the Raman micros-
copy and mapping modes.  

  1.6 
 Mid - Infrared Hyperspectral Imaging 

  1.6.1 
 Spectrometers Based on Two - Dimensional Array Detectors 

 The fi rst true chemical imaging microspectrometer was reported by Levin ’ s group 
at NIH and Marcott ’ s group at Procter and Gamble  [66] , who used a Bio - Rad (now 
Varian 2)  FTS 6000 step - scan FT - IR spectrometer equipped with a UMA - 500 micro-
scope. In their earliest instrument, the single - element detector mounted in the 
microscope was replaced by an indium antimonide (InSb) FPA detector with 
64    ×    64 elements imaging an average spatial area of 500    ×    500    μ m. A CaF 2  lens 
was used to focus the sample area onto the FPA detector. As InSb has a cut - off of 
1800   cm  − 1 , the fi ngerprint region of the mid - IR spectrum could not be measured 
with this instrument. 

 A short time later, Levin ’ s group modifi ed step - scan FT - IR spectrometer to 
operate with a mid - IR MCT FPA detector. Unlike most MCT detectors used in 
FT - IR spectrometers, which operate in the  photoconductive  ( PC ) mode, the pixels 
of MCT FPA detectors operate in the  photovoltaic  ( PV ) mode. As noted in Section 
 1.2.2 , the cut - off wavenumber of narrow - band PC MCT detectors is about 750   cm  − 1 . 
The PV detector elements used in MCT FPA detectors have the same high sensi-
tivity as narrow - band PC MCT detectors, but the cut - off wavenumber is higher, 
at about 850   cm  − 1 . 

 The fi rst commercial instrument employing the concepts developed by Levin ’ s 
group was designed by Bio - Rad and marketed as the  Stingray  in 1995. This instru-
ment is shown schematically in Figure  1.24 . In order to maintain the image 

 Like several other corporations in the fi eld, 
the company now doing business as Varian 
has undergone several name changes. It was 
fi rst known as Digilab, Inc. Founded in 1969, 
Digilab developed the fi rst FT - IR 
spectrometer of the modern era, that is the 
fi rst with He – Ne laser referencing, the use of 
a pyroelectric (TGS) detector and the fi rst 
under minicomputer control. Digilab was 
purchased by Bio - Rad in 1978. In 2001, Bio -

2)  Rad sold the company to a group of private 
investors, who renamed the company Digilab 
LLC. The group sold Digilab to Varian in 
2004. During each of these manifestations, 
this organization made many of the 
innovations that have led to the remarkable 
popularity of FT - IR spectroscopy today. In 
this chapter, the name of the company will be 
given as it was when the work was reported. 
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quality, a ZnSe lens was used to focus the sample image onto a MCT FPA detec-
tor, rather than the Cassegrain system used in most microscopes. The instrument 
is equipped with a germanium long - pass fi lter to block visible and short - wave NIR 
radiation, and hence to prevent detector pixel saturation and improve the SNR. A 
lightly sanded KRS - 5 plate placed in the beam path before the condenser further 
improves the spatial homogeneity in the camera fi eld - of - view, and also prevents 
the detector elements in the center of the array from saturating. 

 These fi rst attempts during the mid 1990s at true mid - IR FPA imaging using 
a 2 - D MCT FPA detector were based on the detectors mounted in military 
heat - seeking missiles, and the spectrometers that resulted are now termed  ‘ fi rst -
 generation ’  instruments. As the detectors used in such instruments were not 
designed specifi cally for spectroscopic imaging, they had a number of limitations, 
one being a tendency for pixels to  ‘ delaminate ’  and separate from the substrate. 
As these fi rst - generation detectors were designed essentially for  ‘ one use ’  applica-
tions, they were unable to cope with the thermal stresses of repeated heating –
 cooling cycles associated with liquid nitrogen cooling. 

 Another major limitation arose from the need to employ a step - scan interfer-
ometer. This necessity arose from the relatively slow read - out rates of these fi rst -
 generation FPAs, which were of the order of only a few hundred Hertz. The 
read - out rate (or  frame rate ) of a FPA detector determines the type of interferometer 
that must be used for FT - IR imaging, as the FPA cannot be triggered (for data 
transfer) any faster than its maximum read - out (frame rate) speed. As the fi rst -
 generation FPAs were only capable of frame rates in the hundreds of Hz, and 
rapid - scanning interferometers required a faster frame rate, the use of step - scan 

   
  Figure 1.24     Schematic diagram of the Bio - Rad Stingray 
hyperspectral imaging spectrometer.  Illustration courtesy of 
Varian Corporation.   



interferometers    –    where the movable mirror of the interferometer could be held a 
given optical path difference for several seconds    –    was mandated. 

 In 1999, Snively  et al . described the fi rst report of the use of a rapid - scan inter-
ferometer in conjunction with a small fi rst - generation focal - plane array for 
spectroscopic imaging  [67] . In an attempt to design a mid - IR chemical imaging 
system designed specifi cally for spectroscopic applications, Digilab, together with 
the FPA supplier, developed and marketed the fi rst commercial mid - IR  ‘ rapid -
 scan ’  imaging systems in 2001, with the launch of the  ‘ second - generation ’  FPA, 
designed specifi cally for spectroscopic chemical imaging (see Figure  1.25 ). These 
second - generation FPAs had frame rates which were an order of magnitude faster 
than their fi rst - generation counterparts, such that the standard laboratory - type 
rapid - scanning FT - IR spectrometer could now be used for chemical imaging, with 
a signifi cantly increased affordability yet reduced complexity. This, in turn, led to 
an increased use and application of mid - IR imaging spectrometers.   

 In addition to pioneering the developments in FPA detectors designed specifi -
cally for fast mid - IR hyperspectral imaging, Digilab redesigned their microscope 
to launch the fi rst instrument designed specifi cally to cater for the unique require-
ments of FPA - based imaging. Such improvements included a wider and more 
uniform illumination  fi eld of view  ( FOV ) of up to 700    ×    700    μ m, removing the 
need for any diffusers, the removal of refractive focusing optics and the introduc-
tion of optical zoom capabilities for changing the pixel size at the sample plane 
from 5.5 to 11    μ m (with a corresponding increase in FOV). Despite the availability 
of  ‘ rapid - scan ’  FPA mid - IR chemical imaging systems since 2001, it often still 
thought that mid - IR hyperspectral imaging spectrometers require step scanning, 
this being a legacy from the original fi rst - generation, military - based FPAs of the 
mid 1990s. 

 Generally speaking, the larger the array, the slower the read - out frame rates of 
the FPA. The frame rates of today ’ s second - generation FPAs range from several 
kHz for the smaller 16    ×    16 and 32    ×    32   FPAs, to just over 1   kHz for the largest 

   
  Figure 1.25     The fi rst commercial rapid - scanning FPA chemical 
imaging system, introduced in 2001 by Digilab 
(now Varian Corporation).  
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commercially available (128    ×    128) FPAs. The ability to operate these FPAs at rapid 
scan speeds depends on the frequency at which the spectrometer triggers the FPA. 
The sampling of signals from FPAs is similar to that for a standard detector such 
as DTGS, whereby the detector response is recorded as a function of opd to provide 
an interferogram. For FPAs operated in PV mode, the FPA response (for each 
pixel) is triggered by the interferometer. At each trigger, the pixel response is read 
out in  ‘ snapshot ’  mode, whereby all pixels are read out simultaneously, processed 
and transferred to the data system to provide for an interferogram datum point 
for each pixel in the FPA at each opd. The triggering rate must, of course, be less 
than the maximum frame rate of the FPA; for a 64    ×    64   FPA, the maximum frame 
rate is 3.77   kHz. Because of the discrete speed settings available on most com-
mercial FT - IR spectrometers, for a spectral range of 7900   cm  − 1  (the Nyquist wave-
number for a He – Ne laser - referenced system with an undersampling ratio of 2), 
the fastest scan speed that can currently be used to collect data from a 64    ×    64   FPA 
is 2.5   kHz. The use of an undersampling ratio of 2 allows for the data to be col-
lected without any aliasing into the mid - IR spectral region ( < 4000 cm  − 1 ). 

 The data collection (interferometer) speed can be increased up to 5   kHz, by 
further undersampling the interferogram. An undersampling ratio of 4 (whereby 
the FPA is triggered for data read - out at every fourth He – Ne laser zero crossing; 
that is, every second wavelength of the HeNe interferogram) provides for a Nyquist 
wavenumber of 3950   cm  − 1 . However, in order to prevent spectral artifacts caused 
by aliasing from appearing in the spectrum, a low - pass fi lter must be mounted in 
the optical path to prevent radiation with wavenumbers above 3950   cm  − 1  from 
reaching the FPA detector. The insertion of such a fi lter has the added benefi t of 
limiting detector saturation by preventing light from outside the spectral region 
of interest from reaching the detector, hence allowing longer integration times to 
be utilized for an increased SNR. The increase in interferometer scan speed to 
5   kHz still means that the FPA is being triggered at 2.5   kHz, as now the triggering 
at every fourth zero crossing instead of every second zero crossing means that the 
interferometer scan speed can be increased twofold to 5   kHz. As the FPA is in fact 
still being triggered at 2.5   kHz, the actual frame period is hence the reciprocal of 
the frame rate at 0.40   ms. With typical integration times of 0.01 to 0.05   ms for 
high - throughput systems, it is clear that the FPA is typically integrating for only 
a fraction of the fully available frame period. This is a result of the high sensitivity 
of the MCT material requiring only a short integration time. Despite such advances 
in FPA design    –    and in particular of the electronics    –    the frame rates are still rela-
tively slow. An ideal design would have the maximum probable integration time 
matched to the frame period. For example, assuming that a maximum integration 
period of 0.05   ms is required and the frame period is designed to match, this would 
result in a frame rate of 20   kHz. Although no commercially available FPA has such 
high frame rates, the technological advances observed in modern electronics indi-
cates that these will be achievable in the foreseeable future. 

 For imaging measurements using a step - scan FT - IR spectrometer, the interfer-
ometer mirror is held at a constant position (usually at the zero - crossing of the 
laser interferogram) while the signal from each pixel is recorded by the ADC. This 



process may be repeated several times at the same sampling position to allow  frame 
co - addition , whereby the signals from all pixels are averaged several times before 
the interferometer mirror is stepped to the next sampling position. In practice, 
although frame co - addition works well until about 20 frames have been averaged, 
further averaging does not lead to any great improvement in the SNR. When the 
signal from each pixel has been averaged the required number of times, the inter-
ferometer mirror is stepped forward to the next sampling position, and this 
process is continued until suffi cient data points have been measured to achieve 
the desired spectral resolution. Snively and Koenig showed that  N  successive 
images could also be signal averaged for the expected improvement in SNR of   

N   [68] . When all the data have been acquired, the interferograms are converted 
to single - beam spectra, ratioed against the corresponding single - beam background 
spectrum, and converted to absorbance. 

 By analogy with Equation  1.2 , Sniveley and Koenig showed that the SNR on the 
baseline of spectra measured with an imaging FT - IR spectrometer is given by:
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where  NA  is the numerical aperture and  A  is the area of the sample imaged onto 
the pixel. All the other parameters have the same meaning as in Equation  1.2   [68] . 
The factor of 0.12 is analogous to the effi ciency term  ξ  in Equation  1.2 . Sniveley 
and Koenig used this equation to compare the performance of FT - IR imaging and 
single - detector microspectrometers and found that, for measurements near the 
diffraction limit, the performance of imaging spectrometers should be higher than 
that of standard FT - IR microspectrometers if it is assumed that the  D  *  of the 
detectors and the area of the sample imaged onto the pixel are the same in both 
types of instruments. (In practice, the  D  *  of PV - MCT detectors is slightly higher 
than that of PC detectors for signals modulated at frequencies greater than 1   kHz, 
although the difference is small.) The biggest advantage of the imaging spectrom-
eters is in the  A D   term for array detectors. Whereas, most FT - IR microscopes are 
equipped with 250    μ m detectors, the pixel size in most FPAs is 40    μ m, which leads 
to an advantage in   AD  by a factor of  ∼ 2.5 for the imaging spectrometer for mea-
surements made close to the diffraction limit of spatial resolution. 

 However, the benefi t in SNR of an imaging system over a single point system 
when close to the diffraction limit is much greater than a factor of 2.5. The prob-
able reason for the signifi cantly greater performance of the imaging spectrometers 
is that Equation  1.11  fails to account for the sample aperture (and its resulting 
degradation in  é tendue) when a spectrometer is operated close to the diffraction 
limit. Because they do not require an aperture, each entire pixel is fully illuminated 
in imaging systems. Consider the case of a measurement made at close to a dif-
fraction limit of, say,  ∼ 10    μ m (therefore with a 10    μ m aperture). For a spectrometer 
with a single - element 250    μ m detector, only 0.16% of the detector surface is illu-
minated, with the remaining 99.84% contributing only noise. When this factor is 
taken into account, together with the 2.5 - fold improvement predicted by Equation 
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 1.11 , imaging spectrometry recorded close to the diffraction limit provides for SNR 
benefi ts of many orders of magnitude! 

 Although chemical imaging is typically performed with a microscope, it need 
not be limited to microscopes and samples in the micro domain. In 1998, Digilab 
released the   ‘ Large Sampling ’   ( LS ) accessory; this consisted of an external sample 
compartment unit in which the FPA detector could be mounted and transferred 
as required between the microscope and the LS (see Figure  1.26 ). The LS accessory 
is mounted either directly off the FT - IR spectrometer or off the microscope via 
 ‘ pass - through ’  optics that allow the IR beam to bypass the internal optics of the 
microscope. Under this confi guration, the overall magnifi cation is 1   :   1, so that the 
pixel size at the sample plane now matches that of the native FPA pixel size at 
40    ×    40    μ m. Therefore, with a 128    ×    128   FPA, sample areas of up to 5.1    ×    5.1   mm 
can be imaged at once.    

  1.6.2 
 Spectrometers Based on Hybrid Linear Array Detectors 

 An alternative approach to hyperspectral imaging, namely a hybrid of imaging and 
mapping, was reported in 2001 by PerkinElmer (PE) as the  Spectrum Spotlight . 
This instrument is an imaging FT - IR spectrometer that incorporates a linear array 
of 16 photoconductive narrow - band MCT detectors interfaced to a relatively inex-
pensive rapid - scanning interferometer. Although this detector is commonly (and 
perhaps for the sake of simplicity) often referred to as a 1    ×    16 linear array detector, 
the pixels are in fact arranged in a 2    ×    8 format. As the cut - off for the narrow - band 
PC - MCT detectors used in this spectrometer is about 720   cm  − 1 , the spectral range 
of the instrument is at least 130   cm  − 1  wider than that of the PV MCT FPA detectors 
incorporated into most other hyperspectral imaging FT - IR spectrometers. The 
signals from each of the 16 detectors in the linear array are digitized simultane-
ously with separate ADCs. The sample is mounted on a computer - controlled stage 
that can be rapidly repositioned to allow the spectra from an adjacent region to be 

   
  Figure 1.26     The  ‘ Large Sampling Accessory ’  by Varian, 
provides for FPA chemical imaging at a 1   :   1 magnifi cation for 
the analysis of  ‘ macro ’  samples.  Illustration courtesy of 
Varian Corporation.   



measured once the spectral data from a given stage position have been acquired. 
The spectra are then quilted together to produce the image. This process is 
repeated until the entire spatial region of interest has been covered. In addition 
to this linear detector array, a single 100    μ m medium - band MCT detector is 
mounted in the same Dewar fl ask, that allows individual spectra to be acquired 
over a wider range than the spectra measured with the array. A similar instrument 
is now available from Thermo Fisher Corporation that consists of a 28 - pixel linear 
array arranged in a 2    ×    14 pixel format. 

 Much confusion exists as to the advantages and disadvantages of linear - array 
versus FPA - based imaging systems, and detailed analysis and comparison is 
beyond the scope of this chapter. However, Bhargava  et al.  proposed a useful 
metric to aid in comparing the performance of two imaging systems that can be 
conveniently applied to the comparison of these two systems  [69] . The fi gure of 
merit defi ned is the pixels per minute  ‘ pixpm ’ , and compares the performance of 
two imaging systems relative to each other for a specifi ed SNR at defi ned spectral 
and spatial resolutions. The ratio of the pixpm values of two instruments is given 
by:
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where  R  21  is the ratio of the pixpm of system 2 to system 1,  n i   is the number of 
pixels collected over the defi ned sample measurement area,  t i   is the time required 
to collect the image (of either 1 scan or to achieve the required SNR) and  SNR i   is 
the average SNR achieved over the sample measurement area. Hence, the relative 
performance is linearly related to the time and number of pixels collected and to 
the square of the SNR. 

 Let us assume the sample area to be measured is moderate in size (say, 
700    ×    700    μ m), and is to be collected at high spatial resolution and 4   cm  − 1  spectral 
resolution at a SNR of 200. Based on the manufacturers ’  typical specifi cations, if 
all other parameters are kept equal, we have  : 

       System 2 ( i    =   2)      System 1 ( i    =   1)   

      64    ×    64   FPA (5.5    μ m 
projected pixel size)  

  16 - element linear array 
(6.25    μ m projected pixel size)  

   n i   (number for a pixels 
collected for a 700    ×    700    μ m 
sample area)  

  16   384 (four tiles)    12   544 (784 line scans)  

   t i      5   min (32 scans co - added)    150   min (16 scans co - added)  

  SNR    200    200  
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 Based on the above comparison, the FPA imaging system is 39 - fold better, under 
the specifi ed conditions, despite requiring twice as many scans (32 versus 16). 
This result can be rationalized by considering the massive multichannel advantage 
of a 64    ×    64   FPA (4096 detectors) over a 16 - element linear array. For example, the 
FPA has 256 times as many detectors collecting data simultaneously compared to 
the linear array. To cover the same 700    ×    700    μ m area, the 64    ×    64   FPA, with its 
5.5    μ m pixel size requires a four - tile mosaic, whereas the 16 - element linear array 
in its high spatial resolution mode of 6.25    μ m, requires 784 separate line scans. 
Thus, even though the time during which a given interferogram can be acquired 
with the linear array is shorter than when an FPA is used, the FPA - based spec-
trometer required a total of 128 (4    ×    32) scans while the instrument that incorpo-
rated the linear array required 12   544 (16    ×    784) scans. Thus, the acquisition of 
almost 100 - fold more scans results in a signifi cantly slower overall time of collec-
tion when the linear array is used. The smaller pixel size of the FPA system 
(5.5    μ m) compared to the linear array (6.25    μ m) results in more pixels being col-
lected for the same sample measurement area which, according to Equation  1.12 , 
further increases the advantage of the FPA - based instrument. 

 Although the differences between FPAs and linear arrays are not always of this 
magnitude, they are usually in favor of the FPA - based imaging system. In fact, 
when employing even larger FPAs, such as the 128    ×    128   FPA, the differences are 
even larger. Linear array systems are, however, generally at their most effi cient 
when operated at relatively low spatial and spectral resolutions (e.g., 25    μ m and 
16   cm  − 1 , respectively) and with only a few co - added scans, where the synchroniza-
tion of interferometer step and stage travel is most accurately achieved.  

  1.6.3 
 Sampling 

 Imaging can be accomplished by using any of the approaches used in mid - IR 
mapping, namely transmission, external refl ection and attenuated total refl ection. 
In some instruments, the microscope objective can be changed to permit opera-
tion at either high or low magnifi cation. The key to any imaging measurement is 
that the sample should be accurately located at a beam focus so that it can be 
exactly re - imaged on the array detector. The fi rst applications of mid - IR imaging 
were performed in the transmission mode, with a few examples of refl ection 
spectroscopy. Imaging by ATR took longer to be reported, even though ATR 
imaging is by no means a new concept. For example, in his 1967 book  Internal 
Refl ection Spectroscopy , Harrick showed the visible ATR image of a fi ngerprint 
recorded photographically  [70] . 

 Despite Digilab (now Varian) having been granted a patent on ATR imaging in 
2000  [71] , this does not seem to have stopped others from employing this tech-
nique, using spectrometers from other manufacturers. Sommer  et al .  [72]  used an 
ATR accessory with a germanium IRE mounted in the external beam of a Stingray 
spectrometer/microscope. By using the edge profi le test (as discussed in Section 
 1.2.6 ), the group demonstrated a spatial resolution of about 8    μ m in the fi ngerprint 



region, and claimed also to have shown that the 4 ×  magnifi cation factor associated 
with the germanium internal refl ection element was realized. However, a 4 ×  
reduction of the diffraction limit for a microscope with a  NA  of 0.6 should have 
meant that the spatial resolution was improved to 2.5    μ m, and this was not explic-
itly demonstrated. More recently, Chan and Kazarian reported a detailed study of 
ATR imaging using a patterned fi lm of PMMA on a silicon substrate  [73] ; the 
visible image showed circles of the polymer that were 4    μ m in diameter with a 
separation of 2    μ m (see Figure  1.27 ). Micro - ATR imaging with a germanium IRE 
( n    =   2.4) showed that the PMMA circles were resolved when the spectrum was 
integrated between 1753 and 1672   cm  − 1  (average wavelength,  λ  ave    =   5.8    μ m), but the 
image tended to wash out at longer wavelengths as the diffraction limit was 
approached (see Figure  1.28 ).   

 Perhaps the most detailed investigation into the resolution of ATR imaging instru-
ments was presented by Everall, who fi rst calculated the edge profi le by convolving 
the image at 1600   cm  − 1  of the interface between the two polymers with the Airy disk, 
taking into account the 10    μ m size of the pixels in the FPA MCT detector  [74] . Everall 
then measured absorbance at 1600   cm  − 1  in each spectrum in the hyperspectral ATR 
image  of a laminate of an  acrylonitrile - butadiene - styrene  ( ABS ) polymer in the 
region of the interface, using a Stingray imaging spectrometer equipped with a 
diamond ATR element. The fi t was remarkably accurate, as shown in Figure  1.29 .   

 Everall also demonstrated the problems of quantitative ATR imaging when 
trying to measure the image of a sample containing hard spheres with a diameter 

   
  Figure 1.27     Visible image of the patterned PMMA fi lm on a 
silicon wafer, captured with a 100 ×  objective. The scales on 
the image are in micrometers.  Reproduced with permission 
from Ref.  [73] .   
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(a) (b)   
  Figure 1.28     Micro - ATR images of the PMMA fi lm on a silicon 
wafer shown in Figure  1.24  obtained by integrating between 
(a) 1753 and 1672   cm  − 1  ( λ  ave    =   5.8    μ m) and (b) 1179 and 
1090   cm  − 1  ( λ  ave    =   8.8    μ m).  Reproduced with permission from 
Ref.  [73] .   

   
  Figure 1.29     Calculated and experimental variation of the 
1600   cm  − 1  band of polyurethane as a function of distance from 
the interface of a polyurethane - ABS laminate.  Illustration 
courtesy of Dr Neil Everall, Measurement Science Group, 
Intertek Corporation.   



equal to or smaller than the depth of penetration. It was shown that a shallow 
penetration, combined with the fi nite spatial resolution of an imaging spectrome-
ter, renders ATR insensitive to hard spherical particles with domain sizes ranging 
between 10 and 150    μ m. For large spheres, the shallow penetration depth under-
estimates the diameter whereas, for small spheres the fi nite spatial resolution 
overestimates the diameter due to blurring, causing the apparent size insensitivity 
of the technique for spheres. Everall ’ s conclusions were equally valid for other 
irregular inclusions, while fl at or  ‘ platey ’  domains should yield more accurate 
results. Everall further showed that the compression of soft particles increased 
their apparent size, albeit in a noncontrolled fashion, and stressed that ATR 
imaging is nonetheless a valuable technique for assessing variations in the surface 
composition of polymer samples. It was suggested that, by sectioning the samples, 
a more accurate picture of the near - surface composition could be obtained. 

 Everall also measured the images of polystyrene spheres of several diameters 
using a 1450   cm  − 1  (6.9    μ m) band of polystyrene  [74] , and showed that transmission 
spectroscopy gave far better estimates of sphere diameter than did ATR imaging. 
The error in estimating the sphere diameter was approximately 10% when the 
diameter was  ≥ 50    μ m, whereas with ATR imaging the estimated particle diameter 
was considerably less than the actual diameter. However, when the sphere diam-
eter was  ≤ 10    μ m, their apparent diameter as measured by transmission imaging 
was approximately equal to the diffraction limit (20    μ m). 

 Image - preserving ATR accessories can be mounted in the Varian LS accessory 
for  ‘ Macro ATR Imaging ’ . In 2007, Specac    –    in partnership with and exclusive to 
Varian (under Varian ’ s  ‘ ATR imaging ’  patent  [71]     –    released an imaging - specifi c 
version of their well - known  ‘ Golden Gate ’  single - refl ection diamond ATR that 
differed from the standard version by its patented  ‘ image - preserving ’  optical design 
 [75] . This is necessary if the spatial relationships of the image are to be preserved 
whilst being propagated through the IRE. The FOV with this accessory may be as 
large as 640    ×    640    μ m when used with a 64    ×    64   FPA. 

 Another image - preserving ATR accessory that has been used in conjunction 
with  ‘ macro imaging ’  is the Harrick FastIR, which consists of a simple inverted 
ZnSe prism such as that shown in Figure  1.9 a. As the IRE is fabricated from ZnSe 
rather than diamond, this accessory is less robust, but does offer the advantage of 
having a considerably larger FOV of up to  ∼ 10    ×    6   mm when used with a 
128    ×    128   FPA. These accessories open up a whole new avenue of research, as now 
one can combine the already proven and well - established benefi ts of ATR acces-
sories such as limited or no sample preparation with the information - rich content 
afforded by FPA chemical imaging. 

 In another Digilab patent  [76] , a  ‘ side port ’  adaptor directs the beam that would 
otherwise enter the objective (in refl ection mode), via a 45    °  fl at mirror toward the 
front of the instrument into an objective now facing outwards. In such a confi gura-
tion, the sample size is no longer limited by the working distance of the objective 
(typically  ∼ 24   mm). Thus, large samples may be placed in front of the outward -
 facing objective for measurement (see Figure  1.30 ). In such a confi guration, only 
the external refl ection or ATR modes of sampling are possible. This mode of 
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measurement makes it conceivably possible for large objects such as complete 
vehicle bumper bars to be stood on the fl oor and held in contact with the micro 
ATR accessory on the outward - facing side port objective.   

 In summary, ATR imaging has a number of advantages over transmission or 
external refl ection imaging for studying surfaces that do not have spherical or 
irregular inclusions, not the least of which is the absence of artifacts caused by 
Mie scattering. Sample preparation is much easier and the diffraction - limited 
spatial resolution that can be obtained is less than can be obtained by transmission 
imaging, by a factor equal to the refractive index of the IRE. However, because the 
depth of penetration is low, the peak absorbance of even quite strong bands can 
be rather weak, especially if a germanium or silicon IRE is used. Finally, as noted 
above, if the sample contains spherical or irregular particles, they may not be 
adequately interrogated by the evanescent wave, making them appear smaller than 
they actually are. In an interesting example of  ‘ what goes around, comes around ’ , 
Kazarian ’ s group recently published hyperspectral imaging data of human fi nger-
prints in which trace quantities of drugs of abuse could be detected in a few of 
the spectra  [77] . The science of imaging has certainly come a long way since 
Harrick ’ s original ATR photograph of a fi ngerprint.   

  1.7 
 Mapping with Pulsed Terahertz Radiation 

 Vibrational spectroscopy covers the spectral region from about 0.75    μ m 
( ∼ 13   500   cm  − 1 ) to 1000    μ m (10   cm  − 1 ). To this point, we have covered the NIR (0.75 
to 2.5    μ m or  ∼ 13   500 to 4000   cm  − 1 ) and mid - IR (2.5 to 25    μ m or 4000 to 400   cm  − 1 ) 
regions. The fi nal region that will be discussed in this chapter is the far - IR (25 to 

   
  Figure 1.30     Varian ’ s patented side - port adaptor and objective, 
allowing for the measurement of samples that are too large to 
be accommodated under the objective ’ s standard 24 - mm 
working distance.  Illustration courtesy of Varian Corporation.   
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1000    μ m or 400 to 10   cm  − 1 ). Many different types of transition are seen in the far -
 IR region of the spectrum; these include intramolecular stretching modes involv-
ing heavy atoms, skeletal bending modes involving the entire molecules, torsional 
modes, ring puckering vibrations of small - ring molecules, intermolecular vibra-
tions of hydrogen - bonded molecules and charge - transfer complexes and lattice 
bands (or phonon modes)  [78] . Until only a few years ago, far - IR spectra were dif-
fi cult to measure and rarely used for chemical analysis. This state of affairs was a 
result of the fact that the radiative energy emitted by sources of continuous far - IR 
radiation, such as a Globar or high - pressure mercury lamp, is far lower than the 
corresponding energy emitted by mid - IR sources. The measurement of far - IR 
spectra using such sources is slow, even with a FT spectrometer. 

 In about 2003, a completely new way of generating far - IR radiation was devel-
oped such that far - IR spectra could be measured faster and at a higher sensitivity 
than before  [79, 80] . As a result, there has been a renewed interest in this spectral 
region. In order to distinguish the  ‘ old way ’  of measuring far - IR spectra from this 
 ‘ new way ’ , the new technology has been termed  terahertz spectroscopy , since the 
wavenumber region from 1.2 to 130   cm  − 1  corresponds to the frequency region 
from 0.05 to 4   THz (1   THz   =   1    ×    10 12    Hz). 

 The source for terahertz spectroscopy is an ultra - short - pulsed laser (usually Ti   :   
Sapphire) that emits a stream of pulses of NIR radiation at  ∼ 80   MHz, with each 
pulse lasting for about 70   fs. The laser pulses are focused on a photoconductive 
switch (sometimes known as an  ‘ Auston switch ’ ) which is a small semiconductor 
crystal (often GaAs) on which two planar metal electrodes support a large electric 
fi eld across its surface  [81] . The design of these metal electrodes is that of an 
antenna. The pulses of NIR radiation cause electron - hole pairs to be generated at 
the surface of the semiconductor, thereby changing the conductance and effec-
tively closing the switch. With a carefully designed antenna, the electron - hole pairs 
are accelerated by a  DC  electric fi eld applied across the device, leading to a rapid 
change in the current density. The changing dipole produces a THz transient in 
the antenna that is radiated into free space; the resultant effect is the emission of 
short bursts of broadband coherent terahertz radiation with each laser pulse. The 
long - wavelength radiation that is generated by this technique can then be collected 
using a silicon lens. 

 A small fraction of the NIR laser pulse is also used in the detection process. 
This radiation is focused onto a second semiconductor device where, once again, 
electron - hole pairs are generated at the surface. On this device, however, the electric 
fi eld that is created by the coincident pulses of terahertz radiation induces a mea-
surable photocurrent. The femtosecond laser pulse effectively acts as an optical 
gate, which is only open for the lifetime of the electron - hole pairs in the semicon-
ductor ( < 200   fs.) By sweeping the time delay between the arrival of the femtosecond 
laser pulse and the terahertz pulse, a waveform comprising the terahertz signal 
as a function of time can be constructed (see Figure  1.31 ). The Fourier transform 
of this signal yields the single - beam spectrum, as shown in Figure  1.32 .   

 An operating system of an instrument that is based on this principle, manu-
factured by TeraView Ltd. (Cambridge, UK), is shown in Figure  1.33   [82] . This 
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  Figure 1.31     The terahertz electric fi eld recorded as a function 
of time for the background (left centerburst) and when the 
beam passes through a 4   mm - thick silicon sample (right 
centerburst).  Reproduced with permission from Ref.  [79] .   

   
  Figure 1.32     Fourier transforms of the two time domain 
waveforms shown in Figure  1.31 . The signal is plotted on a 
logarithmic scale to show the dynamic range of the 
instrument. Pure rotation lines due to water vapor are seen 
on the background spectrum (above). The sample spectrum 
(below) is that of crystalline silicon.  Reproduced with 
permission from Ref.  [79] .   



spectrometer generates pulsed broadband terahertz radiation in the range of 0.05 
to 4   THz (1.4 to 130   cm  − 1 ). Measurements on this instrument can be recorded in 
two modes: (i) a rapid - scan mode, where the optical time delay is generated by 
mirrors that move rapidly and continuously and for which the maximum resolu-
tion is 1   cm  − 1 ; and (ii) a step - scan mode where the time delay is generated by a 
cube - corner retrorefl ector the position of which is controlled by a stepper motor, 
where the maximum resolution is 0.1   cm  − 1 . The rapid - scanning delay line allows 
both the delay position and the output of the lock - in amplifi er to be digitized and 
re - interpolated to obtain the THz fi eld as a function of optical delay in real time.   

 Terahertz radiation has the major advantage that, because the wavelengths are 
so long, scattering is minimized. Thus, it is often possible to measure a THz 
transmission spectrum through a pharmaceutical tablet or cardboard packaging 
material. However, the absorption spectrum of water contains a very strong, 
broadband centered at 5.6   THz (17.9   cm  − 1 ) which has been assigned to the resonant 
stretching of the hydrogen bond between the water molecules (although the 
present author believes that that mode should be observed at considerably higher 
frequency and the 5.6   THz band is more likely to be due to a bending or torsional 
mode of the hydrogen bond.) In any event, the high absorption of water in the 
THz region makes it possible to accomplish whole - body imaging  [83] , to observe 
the contrast between muscle and adipose tissue  [84]  and also between tumor and 
normal tissue  [85] . 

   
  Figure 1.33     Schematic representation of a terahertz 
spectrometer.  Reproduced with permission from Ref.  [82] .   
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 The spatial resolution in the  x  and y dimensions is determined by the diffraction 
limit (see Equation  1.3 ). Since  λ  is between  ∼ 70 and 700    μ m, the resolution in 
these directions is far worse than for NIR or mid - IR microspectroscopy. On the 
other hand, signifi cantly better resolution in the  z  direction may be obtained, since 
the THz pulse duration of  < 200   fs produces an axial resolution of 30  μ m. The 3 - D 
structure of the coating of pharmaceutical tablets has been studied by Fitzgerald 
 et al.   [86] . When the instrument is operated in the refl ection mode, a refl ected THz 
signal occurs whenever there is a change in boundary conditions; that is, the 
refractive index of two adjacent layers changes. This results in multiple pulses 
being returned to the detector, as shown schematically in Figure  1.34 . Measure-
ments of this type can be made in two ways: (i) one mode allows for a rapid single -
 point measurement of the coating thickness; alternatively (ii) multipoint 
measurements can be made by rastering the sample to allow false color maps of 
the uniformity of different layers to be produced.   

 An example of the time domain waveforms at several points on ibuprofen tablets 
from two different manufacturers is shown in Figure  1.35 . The lower trace is for 
a tablet that has a single coating, whereas the upper trace is for a tablet with mul-
tiple coatings. By knowing the refractive index of each layer, its thickness can be 
calculated.    

  1.8 
 Summary 

 Powerful instruments for mapping and hyperspectral imaging in the NIR, mid - IR 
and far - IR regions, and by Raman spectroscopy, are now commercially available. 
Although instruments for imaging were initially expensive    –    frequently costing 
more than US $  200   000    –    the price tag continues to fall; for example, with the 
advent of rapid - scanning FPA imaging systems, the cost of mid - IR imaging 

   
  Figure 1.34     Schematic diagram of the experimental 
arrangement to examine the coating of a pharmaceutical 
tablet.  Reproduced with permission from Ref.  [86] .   



   
  Figure 1.35     Example of depth profi ling by terahertz 
spectroscopy. Pulses arise from interfaces between the 
coating layers, as illustrated by the schematic illustrations of 
the tablets. The lower trace is for the sample on the left, and 
the upper trace for the sample on the right.  Reproduced with 
permission from Ref.  [86] .   

spectrometers now starts from US $  150   000. Instruments used for mapping 
measurements, where the spectra of single points on the sample are measured 
sequentially and the position of the sample is changed after each measurement, 
are less expensive than imaging spectrometers, but the measurements are much 
more time - consuming and the spectra, when measured with high spatial resolu-
tion, typically have a decreased SNR. The hybrid linear array mapping approach, 
although much faster than single - point mapping and with an increased SNR and 
spatial resolution, is still several - fold less effi cient in terms of speed (time), SNR 
and spatial resolution than contemporary rapid - scanning, FPA - based chemical 
imaging systems. With NIR instruments, a similar comparison cannot be made, 
as most imaging measurements are made by changing the wavelength with an 
LCTF, and mapping NIR microspectrometers are rarely encountered. The situa-
tion is less defi nitive for Raman spectrometry, as mapping instruments are both 
sensitive and fast, especially with the development of electron - multiplying CCDs. 
In summary, it can certainly be said that hyperspectral imaging spectrometers are 
today revolutionizing the way in which vibrational spectroscopy is used, especially 
with respect to the analysis of pharmaceutical products and for medical 
diagnosis.  
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