Components of Optical Instruments

I nstruments for ultraviolet and infrared spec-
froscopy have enough features in common with those
designed for the visible region that they are commonly
called optical instruments despite the fact that the
human eye is sensitive to neither ultraviolet nor in-
frared wavelengths. In this chapter, we consider the
function, the requirements, and the behavior of the
components of instruments for optical spectroscopy
employing all three types of radiation. Instruments for
spectroscopic studies in regions more energetic than
the ultraviolet and less energetic than the infrared
have characteristics that differ substantially from op-
tical instruments and are considered separately in
Chapters 12 and 19.

7A GENERAL DESIGNS OF OPTICAL
INSTRUMENTS

Optical spectroscopic methods are based upon six phe-
nomena: (1) absorption, (2) fluorescence, (3) phospho-
rescence, (4) scattering, (5) emission, and (6) chemilu-
minescence. While the instruments for measuring each
differ somewhat in configuration, most of their basic
components are remarkably similar. Furthermore, the
required properties of these components are the same

regardless of whether they are applied to the ultraviolet,
visible, or infrared portion of the spectrum.

Typical spectroscopic instruments contain five
components, including: (1) a stable source of radiant
energy; (2) a transparent container for holding the sam-
ple: (3) a device that isolates a restricted region of the
spectrum for measurement?; (4) a radiation detector,
which converts radiant energy to a usable signal (usu-
ally electrical); and (5) a signal processor and readout,
which displays the transduced signal on a meter scale,
an oscilloscope face, a digital meter, or a recorder chart.
Figure 7-1 illustrates the three ways in which these
components are configured in order to carry out the six
types of spectroscopic measurements mentioned earlier.
As can be seen in the figure, components '(3), (4), and
(5) are arranged in the same way for each type of mea-
surement.

I For a more complete discussion of the components of optical in-
struments, see R. P. Bauman, Absorption Spectroscopy, Chapters 2
and 3. New York: Wiley, 1962; E. ]. Meehan, in Treatise on Analytical
Chemistry, P ]. Elving, E. J. Meehan, and [. M. Kolthoff, Eds., Part I,
Vol. 7, Chapter 3. New York: Wiley, 1981; J. D. Ingle Jr. and §. R.
Crouch, Spectrochemical Analysis, Chapters 3 and 4. Englewood
Cliffs, NJ: Prentice Hall, 1988.

2 Fourier transform instruments, which are discussed in Section 71-3,
require no wavelength selecting device but instead use a frequency
modulator that provides spectral data in a form that can be inter-
preted by a mathematical technique called a Fourier transformation.
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Figure 7-1 Components of various types of instruments for optical spectroscopy:
(a) absorption; (b) fluorescence, phosphorescence, and scattering; (c) emission and chemi-

luminescence.

The first two instrumental configurations, which
are used for the measurement of absorption, fluores-
cence, phosphorescence, and scattering, require an ex-
ternal source of radiant energy. For absorption, the
beam from the source passes through the sample di-
rectly into the wavelength selector, although in some in-
struments, the position of the sample and selector is re-
versed. In the latter three, the source induces the
sample, held in a container, to emit characteristic fluo-
rescence, phosphorescence, or scattered radiation,
which is usually measured at an angle of 90 deg with re-
spect to the source.

Emission spectroscopy and chemiluminescence
spectroscopy differ from the other types in the respect
that no external radiation source is required; the sample
itself is the emitter (see Figure 7-1c). In emission spec-
troscopy, the sample container is an arc, a spark, or a
flame that both holds the sample and causes it to emit

L]

characteristic radiation. In chemiluminescence spec-
troscopy, the radiation source is a solution of the ana-
lyte plus reagents held in a glass sample holder. Emis-
sion is brought about by energy released in a chemical
reaction in which the analyte takes part directly or in-
directly.

Figures 7-2 and 7-3 summarize the optical charac-
teristics of all the components shown in Figure 7-1 with
the exception of the signal processor and readout. Note
that instrument components differ in detail, depending
upon the wavelength region within which they are to be
used. Their design also depends on whether the instru-
ment is to be used primarily for qualitative or quantita-
tive analysis and on whether it is to be applied to atomic
or molecular spectroscopy. Nevertheless, the general
function and performance requirements of each type of
component are similar, regardless of wavelength region
and application.



7B Sources of Radiation 145

Wavelength, nm 100 200 400 700 1000 2000 4000 7000 10,000 20,000 40,000
Spectral region VAC uv Visible NEAR IR IR FAR IR
(a) Materials for : LE. ‘o
cells, windows, ' ‘
lenses, and . Fused silica or quartz y
prisms ] | &l g
: Corex glass
— T T
‘ Silicate glass
I
NaCl ,
KBr
. TIBr or TII :
r ]
ZnSe !
(|Fluorite prism
{b) Wavelength
selectors : Fused silica or quartz prism
-
L | ] !
' Glass prism .
Ll 1
Continuum < NaCl prism !
KBr prism g
3000 lines/mm Gratings 50 lines/mm
Interference wedge
x g
- I
Interference filters :
Discostiopons. 5 Glass filters :
\

Figure 7-2 (a) Construction materials and (b) wavelength selectors for spectroscopic in-

struments.

7B SOURCES OF RADIATION

In order to be suitable for spectroscopic studies, a source
must generate a beam of radiation with sufficient power
for easy detection and measurement. In addition, its out-
put power should be stable for reasonable periods. Typi-
cally, the radiant power of a source varies exponentially

with the voltage of its power supply. Thus, a regulated
power source is often needed to provide the required sta-
bility. Alternatively, the problem of source stability is cir-
cumvented by double-beam designs in which the ratio of
the signal from the sample to that of the source in the ab-
sence of sample serves as the analytical variable. In such
designs, the intensities of the two beams are measured si-
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Figure 7-3 (a) Sources and (b) detectors for spectroscopic instruments.

multaneously or nearly simultaneously so that the effect
of fluctuations in the source output is largely canceled.

Figure 7-3a lists the most widely used spectro-
scopic sources. Note that these sources are of two types:
continuum sources, which emit radiation that changes
in intensity only slowly as a function of wavelength,
and line sources, which emit a limited number of lines
or bands of radiation each of which spans a limited
range of wavelengths.

7B-1 Continuum Sources

Continuum sources find widespread use in absorption
and fluorescence spectroscopy. For the ultraviolet re-
gion, the most common source is the deuterium lamp.
High-pressure, gas-filled arc lamps that contain argon,
xenon, or mercury serve when a particularly intense
source is required. For the visible region of the spec-
trum, the tungsten filament lamp is used almost univer-



sally. The common infrared sources are inert solids
heated to 1500 to 2000 K, a temperature at which the
maximum radiant output occurs at 1.5 to 1.9 pm (see
Figure 6-18). Details on the construction and behavior
of these various continuum sources will be found in the
chapter dealing with specific types of spectroscopic
methods.

7B-2 Line Sources

Sources that emit a few discrete lines find wide use in
atomic absorption spectroscopy, atomic. and molecular
fluorescence spectroscopy, and Raman spectroscopy (re-
fractometry and polarimetry also employ line sources).
The familiar mercury and sodium vapor lamps provide a
relatively few sharp lines in the ultraviolet and visible re-
gions and are used in several spectroscopic instruments.
Hollow cathode lamps and electrodeless discharge
lamps are the most important line sources for atomic ab-
sorption and fluorescence methods. Discussion of such
sources is deferred to Section 9B-1.

7B-3 Laser Sources

Lasers are highly useful sources in analytical instru-
mentation because of their high intensities, their narrow
bandwidths, and the coherent nature of their outputs.?
The first laser was described in 1960. Since that time,
chemists have found numerous useful applications
for these sources in high-resolution spectroscopy, in ki-
netic studies of processes with lifetimes in the range
of 1079 to 10712 5, in the detection and determination
of extremely small concentrations of species in the at-
mosphere, and in the induction of isotopically selec-
five reactions.? In addition, laser sources have become
important in several routine analytical methods, includ-

3 For a more complete discussion of lasers, see J. Wilson and J. E B.
Hawkes, Lasers: Principles and Applications. Englewood Cliffs, NJ:
Prentice-Hall, 1987; D. L. Andrews, Lasers in Chemistry. New York:
Springer-Verlag, 1986; Laser Spectroscopy and Its Applications, L.
Radziemski, R. Solarz, and J. Paisner, Eds. New York: Marcel Dekker,
1987; Applications of Lasers, E. Piepmeier, Ed. New York: Wiley,
1986.

4 For reviews of some of these applications, see J. C. Wright and M. J.
Wirth, Anal. Chemn., 1980, 52, 988A, 1087A; A. Schawlow, Science,
1982, 217, 9; E. W. Findsend and M. R. Ondrias, /. Chem. Educ.,
1986, 63, 479; R. N. Zare, Science, 1984, 226, 1198; C. P. Chris-
tensen, Science, 1984, 224, 117; 1. K. Steehler, /. Chem. Educ., 1990,
67, A37.
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ing Raman spectroscopy, molecular absorption spec-
troscopy, emission spectroscopy, and as part of in-
struments for Fourier transform infrared spectro-
SCopYy.

The term laser is an acronym for light amplifica-
tion by stimulated emission of radiation. As a conse-
quence of their light-amplifying characteristics, lasers
produce spatially narrow (a few hundredths of a mi-
crometer), extremely intense beams of radiation. The
process of stimulated emission, which will be described
shortly, produces a beam of highly monochromatic
(bandwidths of 0.01 nm or less) and remarkably coher-
ent (Section 6B-6) radiation. Because of these unique
properties, lasers have become important sources for
use in the ultraviolet, visible, and infrared regions of the
spectrum. A limitation of early lasers was that the radia-
tion from a given source was restricted to a relatively
few discrete wavelengths or lines. Now, however, dye
lasers are available that provide narrow bands of radia-
tion at any chosen wavelength within a somewhat lim-
ited range of the source.

Components of Lasers

Figure 7-4 is a schematic representation that shows the
components of a typical laser source. The heart of the
device is the lasing medium. It may be a solid crystal
such as ruby, a semiconductor such as gallium arsenide,
a solution of an organic dye, or a gas such as argon or
krypton. The lasing material is often activated, or
pumped, by radiation from an external source so that a
few photons of proper energy will trigger the formation
of a cascade of photons of the same energy. Pumping
can also be accomplished by *an electrical current or by
an electrical discharge. Thus, gas lasers usually do not
have the external radiation source shown in Figure 7-4;
instead, the power supply is connected to a pair of elec-
trodes contained in a cell filled with the gas.

A laser normally functions as an oscillator, or a res-
onator, in the sense that the radiation produced by the
lasing action is caused to pass back and forth through
the medium numerous times by means of a pair of mir-
rors as shown in Figure 7-4. Additional photons are
generated with each passage, thus leading to enormous
amplification. The repeated passage also produces a
beam that is highly parallel because nonparallel radia-
tion escapes from the sides of the medium after being
reflected a few times (see Figure 7-4). One of the easiest
ways to obtain a usable laser beam is to coat one of the
mirrors with a sufficiently thin layer of reflecting mate-
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Mechanism of Laser Action

Laser action can be understood by considering the four
processes depicted in Figure 7-5, namely: (a) pumping,
(b) spontaneous emission (fluorescence), (¢) stimulated
emission, and (d) absorption. In this figure, we show the
behavior of two of the many molecules that make up the
lasing medium. Two of the several electronic energy
levels of each are shown as having energies E, and E,.
Note that the higher electronic state for each molecule
has several slightly different vibrational energy levels
depicted as E,, E}, Ey, and so forth. We have not shown
additional levels for the lower electronic state, although
such usually exist.

Pumping. Pumping, which is necessary for laser ac-
tion, is a process by which the active species of a laser
is excited by means of an electrical discharge, passage
of an electrical current, or exposure to an intense radiant
source. During pumping, several of the higher elec-
tronic and vibrational energy levels of the active species
are populated. In diagram (1) of Figure 7-5a, one mole-
cule is shown as being promoted to an energy state Ey;
the second is excited to the slightly higher vibrational
level EY. The lifetime of excited vibrational states is
brief, and after 10~13 to 10715 g, relaxation to the low-
est excited vibrational level [E) in diagram a(3)] occurs
with the production of an undetectable quantity of heat.
Some excited electronic states of laser materials have
lifetimes considerably longer (often 1 ms or more) than
their excited vibrational counterparts; long-lived states
are sometimes termed metastable as a consequence.

Spontaneous Emission. As was pointed out in the
discussion of fluorescence (page 137), a species in an
excited electronic state may lose all or part of its excess

Figure 7-4 Schematic representation of a typical
laser source.

Laser
beam

energy by spontaneous emission of radiation. This
process is depicted in the three diagrams shown in Fig-
ure 7-5b. Note that the wavelength of the fluorescence
radiation is given by the relationship X = he/(E, — E,)
where & is the Planck constant and c is the speed of
light. It is also important to note that the instant at
which emission occurs and the path of the resulting
photon vary from excited molecule to excited mole-
cule because spontaneous emission is a random pro-
cess; thus, as shown in Figure 7-5, the fluorescence
radiation produced by one of the species in diagram
b(1) differs in direction and phase from that produced
by the second species [diagram b(2)]. Spontaneous
emission, therefore, yields incoherent monochromatic
radiation.

Stimulated Emission. Stimulated emission, which
is the basis of laser behavior, is depicted in Figure 7-5c.
Here, the excited laser species are struck by photons
that have precisely the same energies (E, — E,) as the
photons produced by spontaneous emission. Collisions
of this type cause the excited species to relax im-
mediately to the lower energy state and to simul-
taneously emit a photon of exactly the same energy as
the photon that stimulated the process. Equally impor-
tant, the emitted photon fravels in exactly the same
direction and is precisely in phase with the photon
that caused the emission. Therefore, the stimulated
emission is totally coherent with the incoming ra-
diation.

Absorption. The absorption process, which com-
petes with stimulated emission, is depicted in Figure
7-5d. Here, two photons with energies exactly equal to
(Ey, — E,) are absorbed to produce the metastable ex-
cited state shown in diagram d(3); note that the state
shown in diagram d(3) is identical to that attained in di-
agram a(3) by pumping.
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Laser action can be understood by considering the four
processes depicted in Figure 7-5, namely: (a) pumping,
(b) spontaneous emission (fluorescence), (¢) stimulated
emission, and (d) absorption. In this figure, we show the
behavior of two of the many molecules that make up the
lasing medium. Two of the several electronic energy
levels of each are shown as having energies E, and E,.
Note that the higher electronic state for each molecule
has several slightly different vibrational energy levels
depicted as E,, E}, EJ, and so forth. We have not shown
additional levels for the lower electronic state, although
such usually exist.

Pumping. Pumping, which is necessary for laser ac-
tion, is a process by which the active species of a laser
is excited by means of an electrical discharge, passage
of an electrical current, or exposure to an intense radiant
source. During pumping, several of the higher elec-
tronic and vibrational energy levels of the active species
are populated. In diagram (1) of Figure 7-5a, one mole-
cule is shown as being promoted to an energy state E;
the second is excited to the slightly higher vibrational
level EY. The lifetime of excited vibrational states is
brief, and after 10~"3 to 10715 s, relaxation to the low-
est excited vibrational level [E, in diagram a(3)] occurs
with the production of an undetectable quantity of heat.
Some excited electronic states of laser materials have
lifetimes considerably longer (often 1 ms or more) than
their excited vibrational counterparts; long-lived states
are sometimes termed metastable as a consequence.

Spontaneous Emission. As was pointed out in the
discussion of fluorescence (page 137), a species in an
excited electronic state may lose all or part of its excess

Figure 7-4 Schematic representation of a typical
laser source.
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energy by spontaneous emission of radiation. This
process is depicted in the three diagrams shown in Fig-
ure 7-5b. Note that the wavelength of the fluorescence
radiation is given by the relationship X = he/(Ey — E,)
where & is the Planck constant and ¢ is the speed of
light. It is also important to note that the instant at
which emission occurs and the path of the resulting
photon vary from excited molecule to excited mole-
cule because spontaneous emission is a random pro-
cess; thus, as shown in Figure 7-5, the fluorescence
radiation produced by one of the species in diagram
b(1) differs in direction and phase from that produced
by the second species [diagram b(2)]. Spontaneous
emission, therefore, yields incoherent monochromatic
radiation.

Stimulated Emission. Stimulated emission, which
is the basis of laser behavior, is depicted in Figure 7-5c¢.
Here, the excited laser species are struck by photons
that have precisely the same energies (E, — E,) as the
photons produced by spontaneous emission. Collisions
of this type cause the excited species to relax im-
mediately to the lower energy state and to simul-
taneously emit a photon of exactly the same energy as
the photon that stimulated the process. Equally impor-
tant, the emitted photon travels in exactly the same
direction and is precisely in phase with the photon
that caused the emission. Therefore, the stimulated
emission is totally coherent with the incoming ra-
diation.

Absorption. The absorption process, which com-
petes with stimulated emission, is depicted in Figure
7-5d. Here, two photons with energies exactly equal to
(Ey — E,) are absorbed to produce the metastable ex-
cited state shown in diagram d(3); note that the state
shown in diagram d(3) is identical to that attained in di-
agram a(3) by pumping.
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Figure 7-5 Four processes important in laser action: (a) pumping (excitation by electri-
cal, radiant, or chemical energy), (b) spontaneous emission, (c) stimulated emission, and
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Population Inversion and Light Amplification

In order to have light amplification in a laser, it is neces-
sary that the number of photons produced by stimulated
emission exceed the number lost by absorption. This
condition will prevail only when the number of particles
in the higher energy state exceeds the number in the
lower; in other words, there must be a population inver-
sion from the normal distribution of energy states. Popu-
lation inversions are brought about by pumping. Figure
7-6 contrasts the effect of incoming radiation on a nonin-
verted population with that of an inverted one. In each
case the population is shown as being made up of nine
molecules of the lasing medium. In the noninverted sys-
tem, three molecules are in the excited state and six are in
the lower energy level. Three of the incoming photons
are absorbed by the medium, thus producing three addi-
tional excited molecules. The radiation also, however,
stimulates emission of two photons from excited mole-
cules. Thus, the beam is attenuated by one photon. As
shown in Figure 7-5b, a net gain in photons is observed
in the inverted system because stimulated emission goes
on to a greater extent than absorption does.

Three- and Four-Level Laser Systems

Figure 7-7 shows simplified energy diagrams for the two
common types of laser systems. In the three-level system,
the transition responsible for laser radiation is between an
excited state E, and the ground state Ey: in a four-level
system, on the other hand, radiation is generated by a
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transition from E, to a state E, that has a greater energy
than the ground state. Furthermore, it is necessary that
transitions between E, and the ground state be rapid. The
advantage of the four-level system is that the population
inversions necessary for laser action are more readily
achieved. To understand this fact, note that at room tem-
perature a large majority of the laser species will be in the
ground-state energy level Ej in both systems. Sufficient
energy must thus be provided to convert more than 50%
of the lasing species to the E, level of a three-level sys-
tem. In contrast, it is only necessary to pump sufficiently
to make the number of particles in the E energy level ex-
ceed the number in E, of a four-level system. The lifetime
of a particle in the E, state is brief, however, because the
transition to Eg is fast; thus, the number in the E, state will
generally be negligible with respect to the number that
has energy £y and also (with a modest input of pumping
energy) with respect to the number in the E| state. There-
fore, the four-level laser usually achieves a population in-
version with a small expenditure of pumping energy.

Some Examples of Useful Lasers®

Solid State Lasers. The first successful laser, and one
that still finds widespread use, is a three-level device in
which a ruby crystal is the active medium. Ruby is pri-

5 For a review of lasers that are useful in analytical chemistry, see
J. C. Wright and M. J. Wirth; Anal. Chem., 1980, 52, 1087A.

Light attenuation
by absorption

Light amplification
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emission

Figure 7-6 Passage of radiation through (a) a
noninverted population and (b) an inverted pop-
ulation.
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Figure 7-7 Energy level diagrams for two types of laser
systems.

marily Al,O; but contains approximately 0.05%
chromium(IIT) distributed among the aluminum(TII) lat-
tice sites, which accounts for the red coloration. The
chromium(IIT) ions are the active lasing material. In
early lasers, the ruby was machined into a rod about 4
em in length and 0.5 cm in diameter. A flash tube (often
a low-pressure xenon lamp) was coiled around the
cylinder to produce intense flashes of light (A = 694.3
nm). Because the pumping was discontinuous, a pulsed
beam was produced. Continuous-wave ruby sources are
now available.

The Nd:YAG laser is one of the most widely used
solid-state lasers. It consists of neodymium ion in a host
crystal of yttrium aluminum garnet. This system offers
the advantage of being a four-level laser, which makes
it much easier to achieve population inversion than with
the ruby laser. The Nd:YAG laser has a very high radi-
ant power output at 1064 nm, which is usually fre-
quency doubled (see page 154) to give an intense line at
532 nm. This radiation is often used for pumping tun-
able dye lasers.

Gas Lasers. A variety of gas lasers are available com-
mercially. These devices are of four types: (1) neutral
atom lasers such as He/Ne; (2) ion lasers in which the
active species is Ar™ or Kr*; (3) molecular lasers in
which the lasing medium is CO, or Nj; and (4) eximer
lasers. The helium/neon laser is the most widely en-
countered of all lasers because of its low initial and
maintenance costs, its great reliability, and its low
power consumption.® The most important of its output

B For details on the design of commercial He/Ne lasers, see B. Patel,
Photonics Spectra, 1983 (1), 33.
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lines is at 632.8 nm. It is generally operated in the con-
tinuous mode rather than a pulsed mode.

The argon ion laser, which produces intense lines
in the green (514.5 nm) and the blue (488.0 nm) re-
gions, is an important example of an ion laser. This laser
is a four-level device in which argon ions are formed by
an electrical or radio-frequency discharge. The required
input energy is high because the argon atoms must first
be ionized and then excited from their ground state,
with a principal quantum number of 3, to various 4p
states. Laser activity occurs when the excited ions relax
to the 4s state. The argon ion laser finds use as a source
in fluorescence and Raman spectroscopy because of the
high intensity of its lines.

The Nj laser, which must be operated in the pulsed
mode because pumping is carried out with a high poten-
tial spark source, provides intense radiation at 337.1
nm. This output has found extensive use for exciting
fluorescence in a variety of molecules and for pumping
dye lasers. The CO, gas laser is used to produce mono-
chromatic infrared radiation at 10.6 pm.

Eximer lasers contain a gaseous mixture of helium,
fluorine, and one of the rare gases argon, krypton, or
xenon. The rare gas is electronically excited by an elec-
trical current whereupon it reacts with the fluorine to
form excited ions such as ArF™, KrF', or XeFt, which
are called eximers because they are stable only in the
excited state. Since the eximer ground state is unstable,
rapid dissociation of the compounds occurs as they re-
lax while giving off a photon. Thus, there is a popula-
tion inversion as long as pumping is carried on. Eximer
lasers produce high energy pulses in ultraviolet (351 nm
tfor XeF, 248 nm for KrF, and 193 nm for ArF).

Dye Lasers.” Dye lasers have become important radi-
ation sources in analytical chemistry because they are
continuously tunable over a range of 20 to 50 nm. The
bandwidth of a tunable laser is typically a few hun-
dredths of a nanometer or less. The active materials in
dye lasers are solutions of organic compounds capable of
fluorescing in the ultraviolet, visible, or infrared regions.
Dye lasers are four-level systems. In contrast to the other
lasers of this type that we have considered, however, the
lower energy level for laser action (E, in Figure 7-6b) is

7 For further information, see R, B. Green, J. Chem. Educ., 1977, 54,

A365, A407; M. ]. Wirth, Tunable Laser Systemis in Lasers in Cherrical
Analysis, G. M. Hieftje, ]. C. Travis, and E. E. Lytle, Eds. Clifton, NJ:
Humana Press, 1981.
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not a single energy but a band of energies that arise from
the superposition of a large number of closely spaced vi-
brational and rotational energy states upon the base elec-
tronic energy state. Electrons in E, may then undergo
transitions to any of these states, thus producing photons
of slightly different energies. Tuning of dye lasers can be
readily accomplished by replacing the nontransmitting
mirror shown in Figure 7-4 with a monochromator
equipped with a reflection grating or a Littrow-type
prism (see Figure 7-16) that reflects only a narrow band-
width of radiation into the laser medium; the peak wave-
length can be varied by rotation of the grating or prism.
Emission is then stimulated for only part of the fluores-
cence spectrum, namely, the wavelength selected by the
monochromator. .

Semiconductor Diode Lasers.® A new and increas-
ingly important source of nearly monochromatic radia-
tion is the laser diode. Laser diodes are products of
modern semiconductor technology. Their mechanism of
operation may be understood by considering the electri-
cal conduction characteristics of various materials as il-
lustrated in Figure 7-8. A good conductor, such as a

8M. G. D. Bauman, J. C. Wright, A. B. Ellis, T. Kuech, and G. C.
Lisensky, J. Chem. Educ., 1992, 69, 89; T. Imasaka and N. Ishibashi,
Anal. Chem., 1990, 62, 363A; R. L. Beyer, Science, 1989, 239, 742; K.
Niemax, A. Zybin, C. Schniirer-Patschan, and H. Groll, Anal
Chem., 1996, 68, 351A.

Semiconductor

metal, consists of a regular arrangement of atoms im-
mersed in a sea of valence electrons. Orbitals on adja-
cent atoms overlap to form the so-called valence band,
which is essentially a molecular orbital over the entire
metal and which contains the valence electrons of all of
the atoms. Empty outer orbitals overlap to form the con-
duction band, which lies at a slightly higher energy than
the valence band. The difference in energy between the
valence band and the conduction band is the band-gap
energy, E,. Because the band-gap energy is so small in
conductors (see Figure 7-8a), electrons in the valence
band easily acquire sufficient thermal energy to be pro-
moted to the conduction band, thus providing mobile
charge carriers for conduction.

In contrast, insulators have a relatively large band-
gap energy, and as a result, electrons in the valence
band are unable to acquire enough thermal energy to
make the transition to the conduction band, and thus in-
sulators do not conduct electricity (see Figure 7-8c).
Semiconductors, such as silicon or germanium, have in-
termediate band-gap energies, and thus their conduction
characteristics are intermediate between conductors and
insulators (see Figure 7-8b). We should note that
whether a material is a semiconductor or an insulator
depends not only on the band-gap energy but also on the
temperature of operation and the energy of excitation of
the material, which is related to the voltage applied to
the material.

When a voltage is impressed across a semiconduc-
tor diode in the forward direction (see Section 2C-2),

Insulator

Conductor

/////

_

v

£,

\\\W

(a)

(b)

Figure 7-8 Conduction bands and valence bands in three types of materials.



electrons are excited into the conduction band, hole-
electron pairs are created, and the diode conducts. Ulti-
mately, some of these electrons relax and go back into
the valence band, and energy is released that corre-
sponds to the band-gap energy E, = hv. Some of the
energy is released in the form of electromagnetic ra-
diation of frequency v = Ejh. Diodes that are fabri-
cated to enhance the production of light are called
light-emitting diodes, or LEDs. Light-emitting diodes
are often made of gallium arsenide that is doped with
phosphorus, which has a band-gap energy that cor-
responds to a wavelength of 660 nm. Diodes of this
type find wide use as indicators and readouts in elec-
tronic instruments. Unfortunately, because of their rel-
atively low intensity and emission wavelengths in the
red and infrared, LEDs are of limited utility in spec-
troscopy.

In recent years semiconductor fabrication tech-
niques have progressed to an extent that permits the
construction of highly complex integrated devices such
as the distributed-Bragg-reflector (DBR) laser diode
shown in Figure 7-9. This device contains a gallium ar-
senide pn-junction diode that produces infrared radia-
tion at about 975 nm. In addition, a stripe of material is
fabricated on the chip that acts as a resonant cavity for
the radiation so that light amplification can occur
within the cavity. An integrated grating provides feed-
back to the resonant cavity so that the resulting radia-
tion has an extremely narrow bandwidth of about 1073
nm. Laser diodes of this type have achieved continuous
power outputs of more than 100 mW with a typical
thermal stability of 0.1 nm/°C. Laser diodes may be op-
erated in either a pulsed or continuous (CW) mode,
which increases their versatility in a variety of applica-
tions. Rapid development of laser diodes has resulted
from their utility as light sources for compact-disk
players, CD-ROM drives, bar-code scanners, and other
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familiar optoelectronic devices, and mass production of
laser diodes ensures that their cost will continue to be
low.

A major impediment to the use of laser diodes in
spectroscopic applications has been their limited wave-
length range in the red and infrared regions of the spec-
trum, This disadvantage may be overcome by operating
the laser diode in the pulsed mode to achieve sufficient
peak power to use nonlinear optics to provide frequency
doubling as shown in Figure 7-10. Here, the output of a
laser diode is focused in a doubling crystal to provide
output in the blue-green region of the spectrum (~490
nm). With proper external optics, frequency-doubled
laser diodes can achieve average output powers of 0.5
to 1.0 W with a tunable spectral range of about 30 nm.
The advantages of such light sources include compact-
ness, power efficiency, high reliability, and ruggedness.
The addition of external optics to the laser diode in-
creases the cost of the devices substantially, but they are
competitive with larger, less efficient, and less reliable
gas-based lasers.

Recently, it has been reported that gallium nitride
laser diodes produce radiation directly in the blue,
green, and yellow region of the spectrum.” These diodes
should prove useful for spectroscopic studies.

The utility of laser diodes for spectroscopic ap-
plications has been demonstrated in molecular absorp-
tion spectrometry, molecular fluorescence spectrom-
etry, atomic absorption spectrometry, and as light
sources for detectors in various chromatographic meth-
ods. As practical diode lasers achieve wide commercial
availability, they will doubtless appear in increasing
numbers as light sources in commercial spectrometric
systems.

9 G. Fasol, Science, 1996, 272, 1751.
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n - type GaAs substrate Figure 7-9 A distributed Bragg-reflector laser
S ctal o diode. (From D. W. Nam and R. G. Waarts, Laser Fo-
&P n - contact cus World, 1994, 30(8), 52. With permission.)
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Figure 7-10 A frequency-doubled system for converting
975-nm laser output to 490 nm. (From D. W. Nam and R. G.
Waarts, Laser Focus World, 1994, 30(8), 52. With permis-
sion.)

Nonlinear Optical Effects with Lasers

As we have noted in Section 6B-7, when an electro-
magnetic wave is transmitted through a dielectric!?
medium, the electromagnetic field of the radiation
causes momentary distortion, or polarization, of the va-
lence clectrons of the molecules that make up the
medium. For ordinary radiation the extent of polariza-
tion P is directly proportional to the magnitude of the
electrical field E of the radiation. Thus we may write

P =aF

where « is the proportionality constant. Optical phe-
nomena that occur when this situation prevails are said
to be linear.

At the high radiation intensities encountered with
lasers, this relationship breaks down, particularly when
E approaches the binding energy of the electrons. Under
these circumstances, nonlinear optical effects are ob-
served wherein the relationship between polarization
and electrical field is given by the equation

P=aE+BE2+yE* + . . . (7-1)

where the magnitude of the three constants are in the or-
der @ > 3 > v. At ordinary radiation intensities, only
the first term on the right is significant, and the relation-
ship between polarization and field strength is linear.
With high-intensity lasers, however, the second term
and sometimes even the third term are required to de-
scribe the degree of polarization. When only two terms
are required, Equation 7-1 can be rewritten in terms of

19 Dielectrics are a class of substances that are nonconductors be-
cause they contain no free electrons. Generally, dielectrics are op-
tically transparent in contrast to electrically conducting solids,
which either absorb radiation or reflect it strongly.

radiation frequency w and the maximum amplitude of
the field strength, E,,. Thus,

P = aFE, sin ot + BEZ sin? wt (7-2)
Substituting the trigonometric identity sin? wr =
5 (1 — cos 2wr) gives

El
P = aE,, sin ot + B—zm— (1 — cos 2wt)  (7-3)

The first term in Equation 7-3 is the normal linear
term that predominates at low radiation intensities. At suf-
ficiently high intensity, the second-order term becomes
significant and results in radiation that has a frequency
2w that is double that of the incident radiation. This
frequency-doubling process is now widely used to pro-
duce laser frequencies of shorter wavelengths. For exam-
ple, the 1064-nm near-infrared radiation from a Nd: YAG
laser can be frequency doubled to produce a 30% yield of
green radiation at 532 nm by passing the radiation
through a crystalline material such as potassium dihydro-
gen phosphate. The 532-nm radiation can then be doubled
again to yield ultraviolet radiation at 266 nm by passage
through a crystal of ammonium dihydrogen phosphate.

Radiation from laser sources is beginning to find
application in several types of nonlinear spectroscopy,
most notably in Raman spectroscopy (see Section
18D-3).

7C WAVELENGTH SELECTORS

For most spectroscopic analyses, radiation that consists
of a limited, narrow, continuous group of wavelengths
called a band is required.'! A narrow bandwidth en-
hances the sensitivity of absorbance measurements,
may provide selectivity to both emission and absorption
methods, and is frequently a requirement from the
standpoint of obtaining a linear relationship between
the optical signal and concentration (Equation 6-34).
Ideally, the output from a wavelength selector would be
radiation of a single wavelength or frequency. No real
wavelength selector even approaches this ideal; instead,
a band, such as that shown in Figure 7-11, is obtained.
Here, the percentage of incident radiation of a given
wavelength that is transmitted by the selector is plotted
as a function of wavelength. The effective bandwidth,

1 Note that the term band in this context has a somewhat different
meaning from that used in describing types of spectra in Chapter 6.
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which is defined in Figure 7-11, is an inverse measure
of the quality of the device, a narrower bandwidth rep-
resenting better performance. Two types of wavelength
selectors are encountered, filters and monochromators.

7C-1 Filters

Two types of filters are employed for wavelength selec-
tion: interference filters and absorption filters (the for-
mer are sometimes called Fabry-Perot filters). Absorp-
tion filters are restricted to the visible region of the
spectrum; interference filters, on the other hand, are
available for the ultraviolet, visible, and well into the
infrared region.

Interference Filters

As the name implies, interference filters rely on optical
interference to provide narrow bands of radiation. An in-
terference filter consists of a transparent dielectric!? (fre-
quently calcium fluoride or magnesium fluoride) that oc-
cupies the space between two semitransparent metallic
films. This array is sandwiched between two plates of

12 A dielectric material is an insulator that contains essentially no
current-carrying charged particles. Dielectors are generally trans-
parent in most spectral regions.
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glass or other transparent materials (see Figure 7-12a).
The thickness of the dielectric layer is carefully con-
trolled and determines the wavelength of the transmitted
radiation. When a perpendicular beam of collimated ra-
diation strikes this array, a fraction passes through the
first metallic layer while the remainder is reflected. The
portion that is passed undergoes a similar partition when
it strikes the second metallic film. If the reflected portion
from this second interaction is of the proper wavelength,
it is partially reflected from the inner side of the first
layer in phase with incoming light of the same wave-
length. The result is that this particular wavelength is re-
inforced, while most other wavelengths, being out of
phase, suffer destructive interference.

The relationship between the thickness of the di-
electric layer ¢ and the transmitted wavelength A can be
found with the aid of Figure 7-12b. For purposes of
clarity, the incident beam is shown as arriving at an an-
gle 6 from the perpendicular. At point 1, the radiation is
partially reflected and partially transmitted to point 1’
where partial reflection and transmission again takes

White radiation

Boaals

Glass plate
Metal film
Dielectric layer

s

Narrow band of radiation

(a)

o
\ /’\ /\ /\ A
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(b)

Figure 7-12 (a) Schematic cross section of an interfer-
ence filter. Note that the drawing is not to scale and that
the three central bands are much narrower than shown,
(b) Schematic to show the conditions for constructive in-
terference.
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place. The same process occurs at 2, 2', and so forth.
For reinforcement to occur at point 2, the distance trav-
eled by the beam reflected at 1’ must be some multiple
of its wavelength in the medium \'. Since the path
length between surfaces can be expressed as #/cos 6, the
condition for reinforcement is that

n\' = 2t/cos 0

where n is a small whole number.

In ordinary use, 6 approaches zero and cos 6 ap-
proaches unity so that the foregoing equation simplifies
to

n\' = 2t (7-4)

where A’ is the wavelength of radiation in the dielectric
and { is the thickness of the dielectric. The correspond-
ing wavelength in air is given by

A=A\n

where 7 is the refractive index of the dielectric medium.
Thus, the wavelengths of radiation transmitted by the
filter are

A= el (7-5)

n

The integer n is the order of interference. The glass lay-
ers of the filter are often selected to absorb all but one of
the reinforced bands; transmission is thus restricted to a
single order.

Figure 7-13 illustrates the performance characteris-
tics of typical interference filters. Ordinarily, filters are
characterized, as shown, by the wavelength of their
transmittance peaks, the percentage of incident radia-
tion transmitted at the peak (their percent transmit-
tance, Equation 6-31), and their effective bandwidths.

Interference filters are available with transmitter
peaks throughout the ultraviolet and visible regions and
up to about 14 pm in the infrared. Typically, effective
bandwidths are about 1.5% of the wavelength at peak
transmittance, although this figure is reduced to 0.15%
in some narrow-band filters; these have maximum
transmittances of 10%.

Interference Wedges

An interference wedge consists of a pair of mirrored,
partially transparent plates separated by a wedge-
shaped layer of a dielectric material. The length of the
plates ranges from about 50 to 200 mm. The radiation
transmitted varies continuously in wavelength from one
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Figure 7-13 Transmission characteristics of typical inter-
ference filters.

end to the other as the thickness of the wedge varies. By
choosing the proper linear position along the wedge, a
bandwidth of about 20 nm can be isolated.

Interference wedges are available for the visible re-
gion (400 to 700 nm), the near-infrared region (1000 to
2000 nm), and for several parts of the infrared region
(2.5 to 14.5 wm). They can serve in place of prisms or
gratings in monochromators.

Absorption Filters

Absorption filters, which are generally less expensive
than interference filters, have been widely used for band
selection in the visible region. These filters function by ab-
sorbing certain portions of the spectrum. The most com-
mon type consists of colored glass or of a dye suspended
in gelatin and sandwiched between glass plates. The for-
mer have the advantage of greater thermal stability.
Absorption filters have effective bandwidths that
range from perhaps 30 to 250 nm (see Figures 7-14 and
7-15). Filters that provide the narrowest bandwidths also
absorb a significant fraction of the desired radiation and
may have a transmittance of 10% or less at their band
peaks. Glass filters with transmittance maxima through-
out the entire visible region are available commercially.
Cut-off filters have transmittances of nearly 100%
over a portion of the visible spectrum, but then rapidly
decrease to zero transmittance over the remainder. A
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narrow spectral band can be isolated by coupling a cut-
off filter with a second filter (see Figure 7-15).

It is apparent from Figure 7-14 that the perfor-
mance characteristics of absorption filters are signifi-
cantly inferior to those of interference-type filters. Not
only are the bandwidths of absorption filters greater, but
for narrow bandwidths the fraction of light transmitted
is also less. Nevertheless, absorption filters are totally
adequate for many applications.

7C-2 Monochromators

For many spectroscopic methods, it is necessary or de-
sirable to be able to vary the wavelength of radiation
continuously over a considerable range. This process is
called scanning a spectrum. Monochromators are de-
signed for spectral scanning. Monochromators for ultra-
violet, visible, and infrared radiation are all similar in
mechanical construction in the sense that they employ
slits, lenses, mirrors, windows, and gratings or prisms.
To be sure, the materials from which these components
are fabricated depend upon the wavelength region of in-
tended use (see Figure 7-2).

Components of Monochromators

Figure 7-16 illustrates the optical elements found in all
monochromators, which include the following: (1) an
entrance slit that provides a rectangular optical image,
(2) a collimating lens or mirror that produces a parallel
beam of radiation, (3) a prism or a grating that disperses
the radiation into its component wavelengths, (4) a fo-
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cusing element that reforms the image of the entrance
slit and focuses it on a planar surface called a focal
plane, and (5) an exit slit in the focal plane that isolates
the desired spectral band. In addition, most monochro-
mators have entrance and exit windows, which are de-
signed to protect the components from dust and corro-
sive laboratory fumes.

As shown in Figure 7-16, two types of dispersing
elements are found in monochromators: reflection grat-
ings and prisms. For purposes of illustration, a beam
made up of just two wavelengths, A; and A, (A = Aa).
is shown. This radiation enters the monochromators via
a narrow rectangular opening or slit, is collimated, and
then strikes the surface of the dispersing element at an
angle. For the grating monochromator, angular disper-
sion of the wavelengths results from diffraction, which
occurs at the reflective surface; for the prism, refraction
at the two faces results in angular dispersal of the radia-
tion, as shown. In both designs, the dispersed radiation
is focused on the focal plane AB where it appears as two
rectangular images of the entrance slit (one for A, and
one for A;). By rotating the dispersing element, one
band or the other can be focused on the exit slit.

Historically, most monochromators were prism in-
struments. Currently, however, nearly all commercial
monochromators are based upon reflection gratings be-
cause they are cheaper to fabricate, provide better
wavelength separation for the same size dispersing ele-
ment, and disperse radiation linearly along the focal
plane. As shown in Figure 7-17a, linear dispersion
means that the position of a band along the focal plane
for a grating varies linearly with its wavelength. For
prism instruments, in contrast, shorter wavelengths are

100 —

Absorption
filters
g Orange
g cut-off
E Green filter
g 50+ filter
g
3] Combination
A of the two
filters
0 |
400 500 600 700

Wavelength, nm

Figure 7-15 Comparison of various types of filters for
visible radiation.
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Figure 7-17 Dispersion for three types of
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scale in (c) correspond to the points shown in
Figure 7-16.



dispersed to a greater degree than are longer ones,
which complicates instrument design. The nonlinear
dispersion of two types of prism monochromators is il-
lustrated by Figure 7-17b. Because of their more gen-
eral use, we will largely focus our discussion on grating
monochromators.

Prism Monochromators

Prisms can be used to disperse ultraviolet, visible, and
infrared radiation. The material used for their construc-
tion differs, however, depending upon the wavelength
region (see Figure 7-2b).

Figure 7-18 shows the two most common types of
prism designs. The first is a 60-deg prism, which is ordi-
narily fabricated from a single block of material. When
crystalline (but not fused) quartz is the construction ma-
terial, however, the prism is usually formed by cement-
ing two 30-deg prisms together, as shown in Figure 7-
18a; one is fabricated from right-handed quartz and the
second from left-handed quartz. In this way, the optically
active quartz causes no net polarization of the emitted ra-
diation; this type of prism is called a Cornu prism. Figure
7-16b shows a Bunsen monochromator, which employs a
60-deg prism, likewise often made of quartz.

As shown in Figure 7-18b, the Littrow prism,
which permits more compact monochromator designs,
is a 30-deg prism with a mirrored back. Refraction in
this type of prism takes place twice at the same interface
so that the performance characteristics are similar to
those of a 60-deg prism in a Bunsen mount.

Grating Monochromators

Dispersion of ultraviolet, visible, and infrared radiation
can be brought about by directing a polychromatic
beam through a transmission grating or onto the surface

(a) (b)

Figure 7-18 Dispersion by a prism: (a) quartz Cornu
types and (b) Littrow type,
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of a reflection grating; the latter is by far the more com-
mon type. Replica gratings, which are used in most
monochromators are manufactured from a master grat-
ing.!3 The latter consists of a hard, optically flat, pol-
ished surface upon which have been ruled with a suit-
ably shaped diamond tool a large number of parallel and
closely spaced grooves. A magnified cross-sectional
view of a few typical grooves is shown in Figure 7-19.
A grating for the ultraviolet and visible region will typ-
ically contain from 300 to 2000 grooves/mm, with 1200
to 1400 being most common. For the infrared region, 10
to 200 grooves/mm are encountered; for spectropho-
tometers designed for the most widely used infrared
range of 5 to 15 pm, a grating with about 100
grooves/mm is suitable. The construction of good mas-
ter grating is tedious, time consuming, and expensive
because the grooves must be identical in size, exactly
parallel, and equally spaced over the length of the grat-
ing (3 to 10 cm).

Replica gratings are formed from a master grating
by a liquid resin casting process that preserves virtually
perfectly the optical accuracy of the original master
grating on a clear resin surface. This surface is ordinar-
ily made reflective by a coating of aluminum, or some-
times gold or platinum.

The Echellette Grating. Figure 7-19 is a schematic
representation of an echellette-type grating, which is
grooved or blazed such that it has relatively broad faces
from which reflection occurs and narrow unused faces.
This geometry provides highly efficient diffraction of
radiation. Each of the broad faces can be considered to
be a point source of radiation; thus interference among
the reflected beams 1, 2, and 3 can occur. In order for
the interference to be constructive, it is necessary that
the path lengths differ by an integral multiple n of the
wavelength \ of the incident beam.

In Figure 7-19, parallel beams of monochromatic
radiation 1 and 2 are shown striking the grating at an in-
cident angle i to the grating normal. Maximum con-
structive interference is shown as occurring at the re-
flected angle . It is evident that beam 2 travels a greater
distance than beam 1 and the difference in the paths is

13 For an interesting and informative discussion of the manufacture,
testing, and performance characteristics of gratings, see Diffraction
Grating Handbook, Rochester, NY: Bausch and Lomb, Inc. (now
Milton Roy Company), 1970. For a historical perspective on the
importance of gratings in the advancement of science, see A. G.
Ingalls, Sci. Amer.,, 1952, 186(6), 45.
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Figure 7-19 Mechanisms of diffraction
from an echellette-type grating.

equal to (CB + BD) (shown as a broader line in the fig-
ure). For constructive interference to occur, this differ-
ence must equal nA. That is,

n\ = (CB + BD)

where n, a small whole number, is called the diffraction
order. Note, however, that angle CAB is equal to angle i
and that angle DAB is identical to angle » Therefore,
from simple trigonometry, we may write

CB = dsini

where d is the spacing between the reflecting surfaces.
It is also seen that

BD = d sin r

Substitution of the last two expressions into the first
gives the condition for constructive interference. Thus,

nk = d(sin i + sin r) (7-6)

Equation 7-6 suggests that several values of A ex-
ist for a given diffraction angle » Thus, if a first-order
line (m = 1) of 900 nm is found at r, second-order
(450-nm) and third-order (300-nm) lines also appear at
this angle. Ordinarily, the first-order line is the most in-
tense; indeed, it is possible to design gratings that con-
centrate as much as 90% of the incident intensity in this
order. The higher-order lines can generally be removed
by filters. For example, glass, which absorbs radiation
below 350 nm, eliminates the higher-order spectra as-
sociated with first-order radiation in most of the visible
region. The example that follows illustrates these

points.
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LEXAMPLE 7-1

An echellette grating that contains 1450 blazes/mm
was irradiated with a polychromatic beam at an inci-
dent angle 48 deg to the grating normal. Calculate the
wavelengths of radiation that would appear at an an-
gle of reflection of +20, +10, and 0 deg (angle 1, Fig-
ure 7-19).

To obtain d in Equation 7-6, we write

I mm nm nm
=————— X 106— = 689.7
4 1450 blazes mm blaze

When r in Figure 7-19 equals +20 deg,

689.7 748.4
A= nm (sin 48 + sin 20) =

nm

and the wavelengths for the first-, second-, and third-
order reflections are 748, 374, and 249 nm, respec-
tively.

Further calculations of a similar kind yield the
following data:

Wavelength (nm) for

r, deg n=1 n=2 n=3
20 748 374 | 249
10 632 316 211

0 513 256 171




Concave Gratings. Gratings can be formed on a
concave surface in much the same way as on a plane
surface. A concave grating permits the design of a
monochromator without auxiliary collimating and fo-
cusing mirrors or lenses because the concave surface
both disperses the radiation and focuses it on the exit
slit. Such an arrangement is advantageous in terms of
cost; in addition, the reduction in number of optical sur-
faces increases the energy throughput of a monochro-
mator that contains a concave grating.

Holographic Gratings.'* One of the products from
the emergence of laser technology is an optical (rather
than mechanical) technique for forming gratings on
plane or concave glass surfaces. Holographic gratings
produced in this way are appearing in ever-increasing
numbers in modern optical instruments, even some of
the less expensive ones. Holographic gratings, because
of their greater perfection with respect to line shape and
dimensions, provide spectra that are freer from stray ra-
diation and ghosts (double images).

In the preparation of holographic gratings, the
beams from a pair of identical lasers are brought to bear
at suitable angles upon a glass surface coated with pho-
toresist. The resulting interference fringes from the two
beams sensitize the photoresist so that it can be dis-
solved away, leaving a grooved structure that can be
coated with aluminum or other reflecting substance to
produce a reflection grating. The spacing of the grooves
can be altered by changing the angle of the two laser
beams with respect to one another. Nearly perfect, large
(~50 cm) gratings with as many as 6000 lines/mm can
be manufactured in this way at a relatively low cost. As
with ruled gratings, replica gratings can be cast from a
master holographic grating. It has been reported that no
optical test exists that can distinguish between a master
and replica holographic grating.!?

Performance Characteristics of Grating
Monochromators

The quality of a monochromator is dependent upon the
purity of its radiant output, its ability to resolve adjacent
wavelengths, its light-gathering power, and its spectral
bandwidth. The last property is discussed in Section 7C-3.

1 See |, Flamand, A. Grillo, and G. Hayat, Amer, Lab., 1975, 7 (5), 47;
and J. M. Lerner et al., Proc. Photo-Opt. Instrum. Eng., 1980, 240,
72, 82,

151 R. Altelmose, J. Chem. Educ., 1986, 63, A221.
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Spectral Purity. The exit beam of a monochromator
is usually contaminated with small amounts of scat-
tered or stray radiation with wavelengths far different
from that of the instrument setting. This unwanted ra-
diation can be traced to several sources. Among these
sources are reflections of the beam from various opti-
cal parts and the monochromator housing; the former
arise from mechanical imperfections, particularly in
gratings, introduced during manufacture. Scattering by
dust particles in the atmosphere or on the surfaces of
optical parts also causes stray radiation to reach the
exit slit. Generally, the effects of spurious radiation
are minimized by introducing baffles in appropriate
spots in the monochromator and by coating interior
surfaces with flat black paint. In addition, the mono-
chromator is sealed with windows over the slits to pre-
vent entrance of dust and fumes. Despite these precau-
tions, however, some spurious radiation is still emitted,
we shall see that its presence can have serious effects
on absorption measurements under certain condi-
tions. 1

Dispersion of Grating Monochromators. The
ability of a monochromator to separate different wave-
lengths is dependent upon its dispersion. The angular
dispersion is given by dr/d\ where dr is the change in
the angle of reflection or refraction with a change in
wavelength d\. The angle r is defined in Figures 7-18
and 7-19.

The angular dispersion of a grating can be obtained
by differentiating Equation 7-6 while holding i con-
stant. Thus at any given angle of incidence,

dr n
e — 77
dn dcosr G

The linear dispersion D refers to the variation in
wavelength as a function of y, the distance along the
line AB of the focal planes as shown in Figure 7-16. If F
is the focal length of the monochromator, the linear dis-
persion can be related to the angular dispersion by the
relationship

= _iar

Q= (7-8)

16 For discussion of the detection, the measurement, and the effects
of stray radiation, see W. Kaye, Anal. Chem., 1981, 53, 2201; M. R.
Sharpe, Anal. Chem., 1984, 56, 339A,
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Grating
normal

Figure 7-20 Echelle grating: i = angle of incidence; r =
angle of reflection; d = groove spacing. In usual practice,
i=r=p=63°26".

A more useful measure of dispersion is the reciprocal
linear dispersion D~ where

d\ l dh
Dl=—=—— 7-9
dy F dr (=)
The dimensions of D~! are often nm/mm or A/mm.
Substitution of Equation 7-7 into Equation 7-9
leads to the reciprocal linear dispersion for a grating

monochromator:;

=ﬁ_ca"l::osr

p-1 =
dy nF

(7-10)

Note that the angular dispersion increases as the dis-
tance d between rulings decreases or as the number of
lines per millimeter increases. At small angles of dif-
fraction (<20 deg) cos r = 1, and Equation 7-10 be-
comes approximately

d

D—I e e
nF

(7-11)
Note that, for all practical purposes, if the angle r is
small, the linear dispersion of a grating monochroma-
tor is constant, a property that greatly simplifies mono-
chromator design.

Resolving Power of Monochromators The resolv-
ing power R of a monochromator describes the limit of
its ability to separate adjacent images that have a slight
difference in wavelength. Here, by definition

R = NMNAN (7-12)

where A is the average wavelength of the two images
and AN is their difference. The resolving power of
typical bench-top ultraviolet/visible monochromators
ranges from 103 to 104,

It can be shown!” that the resolving power of a
grating is given by the expression

A

R=—=
AN

nN (7-13)
when n is the diffraction order and » is the number of
grating blazes illuminated by radiation from the en-
trance slit. Thus, better resolution is a characteristic of
longer gratings, smaller blaze spacings, and higher dif-
fraction orders. This equation applies to both echellette
and echelle gratings.

Light-Gathering Power of Monochromators. In
order to increase the signal-to-noise ratio of a spec-
trometer, it is necessary that the radiant energy that
reaches the detector must be as large as possible. The
[fmumber or speed provides a measure of the ability of
a monochromator to collect the radiation that emerges
from the entrance slit. The f/number is defined by the
equation

f=Fu (7-14)

where F is the focal length of the collimating mirror (or
lens) and d is its diameter. The light-gathering power of
an optical device increases as the inverse square of the
flmumber. Thus, an f/2 lens gathers four times more light
than an f/4 lens. The ffnumbers for many monochroma-
tors lie in the 1 to 10 range.

Echelle Monochromators. Echelle monochroma-
tors contain two dispersing elements arranged in series.
The first of these elements is a special type of grating
called an echelle grating. The second, which follows, is
usually a low-dispersion prism, or sometimes a grating.
The echelle grating, which was first described by G. R.
Harrison in 1949, provides higher dispersion and higher
resolution than an echellette of the same size.!® Figure 7-
20 shows a cross section of a typical echelle grating. It
differs from the echellette grating shown in Figure 7-19
in several respects. First, in order to achieve a high angle
of incidence, the blaze angle of an echelle grating is sig-
nificantly greater than the conventional device, and the
short side of the blaze is used rather than the long. Fur-

17 R. A. Sawyer, Experimental Spectroscopy, 2nd ed., p, 130. Englewood
Cliffs, NJ: Prentice Hall, 1951.

1% For a more detailed discussion of the echelle grating, see P. N. Ke-
liher and C. C. Wohlers, Anal. Chem., 1976, 48, 333A; D, L. An-
derson, A. R. Forster, and M. L. Parsons, Anal. Chem., 1981, 53,
770; A, T. Zander and P. N, Keliher, Appl. Spectrosc,, 1979, 33, 499,



thermore the grating is relatively coarse, having typi-
cally 300 or fewer grooves per millimeter for ultravio-
let/visible radiation. Note that the angle of refraction r is
much higher in the echelle grating than the echellette and
approaches the angle of incidence i. That is,

r-—":j:B

Under these circumstances, Equation 7-6 for a grating
becomes

n\ = 2d sin B (7-15)

With a normal echellette grating, high dispersion,
or low reciprocal dispersion, is obtained by making the
groove width d small and the focal length F' large. A
large focal length reduces light gathering and makes the
monochromator large and unwieldy. In contrast, the
echelle grating achieves high dispersion by making
both the angle B and the order of diffraction n large.
The reciprocal dispersion for an echelle grating can
then be obtained by modifying Equation 7-10 to

_2dcos P
nF

D1 (7-16)

The advantages of the echelle grating are illus-
trated by the data in Table 7-1, which show the perfor-
mance characteristics for two typical monochromators,
one with a conventional echellette grating and the other
with an echelle. Note that for the same focal length the

TABLE 7-1 Comparison of Performance
Characteristics of a Conventional and Echelle
Monochromator*

Conventional Echelle
Focal length 0.5m 0.5m
Groove density 1200/mm 79/mm
Diffraction angle, 3 10°22° 63°26'
Order n (at 300 nm) 1 )
Resolution (at 300 62,400 763,000
nm), A/AN
Reciprocal linear 16 A/mm 1.5 A/mm
dispersion, D!
Light-gathering power, [ /9.8 f18.8

*With permission from P. E. Keliher and C. C. Wohlers, Anal. Chem., 1976,
48, 334A. Copyright 1976 American Chemical Society,
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linear dispersion and resolution are an order of magni-
tude greater for the echelle; the light-gathering power of
the echelle is also somewhat superior.

One of the problems encountered with the use of an
echelle grating is that the linear dispersion at high or-
ders of refraction is so great that to cover a reasonably
broad spectral range it is necessary (o use many succes-
sive orders. For example, one instrument designed to
cover a range of 200 to 800 nm employs diffraction or-
ders 28 to 118 (90 successive orders). Because these or-
ders inevitably overlap, it is essential that a system of
cross dispersion, such as that shown in Figure 7-21a, be
employed with an echelle grating. Here, the dispersed
radiation from the grating is passed through a prism (in
some systems, a second grating is used) whose axis is at
90 deg to the grating. The effect of this arrangement is
to produce a two-dimensional spectrum as shown
schematically in Figure 7-21b. In this figure, the loca-
tions of 8 of the 70 orders is indicated by short vertical
lines. For any given order, the wavelength dispersion is
approximately linear, but, as can be seen, the dispersion
lessens at lower orders or higher wavelengths. An actual
two-dimensional spectrum from an echelle monochro-
mator consists of a complex series of short vertical lines
lying along 50 to 100 horizontal axes, each axis corre-
sponding to one diffraction order. To change wave-
length with an echelle monochromator, it is necessary
to change the angle of both the grating and the prism.

Recently, several instrument manufacturers have
begun to offer echelle-type spectrometers for simulta-
neous determination of a multitude of elements by
atomic emission spectroscopy. The optical designs of
two of these instruments are shown in Figures 10-7 and
10-9.

7C-3 Monochromator Slits

The slits of a monochromator play an important role in
determining the monochromator’s performance charac-
teristics and quality. Slit jaws are formed by carefully
machining two pieces of metal to give sharp edges.
Care is taken to assure that the edges of the slit are ex-
actly parallel to one another and that they lie on the
same plane. In some monochromators, the openings of
the two slits are fixed; more commonly, the spacing can
be adjusted with a micrometer mechanism.

The entrance slit (see Figure 7-16) of a monochro-
mator serves as a radiation source; its image is ulti-
mately focused on the focal plane that contains the exit
slit. If the radiation source consists of a few discrete
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Figure 7-21 An echelle monochromator: (a) arrangement of dispersing elements, and
(b) schematic end-on view of the dispersed radiation from the point of view of the trans-

ducer.

wavelengths, a series of rectangular images appears on
this surface as bright lines, each corresponding to a
given wavelength. A particular line can be brought to
focus on the exit slit by rotating the dispersing element.
If the entrance and exit slits are of the same size (as is
usually the case), the image of the entrance slit will
in theory just fill the exit-slit opening when the setting
of the monochromator corresponds to the wavelength
of the radiation. Movement of the monochromator
mount in one direction or the other results in a contin-
uous decrease in emitted intensity, zero being reached
when the entrance-slit image has been displaced by its
full width.

Effect of Slit Width on Resolution

Figure 7-22 illustrates the situation in which monochro-
matic radiation of wavelength \; strikes the exit slit.
Here, the monochromator is set for A and the two slits
are identical in width. The image of the entrance slit just
fills the exit slit. Movement of the monochromator to a
setting of A; or A3 results in the image being moved
completely out of the slit. The lower half of Figure 7-22
shows a plot of the radiant power emitted as a function
of monochromator setting. Note that the bandwidth is
defined as the span of monochromator settings (in units
of wavelength, or sometimes in units of cm™!) needed
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Figure 7-22 [llumination of an exit slit by monochro-
matic radiation Ay at various monochromator settings. Exit
and entrance slits are identical.

to move the image of the entrance slit across the exit
shit. If polychromatic radiation were employed, it would
also represent the span of wavelengths from the exit slit
for a given monochromator setting.

The effective bandwidth, which is one half the
bandwidth when the two slit widths are identical, is
seen to be the range of wavelengths that exit the mono-
chromator at a given wavelength setting. The effective
bandwidth can be related to the reciprocal linear disper-
sion by writing Equation 7-8 in the form
_ X

Ay
where A\ and Ay are now finite intervals of wavelength
and linear distance along the focal plane, respectively.

As shown by Figure 7-22, when Ay is equal to the slit
width w, A\ is the effective bandwidth. That is,

D—l

ANeg = wD™1 (7-17)

Figure 7-23 illustrates the relationship between the
effective bandwidth of an instrument and its ability to re-
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solve spectral peaks. Here, the exit slit of a grating mono-
chromator is illuminated with a beam composed of just
three equally spaced lines at wavelengths, Ay, Ay, and As;
each line is assumed to be of the same intensity. In the top
figure, the effective bandwidth of the instrument is ex-
actly equal to the difference in wavelength between A;
and A\, or A, and A5. When the monochromator is set at
Ay, radiation of this wavelength just fills the slit. Move-
ment of the monochromator in either direction dimin-
ishes the transmitted intensity of A, but increases the in-
tensity of one of the other lines by an equivalent amount.
As shown by the solid line in the plot to the right, no spec-
tral resolution of the three wavelengths is achieved.

In the middle drawing of Figure 7-23, the effective
bandwidth of the instrument has been reduced by nar-
rowing the openings of the exit and entrance slits to three
quarters that of their original dimensions. The solid line
in the plot on the right shows that partial resolution of the
three lines results. When the effective bandwidth is de-
creased to one half the difference in wavelengths of the
three beams, complete resolution is achieved, as shown
in the bottom drawing. Thus, complete resolution of two
lines is feasible only if the slit width is adjusted so that
the effective bandwidth of the monochromator is equal
to one half the wavelength difference of the lines.

L_L._!.._h..‘ B D D e = 15D WD T e O T e e fiem b DR LSS LG IS S IS 15D B I
I[ EXAMPLE 7-2

L A grating monochromator with a reciprocal linear
E: dispersion of 1.2 nm/mm is to be used to separate the
L sodium lines at 589.0 and 589.6. In theory, what slit
J[ width would be required?

i Complete resolution of the two lines requires
t that

- 1

- Alegr = - (589.6 — 589.0) = 0.3 nm

i

{L Substitution into Equation 7-15 after rearrangement

‘[ gives
8 &;\c[f = 0.3 nm

= = (.25 mm
D! 1.2 nm/mm

EEEE

It is important to note that slit widths calculated as
in Example 7-2 are theoretical. Imperfections, which
are present in most monochromators, are such that slit
widths narrower than theoretical are usually required to
achieve a desired resolution.
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Figure 7-23 The effect of the slit width on spectra. The entrance slit is illuminated with
A1, Az, and A3 only. Entrance and exit slits are identical. Plots on the right show changes
in emitted power as the setting of monochromator is varied.

Figure 7-24 shows the effect of bandwidth on ex-
perimental spectra for benzene vapor. Note the much
greater spectral detail realized with the narrowest slit
setting and thus the narrowest bandwidth.

Choice of Slit Widths

The effective bandwidth of a monochromator depends
upon the dispersion of the grating or prism as well as the
width of the entrance and exit slits, Most monochroma-
tors are equipped with variable slits so that the effective
bandwidth can be changed. The use of minimal slit width
is desirable when the resolution of narrow absorption or
emission bands is needed, On the other hand, a marked
decrease in the available radiant power accompanies a
narrowing of slits, and accurate measurement of this
power becomes more difficult. Thus, wider slit widths
may be used for quantitative analysis rather than for
qualitative work, where spectral detail is important.

7D SAMPLE CONTAINERS

Sample containers are required for all spectroscopic
studies except emission spectroscopy. In common with
the optical elements of monochromators, the cells or
cuvettes that hold the samples must be made of mater-
ial that is transparent to radiation in the spectral region
of interest. Thus, as shown in Figure 7-2, quartz or
fused silica is required for work in the ultraviolet region
(below 350 nm); both of these substances are transpar-
ent in the visible region and up to about 3 pm in the in-
frared region as well. Silicate glasses can be employed
in the region between 350 and 2000 nm. Plastic con-
tainers have also found application in the visible re-
gion. Crystalline sodium chloride is the most common
substance employed for cell windows in the infrared re-
gion; the other infrared transparent materials listed in
Figure 7-2 may also be used for this purpose.
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Figure 7-24 Effect of bandwidth on spectral detail for benzene
vapor: (a) 0.5 nm; (b) 1.0 nm; (¢) 2.0 nm. (From V. A. Kohler, Amer.

Lab., 1984 (11), 132. Copyright 1984 International Scientific Communications

(c) Inc.)

7E RADIATION TRANSDUCERS

7E-1 Introduction

The detectors for early spectroscopic instruments were
the human eye or a photographic plate or film. These
detection devices have been largely supplanted by
transducers that convert radiant energy into an electrical
signal; our discussion will be largely confined to these
more modern detectors.

Properties of the Ideal Transducer

The ideal transducer would have a high sensitivity, a
high signal-to-noise ratio, and a constant response over
a considerable range of wavelengths. In addition, it

would exhibit a fast response time and a zero output
signal in the absence of illumination. Finally, the elec-
trical signal produced by the transducer would be di-
rectly proportional to the radiant power P. That is,

S =kP (7-18)

where § is the electrical response in terms of current or
voltage, and k is the calibration sensitivity (Section 1D-
2).

Many real transducers exhibit a small, constant re-
sponse, known as a dark current, in the absence of radi-
ation. For these transducers , the response is described
by the relationship

S =kP + ky (7-19)
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where k, represents the dark current, which is ordinarily
constant over short measurement periods. Instruments
with transducers that produce a dark current are usually
equipped with a compensating circuit that reduces k; to
zero; Equation 7-18 then applies.

Types of Radiation Transducers!?

As indicated in Figure 7-3b, two general types of radia-
tion transducers are encountered; one responds to pho-
tons, the other to heat. All photon transducers (also
called photoelectric or quantum detectors) have an ac-
tive surface, which is capable of absorbing radiation. In
some types, the absorbed energy causes emission of
electrons and the development of a photocurrent. In oth-
ers, the radiation promotes electrons into conduction

19 For a discussion of optical radiation detectors, see E. L. Dereniak
and D. G. Crowe, Optical Radiation Detectors. New York: Wiley,
1984; E. Grum and R. J. Becherer, Optical Radiation Measurements,
Vol. 1. New York: Academic Press, 1979; J. D. Ingle Jr,, and 8. R.
Crouch Spectrochernical Analysis, pp. 106-117. Englewood Cliffs,
NJ: Prentice Hall, 1988.
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bands; detection here is based on the resulting enhanced
conductivity (photoconduction). Photon transducers are
used largely for measurement of ultraviolet, visible, and
near-infrared radiation. When they are applied to radia-
tion much longer than 3 pwm in wavelength, they must
be cooled to dry-ice or liquid-nitrogen temperatures to
avoid interference from thermal background noise.
Photoelectric transducers differ from heat transducers
in that the formers electrical signal results from a series
of individual events (absorption of single photons), the
probability of which can be described by the use of sta-
tistics. In contrast, thermal transducers, which are
widely employed for the detection of infrared radiation,
respond to the average power of the incident radiation.

As shown in Section 5B-2 the distinction between
photon and heat transducers is important because shot
noise often limits the behavior of the former while ther-
mal noise frequently limits the latter. As a consequence,
the indeterminate errors associated with the two types
of transducers are fundamentally different.

Figure 7-25 shows the relative spectral response of
the various kinds of transducers that are useful for ultra-
violet, visible, and infrared spectroscopy. The ordinate

Figure 7-25 Relative response of various
types of photoelectric transducers (4-G) and
heat transducers H, I): A, photomultiplier tube;
B, CdS photoconductivity; C, GaAs photo-
voltaic cell; D, CdSe photoconductivity cell; E,
Se/SeO photovoltaic cell; F, silicon photodiode;
G, PbS photoconductivity; H, thermocouple; I,

Golay cell. (Adapted from P. W. Druse, L. N.

| | | [N | | e

J McGlauchlin, and K. B. Quistan, Elements of Infrared

200 600 1000 1400 1800

Wavelength, nm

2200 Technology, pp. 424-425. New York: Wiley, 1962.
Reprinted by permission of John Wiley & Sons Inc.)



function is inversely related to the noise of the transduc-
ers and directly related to the square root of its surface
area. Note that the relative sensitivity of the thermal
transducers (curves H and /) is independent of wave-
length but significantly lower than the sensitivity of
photoelectric transducers. On the other hand, photon
transducers are often far from ideal with respect to con-
stant response versus wavelength.

7E-2 Photon Transducers

Several types of photon transducers are available, in-
cluding: (1) photovoltaic cells, in which the radiant en-
ergy generates a current at the interface of a semicon-
ductor layer and a metal; (2) phototubes, in which
radiation causes emission of electrons from a photosen-
sitive solid surface; (3) photomultiplier tubes, which
contain a photoemissive surface as well as several addi-
tional surfaces that emit a cascade of electrons when
struck by electrons from the photosensitive area; (4)
photoconductivity transducers in which absorption of
radiation by a semiconductor produces electrons and
holes, thus leading to enhanced conductivity; (5) silicon
photodiodes, in which photons increase the conduc-
tance across a reverse-biased pn junction: and (6)
charge-transfer transducers, in which the charges devel-
oped in a silicon crystal as a result of absorption of pho-
tons are collected and measured.?"

Photovoltaic or Barrier-Layer Cells

The photovoltaic cell is a simple device that is used for
detecting and measuring radiation in the visible region.
The typical cell has a maximum sensitivity at about 550
nm; the response falls off to perhaps 10% of the maxi-
mum at 350 and 750 nm (see Figure 7-25E). Its range
approximates that of the human eye.

The photovoltaic cell consists of a flat copper or iron
electrode upon which is deposited a layer of semicon-
ducting material, such as selenium (see Figure 7-26).
The outer surface of the semiconductor is coated with a
thin transparent metallic film of gold or silver, which
serves as the second or collector electrode; the entire ar-
ray is protected by a transparent envelope. When radia-
tion of sufficient energy reaches the semiconductor, co-

2 For a comparison of the performance characteristics of the three
most sensitive and widely used photon transducers, namely pho-
tomultipliers, silicon diodes, and charge-transfer devices, see W. E.
L. Grossman, [, Chem. Educ,, 1989, 66, 697.
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Figure 7-26 Schematic of a typical barrier-layer cell.

valent bonds are broken, with the result that conduction
electrons and holes are formed. The electrons then mi-
grate toward the metallic film and the holes toward the
base upon which the semiconductor is deposited. The
liberated electrons are free to migrate through the exter-
nal circuit to interact with these holes, The result is an
electrical current of a magnitude that is proportional to
the number of photons that strike the semiconductor sur-
face. Ordinarily, the currents produced by a photovoltaic
cell are large enough to be measured with a microamme-
ter; if the resistance of the external circuit is kept small
(<400 (), the photocurrent is directly proportional to
the power of the radiation that strikes the cell. Currents
on the order of 10 to 100 pA are typical.

The barrier-layer cell constitutes a rugged, low-
cost means for measuring radiant power. No external
source of electrical energy is required. On the other
hand, the low internal resistance of the cell makes the
amplification of its output less convenient. Conse-
quently, although the barrier-layer cell provides a read-
ily measured response at high levels of illumination, it
suffers from lack of sensitivity at low levels. Another
disadvantage of the barrier-type cell is that it exhibits
fatigue in which its current output decreases gradually
during continued illumination; proper circuit design and
choice of experimental conditions minimize this effect.
Barrier-type cells find use in simple, portable instru-
ments where ruggedness and low cost are important.
For routine analyses, these instruments often provide
perfectly reliable analytical data.

Vacuum Phototubes?!

A second type of photoelectric device is the vacuum
phototube, which consists of a semicylindrical cathode
and a wire anode sealed inside an evacuated transparent

2l For a discussion of vacuum phototubes and photomultiplier
tubes, see E E. Lytle, Anal. Chem., 1974, 46, 545A,
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Figure 7-27 A phototube and accessory circuit. The pho-
tocurrent induced by the radiation causes a potential drop
across R, which is then amplified to drive a meter or
recorder.

envelope (see Figure 7-27). The concave surface of the
electrode supports a layer of photoemissive material
(Section 6C-1) that tends to emit electrons when it is ir-
radiated. When a potential is applied across the elec-
trodes, the emitted electrons flow to the wire anode gen-
erating a photocurrent that is generally about one tenth
as great as that associated with a photovoltaic cell for a
given radiant intensity. In contrast, however, amplifica-
tion is easily accomplished since the phototube has a
high electrical resistance.

The number of electrons ejected from a photoemis-
sive surface is directly proportional to the radiant power
of the beam that strikes that surface. As the potential ap-
plied across the two electrodes of the tube is increased,
the fraction of the emitted electrons that reaches the an-
ode rapidly increases; when the saturation potential is
achieved, essentially all of the electrons are collected at
the anode. The current then becomes independent of po-
tential and directly proportional to the radiant power.
Phototubes are usually operated at a potential of about
90 V, which is well within the saturation region.

A variety of photoemissive surfaces are used in
commercial phototubes. Typical examples are shown in
Figure 7-28. From the user’s standpoint, photoemissive
surfaces fall into four categories: highly sensitive, red
sensitive, ultraviolet sensitive, and flat response. The
most sensitive cathodes are bialkali types such as num-
ber 117 in Figure 7-28; they are made up of potassium,
cesium, and antimony. Red-sensitive materials are mul-
tialkali types (for example, Na/K/Cs/Sb), or Ag/O/Cs
formulations. The behavior of the latter is shown as S-11

in the figure. Compositions of Ga/In/As extend the red
region up to about 1.1 wm. Most formulations are ultra-
violet sensitive provided the tube is equipped with trans-
parent windows. Flat responses are obtained with Ga/As
compositions such as that labeled 128 in Figure 7-28.

Phototubes frequently produce a small dark current
(see Equation 7-19) that results from thermally induced
electron emission and natural radioactivity from 4°K in
the glass housing of the tube.

Photomultiplier Tubes

For the measurement of low radiant power, the photo-
mulfiplier tube (PMT) offers advantages over the ordi-
nary phototube.?? Figure 7-29 is a schematic of such a
device. The photo cathode surface is similar in compo-
sition to the surfaces of the phototubes described in Fig-
ure 7-28, and it emits electrons when exposed to radia-
tion. The tube also contains additional electrodes (nine
in Figure 7-29) called dynodes. Dynode 1 is maintained
at a potential 90 V more positive than the cathode, and
electrons are accelerated toward it as a consequence.
Upon striking the dynode, each photoelectron causes
emission of several additional electrons; these, in turn,
are accelerated toward dynode 2, which is 90 V more
positive than dynode 1. Again, several electrons are
emitted for each electron that strikes the surface. By the

22 For a detailed discussion of the theory and applications of photo-
multipliers, see R. W, Engstrom, Photomultiplier Handbook, Lan-
caster, PA: RCA Corporation, 1980.

80

Sensitivity, mA/w
£ (=
= =

5]
=

200 400 600 800 1000

Wavelength, nm

Figure 7-28 Spectral response of some typical photoe-
missive surfaces. (From E E. Lytle, Anal. Chem., 1974, 46, 5464,
Copyright 1974 American Chemical Society.)
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Figure 7-29 Photomultiplier tube: (a) cross-section of the tube and (b) electrical

circuit,

time this process has been repeated nine times, 10° to
107 electrons have been formed for each incident pho-
ton; this cascade is finally collected at the anode and the
resulting current is then electronically amplified and
measured.

As shown by Figure 7-25A4, photomultipliers are
highly sensitive to ultraviolet and visible radiation; in
addition, they have extremely fast time responses. Of-
ten, the sensitivity of an instrument with a photomulti-
plier is limited by its dark-current emission. Because
thermal emission is the major source of dark-current
electrons, the performance of a photomultiplier can be

enhanced by cooling. In fact, thermal dark currents can
be virtually eliminated by cooling the detector to
—30°C. Transducer housings, which can be cooled by
circulation of an appropriate coolant, are available com-
mercially.

Photomultiplier tubes are limited to measuring
low-power radiation because intense light causes irre-
versible damage to the photoelectric surface. For this
reason, the device is always housed in a light-tight com-
partment, and care is taken to eliminate the possibility
of its being exposed even momentarily to daylight or
other strong light. With appropriate external circuitry,
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photomultiplier tubes can be used to detect the arrival
of a single photon at the photocathode.

Silicon Diode Transducers

A silicon diode transducer consists of a reverse-biased
pn junction formed on a silicon chip. As shown in Fig-
ure 7-30, the reverse bias creates a depletion layer that
reduces the conductance of the junction to nearly zero.
If radiation is allowed to impinge on the chip, however,
holes and electrons are formed in the depletion layer
and swept through the device to produce a current that
is proportional to radiant power.

Silicon diodes are more sensitive than vacuum
phototubes but less sensitive than photomultiplier tubes
(see Figure 7-25F). Photodiodes have spectral ranges
from about 190 to 1100 nm. '

7E-3 Multichannel Photon Transducers??

The first multichannel detector used in spectroscopy
was a photographic plate or a film strip that was placed
along the length of the focal plane of a spectrometer so
that all the lines in a spectrum could be recorded simul-
taneously. Photographic detection is relatively sensitive
with some emulsions that respond to as few as 10 to 100
photons. The primary limitation of this type of detector
is, however, the time required for developing the image
of the spectrum and converting the blackening of the
emulsion to radiant intensities.

Modern multichannel transducers consist of an ar-
ray of small photoelectric-sensitive elements arranged
either linearly or in a two-dimensional pattern on a sin-
gle semiconductor chip. The chip, which is usually sili-
con and typically has dimensions of a few millimeters
on a side, also contains electronic circuitry that makes 1t
possible to determine the electrical output signal from
each of the photosensitive elements either sequentially
or simultaneously. For spectroscopic studies, a multi-
channel transducer is generally placed in the focal plane
of a spectrometer so that various elements of the dis-
persed spectrum can be transduced and measured si-
multaneously.

At the present time three types of multichannel de-
vices are used in commercial spectroscopic instru-

23 For a discussion of multichannel photon detectors, see Y. Talmi,
Appl. Spectrosc., 1982, 36, 1; W. E, Grossman, J. Chem. Educ., 1989,
66, 697; ]. V. Sweedler, Crit. Rev. Anal. Chem., 1993, 24, 50T G
Jones, Anal. Chem., 1985, 57, 1057A.
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Figure 7-30 (a) Schematic of a silicon diode. (b) Forma-
tion of depletion layer, which prevents flow of electricity
under reverse bias.

ments: photodiode arrays (PDAs), charge-injection de-
vices (CIDs), and charge-coupled devices (CCDs). Pho-
todiode arrays are one-dimensional transducers in
which the photosensitive elements are arranged in a line
on the transducer face. In contrast, the individual photo-
sensitive elements of charge-injection and charge-cou-
pled devices are usually formed as two-dimensional ar-
rays. Charge-injection and charge-coupled transducers
both function by collecting photogenerated charges in
various areas of the transducer surface and then measur-
ing the quantity of charge accumulated in a brief period.
In both devices, the measurement is accomplished by
transferring the charge from a collection area to a detec-
tion area. For this reason, the two types of transducers
are sometimes called charge-transfer devices (CTDs).
These devices have widespread use as image transduc-
ers for television applications and in astronomy.

Photodiode Arrays

In a photodiode array, the individual photosensitive ele-
ments are small silicon photodiodes each of which con-
sists of a reverse-biased pn junction (see previous sec-
tion). The individual photodiodes are part of a
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Figure 7-31 A reverse-biased linear diode-array detector:
(a) cross section and (b) top view.

large-scale integrated circuit formed on a single silicon
chip. Figure 7-31 shows the geometry of the surface re-
gion of a few of the transducer elements. Each element
consists of a diffused p-type bar in an n-type silicon
substrate to give a surface region that consists of a se-
ries of side-by-side elements that have typical dimen-
sions of 2.5 by 0.025 mm (Figure 7-31b). Light that is
incident upon these elements creates charges in both the
p and n regions. The positive charges are collected and
stored in the p-type bars for subsequent integration (the
charges formed in the n-regions divide themselves pro-
portionally between the two adjacent p-regions). The
number of transducer elements in a chip ranges from 64
t0 4096 with 1024 being perhaps the most widely used.

The integrated circuit that makes up a diode array
also contains a storage capacitor and switch for each
diode as well as a circuit for sequentially scanning the
individual diode-capacitor circuits. Figure 7-32 is a
simplified diagram that shows the arrangement of these
components. Note that in parallel with each photodiode
is a companion 10-pF storage capacitor. Each diode-ca-
pacitor pair is sequentially connected to a common out-
put line by the N-bit shift register and the transistor
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switches. The shift register sequentially closes each of
these switches momentarily causing the capacitor to be
charged to —5 V, which then creates a reverse bias
across the pn junction of the detector. Radiation that im-
pinges upon the depletion layer in either the p or the n
region forms charges (electrons and holes) that create a
current that partially discharges the capacitor in the cir-
cuit. The capacitor charge that is lost in this way 1s re-
placed during the next cycle. The resultant charging
current is integrated by the preamplifier circuit, which
produces a voltage that is proportional to the radiant in-
tensity. After amplification, the analog signal from the
preamplifier passes into an analog-to-digital converter
and to a microprocessor that controls the readout.

In using a diode-array transducer, the slit width of
the spectrometer is usually adjusted so that the image of
the entrance slit just fills the surface area of one of the
diodes that make up the array. Thus the information ob-
tained is equivalent to that recorded during scanning
with a traditional spectrophotometer. With the array,
however, information about the entire spectrum is accu-
mulated essentially simultaneously and in discrete ele-
ments rather than in a continuous way.

Some of the photoconductor transducers men-
tioned in the previous section can also be fabricated into
linear arrays for use in the infrared region.

Charge-Transfer Devices

Photodiode arrays cannot match the performance of
photomultiplier tubes with respect to sensitivity, dy-
namic range, and signal-to-noise ratio. Thus, their use
has been limited to experiments in which the multichan-
nel advantage outweighs their shortcomings. In contrast,
performance characteristics of charge-transfer devices
appear to approach those of photomultiplier tubes in ad-
dition to having the multichannel advantage. As a conse-
quence this type of transducer is now appearing in ever-
increasing numbers in modern spectroscopic instru-
ments.2* A further advantage of charge-transfer devices
is that they are two dimensional in the sense that indi-
vidual transducer elements are arranged in rows and
columns. For example, one detector that we describe in
the next section consists of 244 rows of transducer ele-

24 For details on charge-transfer devices, see J. V. Sweedler, Crit. Rev.
Anal, Chem., 1993, 24, 59; ]. V. Sweedler, R. B. Bilhorn, P. M. Ep-
person, G. R. Sims, and M. B. Denton, Anal. Chem., 1988, 60,
282A, 327A; Charge-Transfer Devices in Spectroscopy, ]. V. Sweedler,
K. L. Ratzlaff, and M. B. Denton, Eds. New York: Wiley, 1994.
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Figure 7-32 Block diagram of a photodiode-array detector chip.

ments, each row composed of 388 detector elements, re-
sulting in a two-dimensional array of 19,672 individual
transducers , or pixels, on a silicon chip with dimensions
of 6.5 mm by 8.7 mm. With this device, it is possible to
record an entire two-dimensional spectrum from an
echelle spectrometer (Figure 7-21) simultaneously.
Charge-transfer devices operate much like a photo-
graphic film in that they integrate signal information as
radiation strikes them. Figure 7-33 is a cross-sectional
depiction of one of the pixels that composes a charge-
transfer array. In this case, the pixel consists of two con-
ductive electrodes that overlie an insulating layer of sil-
ica (note that a pixel in some charge-transfer devices is
made up of more than two electrodes). This silica layer
separates the electrodes from a region of n-doped sili-
con. This assemblage constitutes a metal oxide semi-
conductor capacitor that stores the charges formed
when radiation strikes the doped silicon. When, as
shown, a negative charge is applied to the electrodes, a
charge inversion region is created under the electrodes,
which is energetically favorable for the storage of holes.
The mobile holes created by the absorption of photons
then migrate and collect in this region. Typically, this
region, which is called a potential well, is capable of
holding as many as 10° to 10° charges before overflow-
ing into an adjacent pixel. In the figure, one electrode is
shown as more negative than the other, making the ac-
cumulation of charge under this electrode more favor-
able. The amount of charge generated during exposure
to radiation is measured in either of two ways. In a
charge-injection device, the voltage change that arises
from movement of the charge from the region under one

electrode to the region under the other is measured. In a
charge-coupled device, the charge is moved to a charge-
sensing amplifier for measurement.

Charge-Injection Devices. Figure 7-34 is a simpli-
fied diagram that shows the steps involved in the collec-
tion, storage, and measurement of the charge generated
when one pixel of a semiconductor is exposed to pho-
tons. To monitor the intensity of the radiation that strikes
the sensor element, the potentials applied to the capaci-
tors are cycled as shown in steps (a) through (d) in the
figure. In step (a), negative potentials are applied to the
two electrodes, which leads to formation of potential
wells that collect and store holes formed in the n layer by
absorption of photons. Because the electrode on the right
is at a more negative potential, all the holes are retained
under this electrode initially. The magnitude of the
charge collected in some brief time interval is deter-
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he
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Figure 7-33 Cross section of a CTD detector in the
charge integration mode. The positive hole produced by
the photon hv is collected under the negative electrode.
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10V Figure 7-34 Duty cycle of a charge-injec-
-+ tion device: (a) production and storage of
charge, (b) first charge measurement,
[ (c) second charge measurement after charge
transfer, (d) reinjection of charge into the

semiconductor.
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mined in steps (b) and (¢). In (b), the potential of the ca-
pacitor on the left (V) is determined after removal of its
applied potential. In step (c), the holes that have accumu-
lated on the right electrode are transferred to the poten-
tial well under the left electrode by switching the poten-
tial applied to the former from negative to positive. The
new potential of the electrode V; is then measured. The
magnitude of the accumulated charge is determined
from the difference in potential (V; — Va). In step (d), the
detector is returned to its original state by applying posi-
tive potentials to both electrodes, which cause the holes
to migrate toward the substrate. As an alternative to step
(d), however, the detector can be returned to the condi-
tion shown in (a) without the loss of charge that has al-
ready accumulated. This process is called the nonde-

structive readout mode (NDRO). A major advantage of

charge-injection devices over charge-coupled devices is
that successive measurements can be made while inte-
gration is taking place.

¥+ +
+ + + +
n-type Si

(c) Measure V,

As was true for the diode-array detector, the chip
that contains the array of charge-injection transducer el-
ements also contains appropriate integrated circuits for
performing the cycling and measuring steps.

Charge-Coupled Device. Charge-coupled devices
are marketed by several manufacturers and come in a
variety of shapes and forms. Figure 7-35a illustrates the
arrangement of individual detectors in a typical array
that is made up of 512 X 320 pixels. Note that in this
case the semiconductor is formed from p-type silicon,
and the capacitor is biased positively so that electrons
formed by the absorption of radiation collect in the well
below the electrode, whereas holes move away from the
n-type layer toward the substrate. Note also that each
pixel is made up of three electrodes (labeled 1. 2, and 3
in Figure 7-35b) rather than two electrodes as in the
charge-injection device. To measure the accumulated
charge, a three-phase clock circuit is used to shift the
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I 512 Figure 7-35 A charge-coupled device array:
(a) arrangement of 512 X 320 pixels and
(b) schematic showing four of the individual de-
tectors.
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charge in a stepwise manner to the right to the high-
speed shift register shown in Figure 7-35a. The charges
are then transferred downward to a preamplifier and
then to the readout. Thus, a row-by-row scan of the de-
tector surface is accomplished. In contrast to the charge
injection device, the readout in this case neutralizes the
accumulated charge. The charge-coupled device offers
the advantage of greater sensitivity to low light levels.
A disadvantage in some cases, however, is the destruc-
tive nature of the readout process.

7E-4 Photoconductivity Transducers

The most sensitive transducers for monitoring radiation
in the near-infrared region (0.75 to 3 um) are semicon-
ductors whose resistances decrease when they absorb
radiation within this range. The useful range of photo-
conductors can be extended into the far-infrared region
by cooling to suppress noise that arises from thermally
induced transitions among closely lying energy levels.
This application of photoconductors is important in in-
frared Fourier transform instrumentation. Crystalline
semiconductors are formed from the sulfides, selenides,
and stibnides of such metals as lead, cadmium, gallium,
and indium. Absorption of radiation by these materials
promotes some of their bound electrons into an energy

Optical input

electrode (gate)

state in which they are free to conduct electricity. The
resulting change in conductivity can then be measured
with a circuit such as that shown in Figure 3-10a.

Lead sulfide is the most widely used photoconduc-
tive material that offers the advantage that it can be used
at room temperature. Lead sulfide transducers are sensi-
tive in the region between 0.8 and 3 wm (12,500 to 3300
cm~!). A thin layer of this compound is deposited on
glass or quartz plates to form the cell. The entire assem-
bly is then sealed in an evacuated container to protect
the semiconductor from reaction with the atmosphere.
The sensitivity of cadmium sulfide, cadmium selenide,
and lead sulfide transducers is shown by curves B, D,
and G in Figure 7-25.

7E-5 Thermal Transducers25

The convenient phototransducers just considered are
generally not applicable in the infrared because photons
in this region lack the energy to cause photoemission of
electrons. Thus, thermal transducers or transducers

%5 For a good discussion of optical radiation transducers of all types,
including thermal detectors, see E. L. Dereniak and G. D. Growe,
Optical Radiation Detectors, New York: Wiley, 1984,



based upon photoconduction (see Section 7E-4) must
be employed. Neither of these is as satisfactory as pho-
ton transducers.

In thermal transducers, the radiation impinges upon
and is absorbed by a small blackbody; the resultant tem-
perature rise is measured. The radiant power level from
a typical infrared beam is minute (1077 to 1072 W), so
that the heat capacity of the absorbing element must be
as small as possible if a detectable temperature change
is to be produced. Every effort is made to minimize the
size and thickness of the absorbing element and to con-
centrate the entire infrared beam on' its surface. Under
the best of circumstances, temperature changes are con-
fined to a few thousandths of a kelvin.

The problem of measuring infrared radiation by
thermal means is compounded by thermal noise from
the surroundings. For this reason, thermal detectors are
housed in a vacuum and are carefully shielded from
thermal radiation emitted by other nearby objects. To
further minimize the effects of extraneous heat sources,
the beam from the source is generally chopped. In this
way, the analyte signal, after transduction, has the fre-
quency of the chopper and can be readily separated
electronically from extraneous noise, which ordinarily
varies only slowly with time.

Thermocouples

In its simplest form, a thermocouple consists of a pair of
junctions formed when two pieces of a metal such as
copper are fused to each end of a dissimilar metal such
as constantan as shown in Figure 3-11. Between the two
junctions a potential develops that varies with the dif-
ference in temperature of the junctions.

The transducer junction for infrared radiation is
formed from very fine wires of bismuth and antimony
or alternatively by evaporating the metals onto a non-
conducting support. In either case, the junction is usu-
ally blackened to improve its heat-absorbing capacity
and sealed in an evacuated chamber with a window that
is transparent to infrared radiation.

The reference junction, which is usually housed in
the same chamber as the active junction, is designed to
have a relatively large heat capacity and is carefully
shielded from the incident radiation. Because the ana-
lyte signal is chopped, only the difference in tempera-
ture between the two junctions is important; therefore,
the reference junction does not need to be maintained at
constant temperature. To enhance sensitivity, several
thermocouples may be connected in series to fabricate
what is called a thermopile.
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A well-designed thermocouple transducer is capa-
ble of responding to temperature differences of 107¢ K.
This difference corresponds to a potential difference of
about 6 to 8 wWV/pW. The thermocouple of an infrared
detector is a low-impedance device that is usually con-
nected to a high-impedance differential preamplifier,
such as the field-effect transistor circuit shown in Fig-
ure 7-36. A voltage follower, such as that shown in Fig-
ure 3-7, is also used as a signal conditioner in thermo-
couple detector circuits.

Bolometers

A bolometer is a type of resistance thermometer con-
structed of strips of metals such as platinum or nickel,
or from a semiconductor; the latter devices are often
called thermistors. These materials exhibit a relatively
large change in resistance as a function of temperature.
The responsive element is kept small and blackened to
absorb radiant heat. Bolometers are not so extensively
used as other infrared transducers for the mid-infrared
region. However, a germanium bolometer, operated at
1.5 K, is nearly an ideal transducer for radiation in the 5
to 400 cm ™! (2000 to 25 wm) range.

Pyroelectric Transducers

Pyroelectric transducers are constructed from single
crystalline wafers of pyroelectric materials, which are
insulators (dielectric materials) with very special ther-
mal and electrical properties. Triglycine sulfate,
(NH,CH,COOH); - H,SO4 (usually deuterated or with
a fraction of the glycines replaced with alanine), is the
most important pyroelectric material used in the con-
struction of infrared transducers.

When an electric field is applied across any dielec-
tric material, electric polarization takes place whose
magnitude is a function of the dielectric constant of the
material. For most dielectrics, this induced polarization
rapidly decays to zero when the external field is re-
moved. Pyroelectric substances, in contrast, retain a
strong temperature-dependent polarization after re-
moval of the field. Thus, by sandwiching the pyroelec-
tric crystal between two electrodes (one of which is in-
frared transparent) a temperature-dependent capacitor
is produced. Changing its temperature by irradiating it
with infrared radiation alters the charge distribution
across the crystal, which creates a measurable current in
an external electric circuit that connects the two sides of
the capacitor. The magnitude of this current is propor-
tional to the surface area of the crystal and to its rate of
change of polarization with temperature. Pyroelectric
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crystals loose their residual polarization when they are
heated to a temperature called the Curie point. For
triglycine sulfate, the Curie point is 47°C.

Pyroelectric transducers exhibit response times that
are fast enough to allow them to track the changes in the
time-domain signal from an interferometer. For this rea-
son, most Fourier transform infrared spectrometers em-
ploy this type of transducer.

7F SIGNAL PROCESSORS
AND READOUTS

The signal processor is ordinarily an electronic device
that amplifies the electrical signal from the transducer.
In addition, it may alter the signal from dc to ac (or the
reverse), change the phase of the signal, and filter it to
remove unwanted components. Furthermore, the signal
processor may be called upon to perform such mathe-
matical operations on the signal as differentiation, inte-
gration, or conversion to a logarithm.

Several types of readout devices are found in mod-
ern instruments. Some of these devices include the
d'Arsonval meter, digital meters, the scales of poten-
tiometers, recorders, and cathode-ray tubes.

7F-1 Photon Counting

The output from a photomultiplier tube consists of a
pulse of electrons for each photon that reaches the de-
tector surface. Ordinarily this analog signal is filtered to

e i

remove undesirable fluctuations due to the random ap-
pearance of photons at the photocathode and measured
as a dc voltage or current. If, however, the intensity of
the radiation is too low to provide a satisfactory signal-
to-noise ratio, it is possible, and often advantageous, to
convert the analog signal to a train of digital pulses that
may then be counted as discussed in Section 4C. Here,
radiant power is proportional to the number of pulses
per unit time rather than to an average current or poten-
tial. A measurement of this type is termed photon count-
ing.

Counting techniques have been used for many
years for measuring the power of X-ray beams and of
radiation produced by the decay of radioactive species
(these techniques are considered in detail in Chapters
12 and 32). Photon counting has also been applied to ul-
traviolet and visible radiation.?® Here, the output of a
photomultiplier tube is employed. In the previous sec-
tion it was indicated that a single photon that strikes the
cathode of a photomultiplier ulimately leads to a cas-
cade of 10° to 107 electrons, which produces a pulse of
current that can be amplified and counted.

Generally, the equipment for photon counting is
similar to that shown in Figure 4-2 in which a compara-
tor rejects pulses unless they exceed some predeter-
mined minimum voltage. Comparators are useful for
this task because dark current and instrument noise are

26 For a review of photon counting, see H. ]. Malmstadt, M. L.
Franklin, and G. Horlick, Anal. Chem., 1972, 44 (8), 63A.



often significantly smaller than the signal pulse and are
thus not counted; an improved signal-to-noise ratio re-
sults.

Photon counting has a number of advantages over
analog-signal processing, including improved signal-to-
noise ratio, sensitivity to low radiation levels, improved
precision for a given measurement time, and lowered
sensitivity to photomultiplier tube voltage and tempera-
ture fluctuations. The required equipment is, however,
more complex and expensive; the technique has thus
not been widely applied for routine molecular absorp-
tion measurements in the ultraviolet and visible regions.
It has, however, become the detection method of choice
in fluorescence, chemiluminescence, and Raman spec-
trometry, where radiant power levels are low.

7G FIBER OPTICS

In the late 1960s, there began to appear on the market
analytical instruments that contained fiber optics for
transmitting radiation and images from one component
of the instrument to another. These useful devices have
added a new dimension to optical instrument designs.?”

7G-1 Properties of Optical Fibers

Optical fibers are fine strands of glass or plastic that are
capable of transmitting radiation for distances of sev-
eral hundred feet or more. The diameter of optical fibers
range from 0.05 pm to as large as 0.6 cm. Where im-
ages are to be transmitted, bundles of fibers, fused on
the ends, are employed. A major application of these
fiber bundles has been in medical diagnoses, where
their flexibility permits transmission of images of or-

#"For a review of applications of fiber optics, see 1. Chabay, Anal.
Chem., 1982, 54, 1071A and J. K. Crum, Anal. Chem., 1969, 41,
26A.
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gans through tortuous pathways to the physician. Filter
optics are used not only for observation but also for il-
lumination of objects; here, the ability to illuminate
without heating is often of considerable importance.

Light transmission in an optical fiber takes place by
total internal reflection as shown in Figure 7-37. In or-
der for total internal reflections to occur, it is necessary
that the transmitting fiber be coated with a material that
has a refractive index that is somewhat smaller than the
refractive index of the material from which the fiber is
constructed. Thus, a typical glass fiber has a core with a
refractive index of about 1.6 and has a glass sheath
cladding with a refractive index of approximately 1.5.
Typical plastic fibers have a polymethylmethacrylate
core with a refractive index of 1.5 and have a polymer
coating with a refractive index of 1.4.

A fiber, such as that shown in Figure 7-37, will
transmit radiation contained in a limited incident cone
with a half angle shown as 0 in the figure. The numeri-
cal aperture of the fiber provides a measure of the mag-
nitude of the so-called acceptance cone.

By suitable choice of construction materials, fibers
that will transmit ultraviolet, visible. or infrared radia-
tion can be manufactured. Several examples of their ap-
plication to conventional analytical instruments will be
found in the chapters that follow.

7G-2 Fiber-Optic Sensors

Fiber-optic sensors, which are also called optrodes,
consist of a reagent phase immobilized on the end of a
fiber optic.?® Interaction of the analyte with the reagent
creates a change in absorbance, reflectance, fluores-
cence, or luminescence, which is then transmitted to a
detector via the optical fiber. Fiber-optic sensors are

M. A. Amold, Anal. Chem., 1992, 64, 1015A; R. E. Dessy, Anal,
Chem., 1989, 61, 1079A; W. R. Seitz, Anal. Chem., 1984, 56, 16A; S.
Borman, Anal. Chem., 1987, 59, 1161A; [bid., 1986, 58, 766A.

Refractive index
of medium = n;,

Figure 7-37 Schematic of the light path
through an optical fiber.
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generally simple, inexpensive devices that are easily
miniaturized.

7G-3 Fiber Optics for Time
Discrimination among Signals

An ingenious application of optical fibers is based on
the use of strands of different lengths to vary the time of
arrival at a single detector of optical signals from sev-

eral sources. Time-resolved detection then permits the
simultaneous determination of an analyte in several
samples by means of a single detection system.?? Figure
7-38a illustrates how such measurements are accom-
plished. At the heart of the detection system is a star
coupler, a bidirectional device for coupling multiple

29R_L. Steffen and F.E. Lytle, Anal. Chim. Acta, 1987, 200, 491.
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time of arrival of the signals at the transducer: (a) experimental arrangement; (b) output
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fiber optic bundles as illustrated in the figure. Star cou-
plers are typically arranged in an N X N configuration,
where N is the number of input ports and the number of
output ports so that, as in this example of a 3 X 3 coupler,
three fiber optic bundles may be conveniently coupled to
three other bundles. Light entering any one of the six
fibers is distributed approximately equally among all of
the coupled fibers, including the input fiber. In other
words, any light entering the star coupler via a fiber is
distributed so that 1/(2N) of the incoming light emerges
from each of the coupled fibers. In practice, the device is
less than 100% efficient because some of the incoming
light is lost at the coupling interfaces, but the emerging
light is divided approximately equally among the six
coupled fiber optic bundles in our example. It is impot-
tant to recognize that although star couplers are mechan-
ically configured as N X N devices, all 2N of the ports are
identical optically and all of the ports are bidirectional.

In the time-correlated fluorescence experiment
shown in Figure 7-38a, pulses of radiation from a dye
laser pass into port 4 of the star coupler. The device di-
vides the beam into six beams of approximately equal
power, three of which are then directed into optical
fibers 1, 2, and 3, which differ in length by several me-
ters. About one sixth of the laser excitation passes back
through fiber 4 unused. Approximately one third of the
excitation emerges from ports 5 and 6 and passes to the
detection system to serve as a time marker and power
reference. The ends of fibers 1, 2, and 3 are inserted di-
rectly into three sample solutions where their output ex-
cites the analyte; this in turn produces pulses of fluores-
cence emission that travel in a reverse direction through
the fibers as indicated by the arrowheads in Figure
7-38a. These pulses, however, return to the star coupler
at different times. The radiation from sample 1 reaches
the star coupler first via fiber 1 and is divided equally
among all six of the ports. The fluorescence emission
from ports 5 and 6 is then passed into a monochromator
and thence to a nanosecond time-resolved detection
system. At a subsequent time determined by the differ-
ence in the lengths of fiber 1 and fiber 2 and the velocity
of light, the radiation from sample 2 arrives at the star
coupler, and once again, the combined emission from
fibers 5 and 6 is passed onto the detection system. This
process is repeated for each of the sample fibers.

A plot of the output from the time-correlated single
photon counting detection system is presented in Figure
7-38b for an experimental arrangement similar to that in
Figure 7-38a. The system differs from that shown in the
figure in that an 8 X 8 star coupler was used and 8 sam-
ples were analyzed. The data are presented as fluores-
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cence intensity versus time of arrival of photons at the
transducer. Note that there are nine peaks, the first of
which (peak 0) corresponds to the laser excitation pulse
mentioned previously. Peak 1 corresponds to a refer-
ence solution that was used in place of a sample in posi-
tion 1 to correct the other peak intensities for fluctua-
tions in the laser pulse power. Peaks 2 to 8 are
fluorescence emission from the 7 samples. The magni-
tude of the peaks is proportional to the concentration of
the analyte, 2-(1-naphthyl)-5-phenyloxazole, in the
samples. Calibration curves for this detection scheme
were linear over three orders of magnitude, and detec-
tion limits for the analyte were in the millimolar range
and lower.

In the original experiments, optical fibers varying
in length from 41 m to 142 m were used. Note that a
laser pulse is delayed by roughly 50 ns or 0.05 s for
each 10 m of fiber that it traverses; modern electronic
circuitry can easily discriminate among signals on this
time scale. Several star coupler configurations were
tested to determine the feasiblility of the detection
scheme. In one case, a 4 X 4 coupler was used that per-
mitted monitoring the fluorescence from four samples.
By combining a 3 X 3 coupler with an 8 X 8 coupler.
measurements were made on ten samples nearly simul-
taneously.

7H TYPES OF OPTICAL INSTRUMENTS

In this section, we define the terminology we will use to
describe various types of optical instruments. It is im-
portant to realize that the nomenclature proposed here is
not agreed upon and used by all scientists; it is simply a
common nomenclature and the one that will be encoun-
tered throughout this book.

A spectroscope is an optical instrument used for the
visual identification of atomic emission lines. It consists
of a monochromator, such as one of those shown in Fig-
ure 7-16, in which the exit slit is replaced by an eye-
piece that can be moved along the focal plane. The
wavelength of an emission line can then be determined
from the angle between the incident and dispersed beam
when the line is centered on the eyepiece.

We use the term colorimeter to designate an instru-
ment for absorption measurements in which the human
eye serves as the detector using one or more color-com-
parison standards. A photometer consists of a source, a
filter, and a photoelectric transducer as well as a signal
processor and readout. It should be noted that some sci-
entists and instrument manufacturers refer to photome-
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ters as colorimeters or photoelectric colorimeters. Filter
photometers are commercially available for absorption
measurements in the ultraviolet, visible, and infrared re-
gions, as well as emission and fluorescence in the first
two wavelength regions. Photometers designed for fluo-
rescence measurements are also called fluorometers.

A spectrograph is similar in construction to the two
monochromators shown in Figure 7-16 except that the
slit arrangement is replaced with a large aperture that
holds a detector or transducer that is continuously ex-
posed to the entire spectrum of dispersed radiation. His-
torically, the detector was a photographic film or plate.
Currently, however, diode arrays or charge-transfer de-
vices are often used as transducers in spectrographs.

A spectrometer is an instrument that provides in-
formation about the intensity of radiation as a function
of wavelength or frequency. The dispersing modules
in some spectrometers are multichannel so that two
or more frequencies can be viewed simultaneously.
Such instruments are sometimes called polychroma-
tors. A spectrophotometer is a spectrometer equipped
with one or more exit slits and photoelectric transduc-
ers that permit the determination of the ratio of the
power of two beams as a function of wavelength as
in absorption spectroscopy. A spectrophotometer for
fluorescence analysis is sometimes called a spectrofiu-
orometer.

All of the instruments named in this section thus
far employ filters or monochromators to isolate a por-
tion of the spectrum for measurement. A multiplex in-
strument, in contrast, obtains spectral information with-
out first dispersing or filtering the radiation to provide
wavelengths of interest. The term multiplex comes from
communication theory, where it is used to describe sys-
tems in which many sets of information are transported
simultaneously through a single channel. Multiplex an-
alytical instruments then are single-channel devices in
which all components of an analytical response are
collected simultaneously. In order to determine the
magnitude of each of these components, it is neces-
sary to modulate the analyte signal in a way that per-
mits subsequent decoding of the response into its com-
ponents.

Most multiplex analytical instruments depend upon
the Fourier transform (FT) for signal decoding and are
consequently often called Fourier transform spectrome-
ters. Such instruments are by no means confined to op-
tical spectroscopy. Indeed, Fourier transform devices
have been described for nuclear magnetic resonance
spectrometry, mass, and microwave spectroscopy. Sev-

eral of these instruments will be described in some de-
tail in subsequent chapters. The section that follows de-
scribes the principles on which Fourier transform opti-
cal spectrometers are based.

71 PRINCIPLES OF FOURIER
TRANSFORM OPTICAL
MEASUREMENTS

Fourier transform spectroscopy was first developed by
astronomers in the early 1950s in order to study the in-
frared spectra of distant stars; only by the Fourier tech-
nique could the very weak signals from these sources be
isolated from environmental noise. The first chemical
applications of Fourier transform spectroscopy, which
were reported approximately a decade later, were to the
energy-starved far-infrared region; by the late 1960s,
instruments for chemical studies in both the far-infrared
(10 to 400 cm ™) and the ordinary infrared regions were
available commercially. Descriptions of Fourier trans-
form instruments for the ultraviolet and visible spectral
regions can also be found in the literature, but their
adoption has been less widespread.*”

71-1 Inherent Advantages of Transform
Spectrometry

There are several major advantages to the use of Fourier
transform instruments. The first is the throughput, or
Jaquinot, advantage, which is realized because Fourier
transform instruments have few optical elements and no
slits to attenuate radiation. As a consequence, the power
of the radiation that reaches the detector is much greater
than that in dispersive instruments, and much greater
signal-to-noise ratios are observed.

A second advantage of Fourier transform instru-
ments is their extremely high resolving power and
wavelength reproducibility that make possible the
analysis of complex spectra in which the sheer number
of lines and spectral overlap make the determination of

3 For more complete discussions of optical Fourier transform spec-
troscopy, consult the following references: A. G. Marshall and F.R.
Verdun, Fourier Transforms in NMR, Optical, and Mass Spectrometry,
New York: Elsevier, 1990; A. G. Marshall, Fourier, Hadamard, and
Hilbert Transforms in Chemistry. New York: Plenum Press, 1982
Transform Techniques in Chemistry, P. R. Griffiths, Ed. New York:
Plenum Press, 1978. For brief reviews, see P. R. Griffiths, Science,
1983, 222, 297; W. D. Perkins, |. Chem. Educ., 1986, 63, A5, A296;
L. Glasser, J. Chem. Educ., 1987, 64, A228, A260, A306.
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Figure 7-39 An iron emission spectrum illustrating the high resolving power of a
Fourier transform emission spectrometer. (Reprinted with permission from A, P. Thorne, Anal.
Chem., 199, 63, 63A. Copyright 1991 American Chemical Society.)

individual spectral features difficult. Figure 7-39, which
is part of an emission spectrum for a steel, illustrates
this advantage. The spectrum, which in Figure 7-39 ex-
tends from only 299.85 to 300.75 nm, contains 13 well-
separated lines of three elements. The wavelength reso-
lution (AN/N) for the closest pair of lines is about 6 ppm.

A third advantage arises because all elements of the
source reach the detector simultaneously. This charac-
teristic makes it possible to obtain data for an entire
spectrum in one second or less. Let us examine the con-
sequences of this last advantage in further detail.

For purposes of this discussion, it is convenient to
think of an experimentally derived spectrum as made
up of m individual transmittance measurements at
equally spaced frequency or wavelength intervals
called resolution elements. The quality of the spec-
trum—that is, the amount of spectral detail—increases
as the number of resolution elements becomes larger or
as the frequency intervals between measurements be-
come smaller.3! Thus, in order to increase spectral qual-

3 With a recording spectrophotometer, of course, individual point-
by-point measurements are not made; nevertheless, the idea of a
resolution element is useful, and the ideas generated from it apply
to recording instruments as well,

ity, m must be made larger; clearly, increasing the num-
ber of resolution elements must also increase the time
required for obtaining a spectrum with a scanning in-
strument.

Consider, for example, the derivation of an infrared
spectrum from 500 to 5000 em™!. If resolution ele-
ments of 3 cm ™! were chosen, m would be 1500; if 0.5
s were required for recording the transmittance of each
resolution element, 750 s or 12.5 min would be needed
to obtain the spectrum. Reducing the width of the reso-
lution element to 1.5 em™! would be expected to pro-
vide significantly greater spectral detail; it would also
double the number of resolution elements as well as the
time required for their measurement.

For most optical instruments, particularly those de-
signed for the infrared region, decreasing the width of
the resolution element has the unfortunate effect of de-
creasing the signal-to-noise ratio because narrower slits
must be used, which lead to weaker source signals that
reach the transducer. For infrared detectors, the reduc-
tion in signal strength is not, however, accompanied by
a corresponding decrease in detector noise. Therefore, a
degradation in signal-to-noise ratio results.

On page 108, it was pointed out that marked im-
provements in signal-to-noise ratios accompany signal
averaging. Here, it was shown (Equation 5-11) that the
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signal-to-noise ratio S/N for the average of n measure-
ments is given by

L >
N n
> (8. — S

i=1

= % Vin (7-20)

where S, and N, are the averaged signal and noise. The
application of signal averaging to conventional spec-
troscopy is, unfortunately, costly in terms of time. Thus,
in the example just considered, 750 s were required to
obtain a spectrum of 1500 resolution elements. To im-
prove the signal-to-noise ratio by a factor of 2 would re-
quire averaging 4 spectra, which would then require
4 X 750 s or 50 min.

Fourier transform spectroscopy differs from con-
ventional spectroscopy in that all of the resolution ele-
ments for a spectrum are measured simultaneously, thus
reducing enormously the time required to obtain a spec-
trum at any chosen signal-to-noise ratio. An entire spec-
trum of 1500 resolution elements can then be recorded
in about the time required to observe just one element
by conventional spectroscopy (0.5 s in our earlier exam-
ple). This large decrease in observation time is often
used to markedly enhance the signal-to-noise ratio of
Fourier transform measurements. For example, in the
750 s required to derive the spectrum by scanning, 1500
Fourier transform spectra could be recorded and aver-
aged. According to Equation 7-20, the improvement in
signal-to-noise ratio would be V 1500 or about 39. This
inherent advantage of Fourier transform spectroscopy
was first recognized by P. Fellgett in 1958 and is termed
the Fellgett, or multiplex, advantage. It is worth noting
here that for several reasons, the theoretical Vn im-
provement in S/N is seldom entirely realized. Nonethe-
less, major gains in signal-to-noise ratios are generally
observed with the Fourier transform technique.

The multiplex advantage is important enough so
that nearly all infrared spectrometers are of the Fourier
transform type. Fourier transform instruments are much
less common for the ultraviolet, visible, and near-in-
frared regions, however, because signal-to-noise limita-
tions for spectral measurements with these types of ra-
diation seldom lies in detector noise but instead in shot
noise and flicker noise associated with the source. In
contrast to detector noise, the magnitudes of both shot
and flicker noise increase as the power of the signal in-
creases. Furthermore, the total noise for all of the reso-
lution elements in a Fourier transform measurement
tends to be averaged and spread out uniformly over the

entire transformed spectrum. Thus, the signal-to-noise
ratio for strong peaks in the presence of weak peaks is
improved by averaging but degraded for the weaker
peaks. For flicker noise, such as is encountered in the
background radiation from many spectral sources,
degradation of S/N for all peaks is observed. This effect
is sometimes termed the multiplex disadvantage and is
largely responsible for the fact the Fourier transform
has not been widely applied for ultraviolet/visible spec-
troscopy. 2

71-2 Time-Domain Spectroscopy

Conventional spectroscopy can be termed frequency-
domain spectroscopy in that radiant power data are
recorded as a function of frequency or the inversely re-
lated wavelength. In contrast, #ime-domain spec-
troscopy, which can be achieved by the Fourier trans-
form, is concerned with changes in radiant power with
time. Figure 7-40 illustrates the difference.

The plots in Figures 7-40c and 7-40d are conven-
tional spectra of two monochromatic sources with fre-
quencies »; and v, Hz. The curve in Figure 7-40e is the
spectrum of a source that contains both frequencies. In
each case, some measure of the radiant power, P(v) is
plotted with respect to the frequency in hertz. The sym-
bol in parentheses is added to emphasize the frequency
dependence of the power; time-domain power will be
indicated by P(1).

The curves in Figure 7-40a show the time-domain
spectra for each of the monochromatic sources. The two
have been plotted together in order to make the small
frequency difference between them more obvious.
Here, the instantaneous power P(r) is plotted as a func-
tion of time. The curve in Figure 7-40b is the time-do-
main spectrum of the source that contains the two fre-
quencies. As is shown by the horizontal arrow, the plot
exhibits a periodicity or bear as the two waves go in and
out of phase.

Examination of Figure 7-41 reveals that the time-
domain signal from a source that contains several wave-
lengths is considerably more complex than those shown
in Figure 7-40. Because a large number of wavelengths
are involved, a full cycle is not completed in the time
period shown. To be sure, a pattern of beats can be ob-

32 For a further description of this multiplex disadvantage in atomic
spectroscopy, see A. P. Thormne, Anal. Chem., 1991, 63, 62A-63A; A.
G, Marshall and F R. Verdun, Fourier Transforms in NMR, Optical,
and Mass Spectrometry, Chapter 5. New York: Elsevier, 1990.
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Figure 7-40 Illustrations of (1) time-domain plots (a) and (b) and (2) frequency-domain

plots (c), (d), and (e).

served as certain wavelengths pass in and out of phase.
In general, the signal power decreases with time as a
consequence of the various closely spaced wavelengths
becoming more and more out of phase.

It is important to appreciate that a time-domain sig-
nal contains the same information as a spectrum does in
the frequency domain, and in fact, one can be converted
to the other by numerical computations. Thus, Figure
7-40b was derived from Figure 7-40e by means of the
equation

P(t) = k cos (2mvyt) + k cos (2mwat)  (7-21)

where k is a constant and  is the time. The difference in
frequency between the two lines was approximately
10% of ».

The interconversion of time- and frequency-do-
main signals is exceedingly complex and mathemati-
cally tedious when more than a few lines are involved;
the operation is only practical with a high-speed com-
puter.

71-3 Obtaining Time-Domain Spectra
with a Michelson Interferometer

Time-domain signals, such as those shown in Figures 7-
40 and 7-41, cannot be acquired experimentally with ra-
diation of the frequency range that is associated with op-
tical spectroscopy (102 to 1019 Hz) because there are no
transducers that will respond to power variations at these
enormous frequencies. Thus, a typical transducer yields
a signal that corresponds to the average power of a high-
frequency signal and not to its periodic variation. To ob-
tain time-domain signals requires, therefore, a method of
converting (or modulating) a high-frequency signal to
one of measurable frequency without distorting the time
relationships carried in the signal; that is, the frequencies
in the modulated signal must be directly proportional to
those in the original. Different signal-modulation proce-
dures are employed for the various wavelength regions
of the spectrum. The Michelson interferometer is used
extensively to modulate radiation in the optical region.
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P(r)
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Figure 7-41 Time-domain signal of a source made up of
several wavelengths.

The device used for modulating optical radiation is
an interferometer similar in design to one first described
by Michelson late in the nineteenth century. The
Michelson interferometer is a device that splits a beam
of radiation into two beams of nearly equal power and
then recombines them in such a way that intensity vari-
ations of the combined beam can be measured as a
function of differences in the lengths of the paths of the
two beams. Figure 7-42 is a schematic of such an inter-
ferometer as it is used for optical Fourier transform
spectroscopy.
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As shown in Figure 7-42, a beam of radiation from
a source is collimated and impinges on a beam splitter,
which transmits approximately half of the radiation and
reflects the other half. The resulting twin beams are then
reflected from mirrors, one of which is fixed and the
other of which is movable. The beams then meet again
at the beam splitter, with half of each beam directed to-
ward the sample and detector and the other two halves
directed back toward the source. Only the two halves
that pass through the sample to the detector are em-
ployed for analytical purposes, although the other
halves contain the same information about the source.

Horizontal motion of the movable mirror causes
the power of the radiation that reaches the detector to
fluctuate in a predictable manner. When the two mirrors
are equidistant from the splitter (position 0 in Figure
7-42), the two parts of the recombined beam are pre-
cisely in phase and the power is a maximum. For a
monochromatic source, motion of the movable mirror
in either direction by a distance equal to exactly one-
quarter wavelength (position B or C in the figure)
changes the path length of the corresponding reflected
beam by one-half wavelength (one-quarter wavelength
for each direction). Under this circumstance, destruc-
tive interference reduces the radiant power of the re-
combined beams to zero. Further motion to A and D
brings the two halves back in phase so that constructive
interference again occurs.

Beam-splitting mirror

Figure 7-42 Schematic of a Michelson inter-
ferometer illuminated by a monochromatic
source.



The difference in path lengths for the two beams,
2(M — F) in the figure is termed the retardation 6. A
plot of the output power from the detector versus & is
called an interferogram; for monochromatic radiation,
the interferogram takes the form of a cosine curve such
as that shown in the lower left of Figure 7-42 (cosine
rather than sine because the power is always a maxi-
mum when 8 is zero and the two paths are identical).

The radiation striking the detector affer passing
through a Michelson interferometer will generally be
much lower in frequency than the source frequency.
The relationship between the two frequencies is derived
by reference to P(r) versus & plot in Figure 7-42. One
cycle of the signal occurs when the mirror moves a dis-
tance that corresponds to one half a wavelength (A/2). If
the mirror is moving at a constant velocity of vy, and
we define T as time required for the mirror to move A/2
¢m, we may write

VT = (7-22)

0| >

The frequency [ of the signal at the detector is simply
the reciprocal of 7, or

1 Var 21-‘M
=— === 7-23
f T N2 A { )

We may also relate this frequency to the wavenumber »
of the radiation. Thus,

f= 2w

The relationship between the optical frequency of
the radiation and the frequency of the interferogram is
obtained by substitution of X = ¢/ into Equation 7-23.
Thus,

(7-24)

ZL*M

= v

¢

(7-25)

where » is the frequency of the radiation and ¢ is the
velocity of light (3 X 10'0 em/s). When] v is constant,
it is evident that the interferogram frequency [ is di-
rectly proportional to the optical frequency v. Further-
more, the proportionality constant will generally be a
very small number. For example, if the mirror is driven
atarate of 1.5 cm/s,

2vy _ 2 X 15cmls — {010

e 3% 100 cmis

and

f=10"19,

1E
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As shown by the following example, the frequency of
visible and infrared radiation is readily modulated into
the audio range by a Michelson interferometer.
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LEXAMPLE 7-3

16 pm X 10~% em/pm

L
|[ Calculate the frequency range of a modulated signal
( from a Michelson interferometer with a mirror veloc-
L ity of 0.20 em/s, for visible radiation of 700 nm and
l[ infrared radiation of 16 pm (4.3 X 10 to 1.9 X
L 1013 Hz).
i: Employing Equation 7-23, we find
t
L 2 X 0.20 cm/s

= = 5700 Hz
l[ /i 700 nm X 10~7 ecm/nm
- 2 X 0.20 cm/s
L f = 250 Hz
-

Certain types of visible and infrared transducers
are capable of following fluctuations in signal power
that fall into the audio-frequency range. Thus, it be-
comes possible to record a modulated time-domain sig-
nal that reflects exactly the appearance of the very high-
frequency time-domain signal from a visible or infrared
source. Figure 7-43 shows three examples of such time-
domain interferograms on the left and their frequency-
domain spectra on the right.

Fourier Transformation of Interferograms

The cosine wave of the interferogram shown in Figure

7-43a (and also in Figure 7-42) can be described in the-

ory by the equation
P(d) =

P(v) cos 2m7ft (7-26)

ta | —

where P(v) is the radiant power of the beam that is inci-
dent upon the interferometer and P(8) is the amplitude
or power of the interferogram signal. The parenthetical
symbols emphasize that one power is in the frequency
domain and the other is in the time domain. In practice,
the foregoing equation is modified to take into account
the fact that the interferometer ordinarily will not split
the source exactly in half and that the detector response
and the amplifier behavior are frequency dependent.
Thus, it is useful to introduce a new variable B(v)
which depends upon P(¥) but also takes these factors
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Figure 7-43 Comparison of interferograms and optical spectra.

into account. Therefore, we rewrite the equation in the

form
P(d) = B(v) cos 2mft (7-27)

Substitution of Equation 7-24 into Equation 7-26 leads
to

P(d) = B(v) cos dmvywit (7-28)

But the mirror velocity can be expressed in terms of re-
tardation or

]

Yy = —
e

Substitution of this relationship into Equation 7-28
gives

P(d) = B(¥) cos 2mdv

which expresses the magnitude of the interferogram
signal as a function of the retardation factor and the
wavenumber of the optical input signal.

The interferograms shown in Figure 7-43b can be
described by two terms, one for each wavenumber.
Thus,

P(d) = By(¥) cos 2mwd¥; + By(v) cos 27mov2 (7-29)

For a continuum source, as in Figure 7-43c, the in-
terferogram can be represented as a sum of an infinite
number of cosine terms. That is,

SES
P®) = | _B@)cos2mvddy  (1-30)
The Fourier transform of this integral is
oo
B(v) = J_M P(d) cos 2mrddd (7-31)



A complete Fourier transformation requires both real
(cosine) and imaginary (sine) components; we have
presented only the cosine part, which is sufficient for
manipulating real/even functions.

Optical Fourier transform spectroscopy consists of
recording P(8) as a function of & (Equation 7-30) and
then mathematically transforming this relation to one
that gives B(v) as a function of 7 (the frequency spec-
trum) as shown by Equation 7-31.

Equations 7-30 and 7-31 cannot be employed as
written because they assume that the beam contains ra-
diation from zero to infinite wavenumbers and a mirror
drive of infinite length. Furthermore, Fourier transfor-
mations with a computer require that the detector output
be digitized; that is, the output must be sampled period-
ically and stored in digital form. Equation 7-31 how-
ever, demands that the sampling intervals dd be infi-
nitely small; that is, d® — 0. From a practical
standpoint, only a finite-sized sampling interval can be
summed over a finite retardation range of a few cen-
timeters. These constraints have the effect of limiting
the resolution of a Fourier transform instrument and re-
stricting its frequency range.

Resolution

The resolution of a Fourier transform spectrometer can
be described in terms of the difference in wavenumber
between two lines that can be just separated by the in-
strument. That is,

AV = b — % (7-32)

where » and v are wavenumbers for a pair of barely
resolvable lines.

It is possible to show that in order to resolve two
lines, the time-domain signal must be scanned long
enough so that one complete cycle or beat for the two
lines is completed; only then will all of the information
contained in the spectrum have been recorded. For ex-
ample, resolution of the two lines 7; and ¥; in Figure
7-43b requires recording the interferogram from the
maximum A at zero retardation to the maximum B
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where the two waves are again in phase. The maximum
at B occurs, however, when 87, is larger than 87, by
| in Equation 7-29. That is, when

ovy — dp; = 1

or

Substitution into Equation 7-32 reveals that the resolu-
tion is given by
SR | e I
Ay =7 — ¥ = — (7-33)
o
This equation means that resolution in wavenum-
bers will improve in proportion to the reciprocal of the
distance that the mirror travels.
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IEEXAMPLE 7-4

L What length of mirror drive will provide a resolution

f: of 0.1 em™!? Substituting into Equation 7-33 gives
i

- 0.1 = =

ﬁ E

L.

L 6 =10 cm

L

L The mirror motion required is one half the retarda-
k tion, or 5 cm.

Instruments

Details about modern Fourier transform optical spec-
trometers are found in Section 16C-1. An integral part
of these instruments is a sophisticated computer for
controlling data acquisition, for storing data, for signal
averaging, and for performing the Fourier transforma-
tions.
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7] QUESTIONS AND PROBLEMS

7-1 Why must the slit width of a prism monochromator be varied to provide constant ef-
fective bandwidths whereas a nearly constant slit width may be used with a grating

monochromator?
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7-2

7-4

7-5

7-6
7-7
7-8

7-10

7-11

7-12

7-13

7-14

7-15

Why do quantitative and qualitative analyses often require different monochromator
slit widths?

The Wien displacement law states that the wavelength maximum in micrometers for
blackbody radiation is given by the relationship

AmaxT = 2:90 X 103

where T'is the temperature in kelvin. Calculate the wavelength maximum for a black-
body that has been heated to (a) 4000 K, (b) 2000 K, and (c) 1000 K.

Stefan’s law states that the total energy Ey emitted by a blackbody per unit time and per
unit area is given by Ey = oT* where a has a value of 5.69 X 1078 W M2 K~
Calculate the total energy output in W/m? for each of the blackbodies described in
Problem 7-3.

Relationships described in Problems 7-3 and 7-4 may be of help in solving the follow-

ing.

(a) Calculate the wavelength of maximum emission of a tungsten filament bulb oper-
ated at the usual temperature of 2870 K and at a temperature of 3000 K.

(b) Calculate the total energy output of the bulb in terms of W/cm?.

Contrast spontaneous and stimulated emission.
Describe the advantage of a four-level laser system over a three-level type.
Define the term effective bandwidth of a filter.

An interference filter is to be constructed for isolation of the CS; absorption band at

4.54 pm.

(a) If it is to be based upon first-order interference, what should be the thickness of the
dielectric layer (refractive index of 1.34)?

(b) What other wavelengths would be transmitted?

A 10.0-cm interference wedge is to be built that has a linear dispersion from 400 to 700
nm. Describe details of its construction. Assume that a dielectric with a refractive index
of 1.32 is to be employed.

Why is glass better than fused silica as a prism construction material for a monochro-
mator to be used in the region of 400 to 800 nm?

For a grating, how many lines per millimeter would be required in order for the first-or-
der diffraction line for A = 500 nm to be observed at a refiection angle of 10 deg when
the angle of incidence is 60 deg?

Consider an infrared grating with 72.0 lines per millimeter and 10.0 nm of illuminated
area. Calculate the first-order resolution (A/AX) of this grating. How far apart (in cm™!)
must two lines centered at 1000 cm ™! be if they are to be resolved?

For the grating in Problem 7;13, calculate the wavelengths on the first- and second-or-
der diffraction spectra at reflective angles of (a) 20 deg and (b) 0 deg. Assume the inci-
dent angle is 50 deg.

With the aid of Figures 7-2 and 7-3, suggest instrument components and materials for

constructing an instrument that would be well suited for each of the following pur-

poses:

(a) The investigation of the fine structure of absorption bands in the region of 450 to
750 nm.
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(b) Obtaining absorption spectra in the far infrared (20 to 50 p.m).

(c) A portable device for determining the iron content of natural water based upon the
absorption of radiation by the red Fe(SCN)** complex.

(d) The routine determination of nitrobenzene in air samples based upon its absorption
peak at 11.8 pm.

(e) Determining the wavelengths of flame emission lines for metallic elements in the
region from 200 to 780 nm.

(f) Spectroscopic studies in the vacuum ultraviolet region.

(g) Spectroscopic studies in the near infrared.

7-16 What is the speed of a lens with a diameter of 4.2 cm and a focal length of 8.2 cm?

7-17 Compare the light-gathering power of the lens described in Problem 7-16 with one that
has a diameter of 2.6 cm and a focal length of 8.1 cm.

7-18 A monochromator had a focal length of 1.6 m and a collimating mirror with a diameter
of 2.0 em. The dispersing device was a grating with 1250 lines/mm. For first-order dif-
fraction,

(a) what was the resolving power of the monochromator if a collimated beam illumi-
nated 2.0 cm of the grating?

(b) what is the first- and second-order reciprocal linear dispersion of the monochroma-
tor described above?

7-19 A monochromator with a focal length of 0.65 m was equipped with an echellette grat-
ing of 2000 blazes per millimeter.
(a) Calculate the reciprocal linear dispersion of the instrument for first-order spectra.
(b) If 3.0 cm of the grating were illuminated, what is the first-order resolving power of
the monochromator?
(c) At approximately 560 nm, what minimum wavelength difference could in theory
be completely resolved by the instrument?

7-20 Describe the basis for radiation detection with a silicon diode transducer.
7-21 Distinguish among (a) a spectroscope, (b) a spectrograph, and (c) a spectrophotometer.

7-22 A Michelson interferometer had a mirror velocity of 1.25 cm/s. What would be the fre-
quency of the interferogram for (a) UV radiation of 300 nm, (b) visible radiation of 700
nm, (c) infrared radiation of 7.5 pm, and (d) infrared radiation of 20 pm?

7-23 What length of mirror drive in a Michelson interferometer is required to produce a res-
olution sufficient to separate
(a) infrared peaks at 20.34 and 20.35 pm?
(b) infrared peaks at 2.500 and 2.501 pm?



