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INSTRUMENTATION AND METHODOLOGY

A. GENERAL LUMINESCENCE INSTRUMENTATION

INSTRUMENTAL LAYOUT AND REQUIREMENTS!#

The basic instrumental components of atomic and molecular luminescence:-
instrumentation are not unlike those used in other ultraviolet and visible
methods, but the arrangement of these components is unique. Figure I11-A-1
illustrates the general instrumental layout for all types of photoluminescence
studies. The chemical system to be investigated (i.e., the sample} is contained.
in a sample cell. This may be an actual glass or quartz container, as inj
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molecular luminescence spectrometry, or 2 flame cell, as in atomic fluores-
cence flame spectrometry. The sample is excited by ultraviolet or visible light
from the source excitation, which is usually an arc or discharge lamp. The
desired excitation wavelength region may be selected by means of the excita-
tion monochromator if desired (this is seldom necessary or even desirable in
atomic fluorescence experiments). The lumincscence radiation is emitted by
the sample in all directions; a portion of 1t is sampled by the detection system
at some angle, traditionally 90°, from the axis of excitation. The detection
system consists of the emission monochromator, which selects the wavelength
region of luminescence emission to be measured; the photodetector, which
converis the luminescence radiant flux to an electrical signal; and the ampli-
fier-readout system, which amplifies and processes the electrical signal as
required and displays it in a convenient fashion, Often one or more light
choppers may be placed in the light path in order to scparate the desired
Juminecscence radiation from undesirable light emisston from the sample.
Simpler instruments use optical filters in place of monochromators and are
called fiiter flusrometers. The more versatile system of Figure I11-A-1 would be
called a specirofluorometer or spectrophotoflusrometer, the prefix *“spectro-” indi-
cating that at Jeast one monochromator is used. Such an instrument adapted
for the measurement of phospharescence would be cailed a spectrophosphori-
meter. A more general term for all luminescence spectrometers might be
spectroluminometer. The additional term “ photo- occasionally inserted into
names of such instrumentation usually implies photoelectric detection of light
intensity (rather than visual or photographic, now seldom used in lumincs-
cence studies). The spectroluminometer has the advantage over a filter
instrument of being able to measure the spectral disiribution of luminescence
emission (the emission specirum) and the variation in emission spectral radiance
with excitation wavelength {the excitation spectrum).

The instrumental svstem is required to have reasonably high spectral reso-
tution, sensitivity, and signai-to-noise ratic over the desired wavelength regions
of excitation and emission. In addition, a certain degree of convenience and
speed in obtaining data is desirable.

Spectral resolution is a measure of the ability of the instrument to isolate small
wavelength regions of the excitation or emission radiation and to separate
closely spaced lines or bands in the excitation or emission spectra. It is
primarily a function of the design and adjustment of the monochromator(s}.
Sensitivity is a measure of the magnitude of the elecirical output of the nstru-
ment which results from a given concentration of analyte in the sample,
under a given set of experimental conditions. It is a function of almost every
experimental variable in the instrumental system {¢.g., the spectral radiance of
the source emission ; the design and adjustment of the monochromator(s) ; the
nature and condition of the sample—i.c., temperature, matrix components
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{interferents); concentration and chemical form of analyte; photodetec-
tor sensitivity; and amplification {gain) ol the readout svstem}. More
specifically, the {inear anafviical sensitivity of the entire system is defined as the
slope of the analvtical curve,* which Is the plot of instrument response {e.g.,
electrical cutput, recorder deflection} versus analyte concentrauon. It is
desirable that the analvtical curve be linear (i.e., that the analvtical sensitiv-
ity be independent of analyte concentration), but this is not always the case
— especially at high analyte concentrations,

The signal-to-noise rativ is the ratio of the instrumental response (the signal)
resulting from the presence of analvte in the sample to undesirable variations
in that signal (noise). The noise may be in the form of a random fluctuation
or an unpredictable drift in Instrument response, and it is a function of many
instrumental variables. Most of the noise in luminescence spectrometry is
contributed by the source, the sample and sample cell, the photodetector,
and (occasionally) the amplifier-readout system. "The signal-to-noise ratio is
important because it influences the precision with which the instrumental
response may be measured and determines the minimum concentration of a
particular analyie that mav be detected under a given set of conditions (the
detection limit). T

Additional factors influencing the design of lumincscence instrumentation
include the convenience and speed with which the instrument may be used to
determine analytical curves, excitation and emission spectra, luminescence
decav times, and the effect of sample temperature, polarization of excitation
or emission radiation and other variables on luminescence radiances, spectra,
and decay times.

2. 5OURCES OF EXCITATION?

Sources of radiant energy may be classified according to the spectral dis-
tribution of the radiation emitted. Continuum sources are characterized by a
broad spectral distribution covering a relatively large range of wavelengths
(generally without sharp lines or bands). An ordinary tungsten filament light
bulb is an example; it emits a continuum in the visible and infrared spectra.
Line sources are characterized by spectra consisting ol a number of relatively
sharp lines or bands. An cxample 1s a low pressure mercury vapor lamp. The
distinction between line and continuum sources is not always clear, however,
In fact, one of the most common excitation sources used 1n luminescence
spectrometry emits a characteristic line spectrum superimposed on a broad
background continuum. The high pressure xenon and mercury arc lamps
are of this type.

* Also called working curve and calibration curve.
1 Also cailled limit of detection and minimum detectable concentration.
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There are essentially two systems of units commonly used Lo express the
intensity of light sources—the radiomelric system, an absolute svstem based on
the actual energy radiated by a source; and the photometric system, a relative
system based on the apparent intensity of a source as viewed by the * average”
human eye. The radiometric svstem is the more useful quantitatively and is
used in this book.

The basic quantity is the radiant flux, which is the total energy radiated per
unit time. Radiant flux is most commonly expressed in watts, In dealing with
practical light sources, modification of these units 1s customary. In order to
account for the finite radiating areas of real sources, intensities are expressed
in watts square centimeter of radiating surface. Furthermore, a light source
may not radiate equally in all directions because of the geometry of the de-
vice; or reflectors may be used to concentrate the light in a parucular direc-
tion. Consequently, the intensitv in a given direction may be more important
for practical applications than the total light cutput, and intensities are often
expressed as the power radiated into a unit solid angle, that solid angle being
oriented in a specified direction, A unit solid angle, called a steradian (sr}, is
the solid angle subtended at the center of a sphere by the area on the surface
equal to the square of the radius of the sphere. Because the area of a sphere of
radius 7 15 4772, there are 4w steradians per sphere.

Source intensity expressed in watts per square centimeter per steradian is
termed the radiance of the source. The intensity of a line in the spectrum of a
line source is often expressed this way. Because the line is actually of finite
spectral width, the intensity given in this way has been effectively integrated
over all wavelengths in the line profile. I'or continuum sources, on the other
hand, the total integrated intensity is usually less important than the intensity
per unit wavelength interval at a particular wavelength. Consequently, in-
tensities of continuum sources are most often expressed 1n watis per square
centimeter per steradian per nanometer, which is called the spectral radiance.

-,

. INCANDESCENT SlIJ'l.TI-U.':!]:'.ST1

Probably the simplest type of light source, and the only one giving a smooth
continunm spectrum without lines, is an incandescent source, such as a tungsten
filament larmp. Although commonly used in visible and infrared absorption
spectropholometers, incandescent sources are not sufficiently intense, par-
ticularly in the ultravielet region, to be useful in luminescence spectrometry.
Nevertheless, the principles of black body emission are important.

An incandescent source emits radiation by virtue of its temperature, rather
than by specific transitions between quantized energy levels characteristic
of the particular incandescent suhstance. The radiation emitted is broad con-
tinuum whose spectral distribulion is a function of the temperature of the
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emitter. The specific material of which the scurce is made may affect the
overall intensity ol the radiation, but has little effect on its spectral distribu-
tion. The spectral radiance as a [unction of wavelength is given by the
Planck black body distributton equation:

_ 5.8967M%e,
BT exp(14388/AT) — 1

(IT1-A-1)

where By, = spectral radiance, wail em =2 sr" T nm~*

A = wavelength, nm
T = temperature, "K

£, —=spectral emissivity, tvpically 0.4 for tungsten at 3000°K, no
units.

In Figure III-A-2, By, is plotted against A for several different tempera-
tures, according to equation ITI-A-1. The importance of this equation lies
less in the applications of incandescent sources in luminescence spectrometry,
which are few, than in the contimuum background emission component of
high pressure arc lamps, which closely approaches the characteristic spectral
distribution of high temperature black bedies. For instance, the continuum
emission of a 500-watt xenon arc lamp corresponds closely to that of a 7000°K
black body with an emissivity of 0.06,

The operating temperatures of the filament in an incandescent lamp de-
pends on the power inpul. A typical 300-watt tungsten lamp operates at only
about 3000°K and has an emissivity of 0.4. The intensity emitted by this
lamp has a maximum at about 1000 nm and drops to one-hundredth of that
value at about 300 and 5000 nm. Thus the tungsten lamp finds its greatest
use in the visible and necar infrared regions,

The intensity drops off very rapidly in the ultraviolet region. (In addition,
the glass envelopes usually absorb strongly below 280 nm, but the intensity
at that point is so Jow anyway that the use of quartz envelopes s of little
practical value}. The spectral radiance of a 500-Watt lamp at 300 nm is
about 10-* watt cm~2 sr~! nm~1, more than two orders of magnitude
below that from a typical high pressure xenon arc lamp.

Incandescent lamps are important as sources in spectrometric applica-
tions because of their excellent stability, rather than because of their spectral
radiance, which is low compared to continuum arc sources such as the high
pressure xenon arc. Long and short term stabilities of the order of .01%,
can be obtained by powering the lamp from a programmable power supply
controlled by a fredback signal obtained from a phetocell monitoring the
lamp ocutput.? This order of stability 15 impossible to obtain with gas dis-
charge and arc lamps.
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Fig, III-A-2. Spectral distribution of black body radiation at several temperatures.

b, ArRC 1.AMPSY

Maost commercial molecular luminescence spectrometers use high pressure
Xenon, mercury, or mercury-xenon arc lamps as excitation sources hecause of
their relatively high intensity, wide spectral range, and low cost. Arc lamps
of thiy tvpe are quite intense in the wavelength region from 200 nm through
the near infrared.

An arc lamp consists of an enclosed arc discharge between two electrodes
in a gas or metal vapor atmosphere. The metal vapor types are limited to the
more volatile metals such as mercury, cadmium, zinc, gallium, indium, and
thallium, and are capable of producing very intense line spectra of those
clements. Gas-type arc lamps are constructed with hydrogen, nitrogen, and
the rare gases.
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A high pressure mercury arc lamp is a very intense source of ultraviolet
radiation. Its spectral cutput consists of a number of very intense mercury
lines superimposed on a continuum background. A typical mercury arc
spectrum appears in Figure III-A-3. Although more intense in the ultra-
violet than an equivalent xenon arc lamp, the mercury arc lamp is far less
smooth in spectral distribution and is therefore less suitable for instruments
designed to record excitation spectra.
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Fig, TII-A-3, Spectral distribution of two typical sources: curve g, PEK7) xenon arc lamp
fwith permission of PEK, Sunnyvale, Calil.); curve b, Osram HBO100 mercury arc lamp
fwith permission of (dsram, Berhin).

The most widely used excitation source in molecular luminescence
instrumentation is the high pressure xenon arc lamp.>®. This type of lamp
1s constructed of two tungsten electrodes in a small quartz envelope. Most
types have arc gaps of a few millimeters and are referved 10 as short or com-
pact arcs. Xenon gas pressures under typical operating conditions range [rom
10 to 30 atm {see Figure I1I-A-3). Except for a few low intensity xenon Jines
around 450 nm, the spectral distribution in the vistble and ultraviolet
regions corresponds closely to that of a 600°K black hody with an emissivity
ol 0.06.7 A serious deviation from a black body distribution oceurs in the
near-infrared region, where there is a system ol verv strong lines hetween
800 and 1000 nm, Because most cxcitation spectra are obtained beiween 200
and 450 nm, the xenon lamp will not cause the appearance of false peaks.
The ratio of line to conlinuum intensity depends on the current density in
the arc. The spectral radiance of the continuum increases with approxi- |
mately the 1.6 power of the current density, whereas the radiance of the
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line emission increases almost linearly. Thus a purer continuum 1s obtained
at higher current densities.

Commercial xenon arc lamps are available in a wide range of input power
ratings from a few watts to thousands of walis, The increased input power of
rhe higher power lamps is due mainly to the increased total arc current,
rather than arc voltage or arc current density. For lamps in the 100 to 5000-
watt range, total arc currents range from 5 to more than 1000 A, but the
arc voltage increases only slightly with lamp power and gencrally remains
heiween 15 and 30 volts. This varation 18 owing primarily to the increased
ar¢ length, which varies typically from 1 1o 9 mm, In general, the arc width
also increases with arc power, so that the arc current density 15 not neces-
sarily much greater in the high power lamps. The color temperature is
nearly independent of lamp power. The increased fotal light output of high
power lamps -is primarily due fo the wncreased arc area. However, the average
spectral irradiance does increase somewhat with lamp power, because the
spectral emissivity increascs to some extent. The total radiative efficiency of
a xenon arc lamp is typically 30 to 50%,. The losses are primarily thermal and
are the result of ions and electrons in the arc colliding with the envelope
walls and giving up thelr kinetic energy. The heat is then carried from the
walls by air convection or radiated as long wavelength infrared radiation.
For a given current density, the energy loss by thermal conduction is expected
1o be proportional to the wall arvea. Thus a large-diameter, short-arc lamp
would tend to have a higher total radiative efficiency than a long, small-
diameter lamp of the same internal volume.

Compared with a 100-watt tungsten lamp, a 100-watt xenon arc has a
lower radiative efficiency and therefore generates more heat, but 1ts spectral
radiance in the visible and ultraviolet is much higher because its color
lemperature is much more nearly optimum for this region. Calculating on
the basis of the respective color temperatures and spectral emissivities, it is
found that the spectral radiance of the xenon arc at 300 nm would be about
(.1 watt cm =2 st~ ! nm -1 compared with about 0.005 watt ¢m =2 sr~! nm 1
for the tungsten lamp. In the ultraviolet, the difference is even more striking.*

* It is important to realize the distinction between emissivity and radiative efficiency
when dealing with arc sources whose spectral distributions approximate those of a black bedy.
The are is not, of course, a real incandeseent source, and trying to fit the arc into the black
body scheme is somewhat artificial. "The black body nomenclature serves merely as a basis
of comparison of sources. The temperature 1s chosen for the best fit to the spectral distribution
of the arc radiation, and thenr the emissivity 15 adjusted 10 reconcile the spectral radiance.
-\ significant characteristic of a xenon arc 1s that the color temperature of the arc plasma
.Le., the black body temperature with the same spectral distribution} is close to 6500°K
regardless of the input power, quite unlike a true incandescent hlament lamp. The increased
mput power and light outpuc of highpowered tubes is duc moere te the increased arc width
than to increased color temperature, as mentioned previously.



150 INSTRUMENTATION AND METHODOLOGY

Xenon arc lamps are almost always operated on DG for greatest stability
and longest life. As with ather high pressure DU arcs, polarity is important;
and the lamp should be operated vertically with the anode (heaviest elec.
trode) up. The stariing vollage required is between 20 and 30 kV, con-
siderably greater than that required for mercury arc lamps, because of the
higher pressure in the xenon lamp before ignition. The pressure of xenon gas
at room temperaturc before the lamp is started is relatively high (ca. 3 atm),
whereas the vapor pressure of mercury at that temperature 15 very low
{ca. 1075 atm). The high voltage mav be applied across the are, to an auxil-
iary electrode, or 1o a wire placed close to the bulb. Immediately after
ignition, the light output is about 809, of the final value, which is reached in
a few minutes. Warm-up time is considerably less than that for mercury arcs,

Although the xenon arc, like the mercury are, is convection stabilized, 1t is
less sensilive to cooling conditions because there is no danger of xenon
condensation. Forced air cooling is posstble if care is taken to maintain a
reasonably laminar air flow. Natural convection cooling is usually sufficient
for all but the highest powered lamps.

The useful life of 4 xenon arc lamp is limited by the intensity loss due to
depaosition of electrode material on the bulb. Quoted values range [rom 200
to more than 1000 hours. Operation of lamps at powers in excess of the
rated values increases the rate of elecirode evaporation and decreases useful
life. More starts and shorter average burning times also shorten life. Opera-
tion of a xenon lamp beyond its useful lifetime is not recommended, because
absorption of radiated energy by the walls may generate excessive heat and
causc the lamp to explode, As a rule, the average useful life of xenon arc
lamps is somewhat longer than that of mercury arc lamps.

Arc lamps filled with a mixture of approximately 80%; mercury and 209,
xenon are often used. Such lamps have the ultraviclet lines of mercury and
the infrared lines of xenon, as well as a strong continuous background. The
electrical properties are similar to those of mercury arc lamps. The ultra-
violet radialion of mercury-xenon lamps is considerably more intense than
that of xenon lamps of the same power, but it is much less uniform in spectral
distribution.

C. FLASH LaMps®?

Tn some applications, a very intense, short-duration pulse of exciting light
may be desirable. This can be obtained from an arc lamp by applying a
short high current pulse to the lamp, usually by discharging a high voliage
capacitor through the lamp. Xenon arc lamps designed for this sort of service
are called xenon flash lamps. They are used as sources of high intensity light
pulses in the visible and uliravioler region. Such lamps have been shown to
have considerable analytical utility in luminescence specirometry. They are
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parucularly useful for the measurement of short luminescence decay times.
In addition to xenon, other gases such as nitrogen and hydrogen may be
used. Nitrogen flash lamps have been used 1o measure fluorescence decav
times of the order ol several nanoseconds.

A simple flash tube driving circuit 1s shown in Figure I1I-A-4. The DC
power supply charges the energy storage capacitor € through resistance R to

R
, e |
i -
-C —-DC Power
- Supply
-+ -
Keyton — — Series Xenon Flash
Trigger Injection Tube
Driver Trigger

Transfarmer

Fig, IM-A-4. Simple flash tbe circuit identical (o the eireuit in TM-12 Trigger Module,
Technical Data, BG & G, Inc., Flectronics Dhivision, Boston, Mass. 02215 (with permission
of EG & G, Inc.).

a voltage F, the operating voltage. This vollage must be below the self-
flash voltage of the lamp, so that the lamp will operate only when triggered.
The lamp 1s triggered by the application of a high voltage trigger pulse,
which causes the fill gas in the tube o ionize. The energy stored in the capaci-
tor (. 18 then rapidly discharged through the lamp, producing an intense
flash of light. 'Fhe e¢nergy input (joule} to the lamp per flash is equal o the
energy slored 1n the capacitor and is given by

]
JZE CTe (I1I1-A-2)

where [ is the wnput energy (joules), (0 1s the value of the storage capacitor
(uF),* and 7718 the operating voltage (kV}, The value of €' is typically be-
tween (). ] and 300 uF, and V 1s usually between 0.5 and 3.0kV. The maximum
allowable value of J 1s imited by lamp construction and is specified by the
manufacturer of the lamp.

The duration {sec} of the light flash ¢, is approximatelyv equal to the dura-
tion of the current pulse through the lamp

!
=5 RC (111-A-3)

* | microfarad (pF) — 10-% farad,
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where R, is the effective arc resistance during the flash and is approximately
directly proportional to the arc gap length and inversely proportional to the

2 power of the operating voltage ¥. Thus the shortest, most intense flashes

are produced from short gap tubes operated from relatively high Fand low C.

The value of R, is given by the manufacturer of the lamp for a specified set of

operating conditions.
The peak input power {watt) per flash is given approximately by

|

p, - (I11-A-4)

More important is the peak light output power per flash, which is P, times the "
radiative efficiency, typically 25 to 509 for xenon flash tubes. The radiative
efficicncy is also a function of operating parameters, particularly V. For .
xenon tubes the peak output power per flash turns out to be roughly pro-

portional to C2/2F5,
The average input elecirical power Py, in watts, is

P, =Jf (1T1-A-5)

where f'is the flash repetition frequency (Hz}. A maximum value of P, is also

recommended by the manufaciurer. The higher powered types may have to -

be forced-air cooled.
The average current drawn from the DC power supply 1s given by

I=VGf (I11-A-6)

where the terms have the same definitions as previously. The value of the

charging resistor R in Figure 11I-A-4 should be chosen so that

1

- (I111-A-7)

Its power rating should be greater than P;. The value of f should never

exceed about 0.1 ¢! to prevent continuous ionization of the lamp.

As an example of the application of the foregoing equations, consider the .

operation of a small commercial xenon flash lamp with maximum ratings
of 5 joules per flash, 2-k'V operating voltage, 10-watt average input power, -
and a quoted arc resistance of 5 ohms at 1 joule. Suppose that, in order to
increase useful lamp life, the lamp is to be operated at 1.0 kV and 1 joule | j
per flash, somewhat below the maximum ratings. The maximum allowable 5

repetition frequency is that at which P; is [0 watts and is equal to 10 Hz

according to equation [11-A-5. Equation T11-A-2 gives the valueof C as 2 pF.

The peak input power per flash P, is 2 x 10% watts (equation I11-A-4) and |

the peak output power P, will pmbabl}, he about 5 X 10* watts {assuming’
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25%, efhciency). The flash durauon is 5 psec (equation I11-A-3). Equation
II1-A-7 gives the value of the charging resistor R as 10 kQ, The average
current drawn from the power supply is 20 mA by equation III-A-6.

The spectral distribution of flash lamps depends mainly on the nature and
pressure of the fill gas. Xendn flash tubes with quartz envelopes have an
effective color temperature of about 7000°K, similar to DC xenon arcs; but
the emissivity 15 considerably greater and often approaches unity near the
peak of the flash.

When a xenon flash tube is operated below its maximum peak input
power per flash, not all the gas is ionized and the arc may take on a narrow,
filamentary appearance. The position of the arc tends to shift from flash to
flash, causing irregularities in the measured light output. iIf the energy input
is increased so that all the xenon iomzes, the arc s stabalized. For this reason,
it is usually not advisable to operate a flash tube very far below 11s maximum
input. Certain tubes are specifically designed for stable, low energy operation.

3. MONOCHROMATORS9-12

In most modern commercial spectroluminometers, two monochromators
are used, one for emission and one for cxcitation. Usually the two are
identical in design.

A generalized diagram of the dispersive and optical portion of a mono-
chromator is supplied in Figure [T11-A-5. Radiation from the sample is col-

Fig. III-A-5, Generaliced diagram of dispersive and optical portion of 2 monochromator.

lected by the condensing lens and focused onto the entrance slit, which
defines the shape of the images at the focal plane. Radiation emerging from
the entrance slit is collimated onto the dispersing element, a prism or grating,
where it is separated into its spectral components. This radiation is focused
onto the exit slit, which isolates a small region of the spectrum. In real
instruments, the collimating and focusing elements may be lenses or mirrors;
or, their functions are often combined into one element, but the schematic
diagram shown will satisfy the requirements of the following general treat-
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ment of dispersion, resolution, and spectral bandpass. The focal lengths of the
collimating and focusing elements are aimost always equal in practice, and
this is assumed in the following discussion.

d. DISPERSION

An important characteristic of a spectrometer is its dispersion, or its
ability to separate different wavelengths of radiation so that they emerge
from the dispersion element at different angles and come to a focus at
different positions in the focal planc. The angular dispersion I} is given by
d8/dx where df) is the angular separation of two dispersed beams separated by
a wavelength difference of dA. The value of D depends on the construction
of the dispersing element (prismor grating). The linear dispersion is the scpara-
tion between different wavelengths in the focal plane, and is given by dx/dA,
where dx {cm) is the linear distance between two wavelengths separated by
dA (nm). The relation between angular and linear dispersion is easily
determined by geomctry. If F is the focal length of the lens which focuses a
dispersed beam of light with angular dispersion df}/dA, the lincar dispersion
at the focal plane will be

dx db

— = __=FD I11-A-8

dA dA ( )
A more useful measure of dispersion, and one which is most often specified by
spectrometer manufacturers, is the recprocal Linear dispersion R, defined by

da 1
Rij=—=— (IT1-A-9}
dx DF
The reciprocal linear dispersion is often expressed in Angstrom units per
millimeter or nanometers per centimeter. Typical values of 8, for mono-

chromators in a luminescence spectrometer range from | to 10 nm mm~.

b. SPECTRAL BANDPASS

The ability of a monochromator to produce a monochromatic beam of
radiation from a polychromatic light source is expressed in terms of its
spectral bandpass s, which is the range of wavelengths of radiation emerging
from the exit slit when polychromatic radiation is incident upon the entrance
slit. More precisely, the spectral bandpass is defined in terms of the sfit
Junction of the monochromator, which is the plot of intensity emerging from
the exit slit versus wavelength when the monochromator is scanned through
a monochromatic line from a line source evenly illuminating the entrance -
slit (see Appendix 3). The slit function will be a trapezoid or triangle whose
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half width (width at half-maximum) €xpressed in wavelength units is
defined as the spectral bandpass s,

s=R, W (1T1-A-10)

where we have R; (nmcm™!) and the width W (cm) of the entrance or
exit slit, if they are equal, or of the larger of the two slits, if they are unequal.
The base width AA of the slit function is given by

AN = Ry (W, + W) (IT1-A-11)

where W, and W, are the entrance and exit slit widths, respectively. If
We=W, =MW,

AN =R, W (11I-A-12)

and the slit functton is triangular. This is the most usual case.

C. RESOLUTION

The resolution AA, of a spectrometer may be defined as the minimum
wavelength separation between two monochromatic spectral lines that are
just separated. The exact definition depends on the criterion for separation.
For essentially complete separation, the slit functions of the two lincs may join
but may not overlap at their adjacent bases. In this case, the resolution is the
same as the basewidth of one slit function

Adg = R (W, + W) (I11-A-13)
and
AN, —2R,W =25 if W,—W,=W  (II-A-14)

neglecting diffraction and optical impertections.

d. THEORETICAL RESOLUTION AND RESOLVING POWER

It might be thought, on the basis of the expression for linear dispersion
given in equation III-A-8, that two adjacent spectral lines, no matter how
close, could be resolved simply by increasing the focal length sufhiciently.
This would be so anly if: {a) the slit widths could be made indefinitely
small* and (b) the entrance slits were imaged in the focal plane as a geometri-
cal image of the slit. In reality, of course, a finite slit width must always be
used to allow a measurable amount of light to pass through. Even if an
infinitely narrow skit could be used, however, the resolution would be limited
by Fraunhoffer diffraction of the collimated beam by the effective aperture of the
instrument. The effective aperture is the width of the collimated beam, or,
in other words, the width of whatever aperture defines or limits the width of

* As W — 0, the parallelism of the slit jaws would also have 1o be maintained,
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the collimated beam (designated by the distance ¢ in Figure II1-A-5). The
diffraction of the collimated beam by the edges of the effective aperture
causes the entrance slit to be imaged at the focal plane as a diffraction pattern
rather than as a geometrical image. The result is that, as the slit widths are
decreased, the observed slit function approaches a Fraunhoffer diffraction
pattern of finite width instead of an infinitely narrow line. The half width X
of the central intensity maximum of the diffracting pattern is given by elemen-
tary diffraction theory.

x= (I11-A-15)

2

Thus, as the slit widths approach zero, the spectral bandpass approaches
a minimum value s, given by

R \F

£m1n=de = a

(I11-A-16)

By comparison with equation III-A-10, we see that in the common case®
W, = W, = I¥, the effect of diffraction is to limit the effective slit width to a
minimum value M., as the mechanical slit width approaches zero,

W, =2 (IT1-A-17)

In addiuon to the diffraction effect, optical imperfections such as spherical
aberration, coma, and astigmatism may cause the experimentally observed
spectral bandpass to approach a value slightly higher than that calculated
by equation II[-A-16 as the slit widths approach zerc. This additional
aberration-limited spectral bandpass term 5, must also be included in s, . ;
Thus equation IIT-A-16 should be replaced by

R
“)‘F:ﬂﬂ (I11-A-18)

Smin =
It is not unreasonable to expect the slit width, diffraction, and aberration
terms to add approximately linearly, and so the actual spectral bandpass for

equal entrance and exit slits may be written as

R, AF
SER;W s Ry W42 45 (I1I-A-19)
a
For purposes of calculation, all the length terms in this equation must be
converted to units comparable with those of R, ; s, must be determined

* Most monochromators have bilateral slits, but the slits may differ slightly {i.e., W/, 5= W,).

This is especially noticeable as W, and W, approach W, .
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experimentally. An experimental plot of s versus W is a useful test of a
monochromator. The spectral bandpass s is equal to the half width of the
slit function obtained by scanning the menochromator through an isolated
monochromatic line from a line source of very narrow true line width. The
slope of the plot on linear coordinates is R,, and the vertical intercept is
R AFja +s,. Because the diffraction term can be calculated, the optical
quality can be assessed by the smallness of 5;. In such measurements, the
entrance slit must be very evenly illuminated in order to obtain slit func-
tions of good triangular shape.

The actual resclution expected from a monochromator should be calcu-
lated on the basis of equation II11-A-19. For essentially compleie resolution, two
lines must be separated by 2s if the exit and entrance slit widths are equal.
Somewhat less than complete resolution can sometimes be tolerated, however.
In any case, AA must always be greater than .

The resolving power R of a spectrometer is defined by

A
R=-—"+— [11-A-20
AN ( )

where A}, is the wavelength difference (nm) between two monochromatic
spectral lines which can just barely be distinguished as separate lines and A
is the mean wavelength of the two lines (nm). A value of 10* is not unusual
for a medium-resolution monochromator.

The theoretical resolving power B yeor 18 the diffraction-limited resolving power
for zero slit widths and no optica! imperfections. Using the * Rayleigh
criterion ™ of resolution, R,,... is given by

R A e
thenr_XRd_RdF

The extent to which R of a real spectrometer approaches Ripe,, 18 also con-
sidered as an indication of quality.

(111-A-21)

€. SLIT ILLUMINATION AND ENTRANCE OPTICS

The radiant Hux of a spectrum at the focal plane of a spectrometer depends
not only on the source radiance but also on the way in which the entrance
slit is illuminated. Obviously, the highest possible radiant flux at the slit face
is desirable in luminescence work to obtain high sensitivities. However, of all
the light that passes through the entrance slit, only that part which is
collected by the collimator lens is effective in producing the image at the
focal plane. In other words, radiation falling outside the solid angle sub-
tended at the entrance slit by the collimator lens will be wasted (and may, in
fact, contribute to undesirable stray light in the instrument). Sometimes a
condensing lens (mirror) is placed between the source and the entrance slit
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to collect and focus the light on the slit. The maximum radiant flux at the
focal plane with a given source is obtained when the collimator is filled with
light, regardless of the arrangement of the condensing lens. If the luminous
area of the source is large enough to subtend a solid angle at the sht equal
to that subtended by the collimator lens, then the collimator lens will be
completely illuminated and a condensing lens will be of no help. This is
often true of the emission monochromator in luminescence spectrometers.

If, on the other hand, the source area is too small to fully illuminate the
collimator, then using a condensing lens to form an image of the source on
the entrance slit will increase the image brightness at the focal plane. This is
often true of the excitation monochremator. The lens should be placed so
that it subtends a solid angle at the entrance slit equal to that subtended by
the collimator lens. In this way, the collimator will be filled with light. The
image of the source on the slit should just fill the slit.

It might be thought that the image brightness could be increased by using
a condensing lens of large diameter and short focal length to form a small,
high intensity image of the source on the entrance slit. This would indeed
increase the radiant flux per unit area falling on the slit; but the solid angle at
the slit would be proportionately decreased, and the spectral flux of the
light emerging from the slit onto the collimator would remain unchanged.*

If the dimensions of the luminous area of the source are suitable dimen-
sions for a slit, the entrance slit can be replaced by the source itself, thus
simplifying the instrument and eliminating losses in the condensing lens. This
is occasionally done in excitation menochromators when high pressure arc
lamps are used as sources. A disadvantage, however, is that the effective slit
width is not adjustable. Furthermore, arc wander causes unpredictable
shifts in the monochromator calibration. In most cases, the use of a condens-
ing lens and separate entrance slit is preferable.

f. SPEED

The speed of a spectrometer is an indication of the ability of the collimator
lens to collect light emerging from the entrance slit. Tt is expressed by the
“f number”’:

F
—__° A
i : (IT1 22)

* Because object area X solid angle = image area A" image solid angle, an increase in

image area compared to object area must be achieved with a decrease in image solid angle

compared with object solid angte. The maximum radiant flux passing through the entrance
slit and the maximum resolution results if the emtrance slit is fully illurinated with source
radiation. An array of lens and mirrors will only increase the radiant Hux if more than one
solid angle of radiation from the scurce flls the monochromator collimator.
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where F_ and D, are the focal length and diameter of the collimator lens {or
mirror), respectivelv. In general, the term speed mav be applied 1o any lens;
the smaller the focal-length-to-diameter ratio {f number), the faster the
lens, and the greater the light gathering ability. The solid angle, in stera-
dians, of light collected by a lens from a point source is

A

Q=" ITI-A-23

= (111-A-23)
where A, is the area of the lens (¢m?) and F, is its focal length {em}. Thus fast
lenses (i.e., lenses with large diameters and short focal lengths) pick up a
large solid angle of radiation.

g. LIGHT LOSSES}

In a real spectrometer, the total flux of radiation at the focal plane is
always less than that collected by the collimator lens, owing to unavoidable
light losses in the instrument. The light transmitting ability of a spectrometer
at a particular wavelength A is indicated by its {ransmissien factor T,, which
is the ratio of the monochromatic light flux of wavelength A emerging from
the exit slit (or incident on the focal plane) to that collected by the colli-
mator lens. The primary causes of light losses in spectrometers are reflection,
absorption, and scattering by the various optical components (e.g., prisms,
lenses, gratings, and mirrors) in the instrument. It is obviously desirable to
use lens and prism materials of high transmittance and mirrors of high
reflectivity in the desired wavelength range. Furthermore, reflection losses
at the surfaces of prisms and lenses can be reduced in a limited wavelength
range by the use of special low reflectance coatings. Gratings should be
blazed in the desired wavelength range. Finally, light losses can be reduced
by reducing the total number of optical components in the light path. This
can be done by combining the functions of two or more components into one
(e.g., using a concave grating as both a dispersing element and a focusing
element). In some designs, such as the Fery prism monochromator and the
concave grating mountings, the only optical components in the light path
is the dispersing element itself.

h., RADIANT FLUX EMERGING FROM SPECTROMETRIC SYSTEM?

All calculations involving the response of a spectrometric system to a
*“light source,” as well as any predictions that can be made conceraing the
effect and optimization of the slit widths and other optical parameters,
require that an expression he obtained for the light flux emerging from the
exit slit of a monochromator as a function of the source radiance {line source;)
or source spectral radiance {continuum source} and monochromator optical
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variables, The radiance flux expressions for the excitation and emission
monochromators in lum inescence spectrometers are similar; the * source™
radiance or spectral radiance refers to the excitation source radiance {(or
speciral radiance) and sample luminescence radiance (or spectral radiance),
respectively.

'I'o derive an expression for the radiant flux emerging from the exit sl
the following definitions are needed:

B,* = radiance of a line source, watt cm % st -1
B, = spectral radiance of continuum source, watlt cm~® sr~! nm ™!
11" = Illuminated width of siit, cm
II = Illuminated heighi of slit, cm
T, = transmission factor of optical systcm, no units
( =solid angle of light collected by collimator, sr
s = spectral bandpass of monochromator, nm
@ = total flux emerging from exit slit, watt
K, — optics factor = HT (), cm sr

Assuming that the exit and entrance slits are equal in [ and H and that
all light losses are included in T, then for a * line source™

G =B, WHT, =By K, W (IT1-A-24)
and for a *‘ continuum source ™
b =B, WHT (ks — B 2K, sH (I11-A-23}
Neglecting diffraction, s — £, I#'; thus for a continuum source
& =By, W2HT,QR; — B, K, R, W* (111-A-26)

For a source of light containing both line and continuum compenents,
the line-to-continuum ratio is inversely proportional to the slit width. This
is of particular importance in luminescence spectrometry. In molecular
fluorescence work, we must often attempt to measure relatively broad band
ernission spectrum of the sample in the presence of scattered light from the
excitation source, often a mercury or mercury-xenon lamp. The relative
contribution of the intense mercury lines can be reduced by using relatively
large emission monochromator slit widths, In atomic Huorescence spectro-
metry with a continuum excitation source, the ratio of the desired fluores-
cence line emission to the continuum background due to scattering of the
cxcitation radiation by flame particles and droplets is increased by using
relatively narrow slits, :



A. GENERAL LUMINESCENGE INSTRUMENTATION 16l

It is sometimes helpful to record an observed excitation or emission spec-
trum at several values of excitation and/or emission monochromator slit
widths 1n order to determine which features of the spectrum are due to line
emisston {radiant fluxes directly proportional to slit width} and which are due
to essentially continuum emission {radiant fluxes proportional to square of
slie width}.

It is of interest that the best balance between radiant flux* and resolution
is obtained if the entrance and exit slits of 2 monochromator are equal.?

i. STRAY RADIATION

Stray radiation is particularly undesirable in luminescence instrumen-
tation because of the very low luminescence intensities that must often be
measured and because the verv intense light from the excitation source may
tend to ““ leak ” into the emission monochromator, even in the absence of real
luminescence of the sample.

Stray radiation in spectrometers may result from the following causes:

I. Leakage of room light into the instrument through unshielded slits or
through light leaks in the instrument’s case.

2. Reflection and scattering of radiation from walls, optics, mountings,
slite, and baflies.

3. Reflection and scattering on optical surfaces.

-

Scattering of light within prisms and lenses.
Scattering of light by dust particles.

Unused orders in grating spectra.

N oo o

Fluorescence of optical materials.

In monochromators, stray light causes contamination of the selected
spectral bandwidth with light of other wavelengths. This undesirable eflect
may be minimized by proper design of the instrument and by the use
of carefully selected optical materials. The amount of stray light in a mone-
chromator is usually quoted by the manufacturer as a certain percentage of
the total flux of desired radiation emerging from the exit slit. Typical values
range from 0.1 to 1.09% for small commercial monochromators. Stray light
in an existing instrument can often be reduced by painting the interior of the
instrument flat back, by inserting baffles to obstruct unwanted rays, by
carefully shielding slits from room light, and by using windows in front of the
slits to seal out dust and corrosive fumes. The problem of stray radiation is

* Refer to Appendix 3 for a more detailed discussion of eptical factors affecting the
measured radiant flux and the measured inscrumental signal.



162 INSTRUMENTATION AND METHODOLOGY

most severe if the light intensity at the wavelength of interest is much less than
that in neighboring regions. This situation occurs, for instance, when a
monochromator is emploved to select a wavelength in the ultraviolet region
from a xenon arc lamp, which radiates most intensely in the visible, A filter
that transmits only the wavelength region of interest may be placed in the
light path to reduce interference by the unwanted radiation. A related
problem arises when observing a weak atomic line close to a very strong one,
as might occur in an atomic fluorescence experiment. Stray light from the
strong line may seriously interfere with the weak line and may make reso-
lution of the two lines impaossible, even if the resolving power of the instru-
ment is sufficient to separate the two lines if they were equally intense.

Probably the most satisfactory, and unfortunatiely most expensive, way of
reducing interference from stray radiation is the use of the double mono-
chromater, which is essentially a system of two monochromators connected in
series, the exit slit of the first being the entrance slit of the second. With two
identical monochromators, the dispersion and resclution are approximately
doubled, and stray radiation is greatly reduced. For example, if the intensity
of the stray radiation in each monochromator is 0. 19/, of that of the primary
beam, then the double monochromator would reduce this to 0.0001%, {i.e.,
0.1, of 0.19,). A slight disadvantage, however, is that the transmission
factor of the double monochromator would be about half that of either half
by itself. A more serious difficulty is the necessity of keeping the wavelength
settings of both monochromators exactly the same at all times during the
scanning of a spectrum. This is generally accomplished by mounting both
dispersing elements on the same rotating platform or shaft. In some double
monochromators, different dispersing elements are used in each half;
usually the first is a prism and the second a grating. It is also possible to get
some of the effect of two dispersing elements by passing the light through a
single dispersing element twice. This arrangement may be considerably less
expensive than a true double monochromator, but it is also less effective in
reducing scattered light.

At least one commercial luminescence spectrometer uses two double
monochromators.

j. PRISM MONOGHROMATORS

Dispersion by a prism depends on the change of refractive index n of the
prism material with wavelength. The angular dispersion D is given by

eQ  2n 80 f

=— = — I11-A-27} ;

A 8A on ( ) ',

where @ is the deviation angle, that is, the angle through which an incidcntj
light beam is deviated in passing through the prism (Figure I11-A-6a). The
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Fig, IM-A-6, Dispersion of radiation by two typical prisms: {e] Cornu type, () Littrow
trpe. (For simplicity, angles and distances de not appear in (5), but note that the littrow
mounting is simply a folded Cornu mounting.)

first term 1n this equation is the optical dispersion of the prism material, and it
depends only on the wavelength and the nature of the prism material and is
independent of the geometry of the prism or its mounting. The second term
£@/én is the so-called geometrical factor and is a function of the geometry and
mounting of the prism. In general, the prism mounting is arranged so that
the ray internal to the prism is parallel te the prism base, this being the most
symmetrical arrangement. In this case, the deviation angle @ is a minimum,
and astigmatism and reflective losses are minimized. The geometrical factor
is then given by

ac 2 sin o2 2tan @, b

n [} —n?sin? (/)22 n

(111-A-28)

where « is the apex angle of the prism, ©, is the incidence angle at the
first prism face, & is the thickness of the prism base, and a is the effective
aperture as defined previously, assuming that the whole prism face is
luminated (usually true). By far the most common apex angle « is 60°, and
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the geometrical factor for this angle at minimum deviation is about 1.3, "
More common than a full 60° equilateral prism is the 30 x 60 % 90° Littrow
prism with a reflective (aluminized) long side, shown in Figure I1I-A-66. The
reflection back through the prism gives the effect of a full 60° prism with a
smaller amount of quartz. In addition, the birefringence of the quartz is '

canceled.
The theoretical resolving power of a prism may be shown to be

on
EA
Thus large prisms of high optical dispersion are desirable. Quartz prisms are
used in the ultraviolet region, but glass is preferred in the visible because |

dnfoA is higher than quartz. :

Ripeor = b (IT1-A-29)

k. GRATING MONOCHROMATORS

All modern commercial luminescence spectrometers now have grating
menochromators, principally because of their superior dispersion, resolution, |
and speed and because the dispersion of a grating is nearly independent of |
wavelength over a considerable range. The dispersion properties of a grating -
can be obtained from the basic grating equation. This eguation, which is
derived in elementary optics textbooks, states that maxima in the intensity
of the diffracted light occur for those wavelengths A for which ;

mX = Afsin @, —sin ©,) (1T1-A-30)

where m is a positive or negative integer called the order, A is the spacing |
between the grooves or rulings, O, is the incidence angle, and 8, is the angle :
of diffraction, as in Figure I1II-A-74. The angular dispersion of a grating is

obtained by differentiating @, with respect to A in the previous equation:

d@, m mo

= = I11-A-31)
dx  Acos®; cos0, ( )

where § is the number of lines (grooves) per centimeter [ =1/A). The recip- !
rocal linear dispersion of a grating monochromator of focal length £ is '

_10° cos @,

_ I11-A-32)
¢ SF ( _ )

where F is in meters and R, is in nanometers per centimeter. In most
monochromators, cos @, is nearly unity and does not change much over the
wavelength range of the instrument, Thus R, is nearly independentof wave-
length. This fact greatly simplifies the calibration of grating monochroma-’
tors. According to this equation, the highest dispersion (lowest &,) is obtained_
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Fig. II-A-7, () Diffraction of radiation by a grating, and (&) rotation ol a grating to vary
wavelengths.

in monochromators of long focal length using finely ruled grating in a high
order. Monochromators in luminescence spectrometers typically have focal
lengths between 0.25 and 1.0 m and use gratings of 600 to 1200 lines mm ~!
in the first order.

Reflection gratings may be plane or concave, the concave type being used
mainly in photographic spectrographs. Most commercial luminescence
spectrometers use plane reflection gratings in either the Ebert or the Czerny-
Turner mountings (see Figure I1I-A-75). In these mountings, the grating is
rotated 1o change wavelengths while the angle between the incident and
diffracted rays remains constant (@, in Figure ITI-A-7). It is convenient to
modify equation I1-A-30 for this case. Defining «, as the angle between the
grating normal and the monochromator center line:

mA = {za sin(%)] sin 2, (IT1-A-33)

The factor in brackets is a constant for a given instrument and grating.

[

For convenience in wavelength readout, a specially ground cam or “sine
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bar” mechanism is included in commercial monochromators to convert the
linear rotation of the wavelength counter or dial to the sine rotation required
by the equation, thus providing a linear wavelength scale. A*“ cosecant bar ™
can be used to provide a linear wavenumber (reciprocal wavelength}) scale.

Note that according to equattons I1I-A-30 and I1-A-33, all grating mono-
chromator wavelength dials read out in mA, not simply A; this must be
considered if grating orders other than the first are used. For instance, the
546.074-nm green mercury line would be picked up in the second order at
a dial reading of 2(546.074) or 1092.348 nm, On the other hand, the dial
setting for a wavelength A in the first order is also the proper setting for all
wavelengths Afm in correspondingly higher orders. This order overlap
problem is particularly severe in spectrofluorimetry with a mercury arc
excitation source, and the experimenter must understand qulte well the
operation of grating orders in order to avoid erroneous interpretation of data.
For example, a fluorescence band at 337.4 nm could be interfered with by
scattering of the intense 253.7-nm line from a mercury arc lamp, because this
line would appear in the second order near a dial reading of 507.4 nm.

These problems of order overlap and ambiguity are the most serious
disadvantages of grating spectrometers, but there are ways to avoid or
reduce these difficulties. For instance, a filter may be placed in the mono-
chromator light path to absorb unwanted wavelengih regions, or a prism
may be combined with the grating as an * order separator.”” The waste of
precious light intensity in unwanted orders mav be reduced by the use of
“blazed > gratings,* whose rulings are shaped to throw most of the diffracted.
intensity into a particular mA region. In blazed gratings, the reflective flats
are ruled at an angle 8, the blaze angle, to the grating surface. The greatest
diffracted intensities occur at those values of (3, most closely corresponding-
to the angle of specular reflection from the surface; this occurs when (@, —8)
equals (8 — ©,) in Figure I11-A-7a. For an Ebert or Czerny-Turner mono-
chromator, this condition is met when a, =8; that is, at the value of mA
satisfying

mA = 2A sin % sin B (IT1-A-34)
]
It is again important to note that this equation tells us that gratings are)
hlazed for a given mA, not for a particular order or wavelength alone-
A grating blazed at 500 nm in the first order also exhibits an intensity maxi-
mum at 250 nm in the second order. Thus second-order interference at 500
nm from ultraviolet radiation near 250 nm is not reduced by the use of &
grating blazed at 500 nm in the first order.

* Blazed gratings are called echelette gratings.



A. GEXNERAL LUMINERCENCE INSTRUMENTATION 167

The symmetrical path of light through Ebert and Czerny-Turner mono-
chromators largely cancels out the adverse effects of spherical aberration,
coma, and astigmatism. In addition, there is no chromatic aberration in any
svstemn with all-reflective optics. However, residual astigmatism does cause
the spectral lines w be curved along their lengths; this effect can impair
resolution if long, narrow straight slits are used, Special slits correspendingly
curved along their lengths are used 1n some high resolution monochromators
1o correct this effect, but thev are costly. Curved slits are seldom necessary in

luminescence instrumentation, particularly if small slit heights are used
(H <5 mm).

. FILTER$Z:-13-18

Filters may be used as substitutes for menochromators, as in fifter fluoro-
meters, or to decrease the strav light in spectrofluorometers, Filter fluoro-
meters have the advantages of simplicity, low cost, and verv high light
oathering ability, but thev are obviously less selective and cannot record
spectra. Filters are often used in conjunction with grating monochromators
1o prevent interference from undesired orders or other strav light.

A large variely of glass and gelatine filters are currently manufactured by
several firms (e.g., Corning Glass Works, Corning, N.Y.}. 8ill!¥ has given a
convenient summary of the transmission spectra of a large number of filters,
both single and in combination. Both low-pass and high-pass filters are
available. High quality band pass filters mav be made by combining a low-
pass and with a high-pass filter. Concentrated sclutions of many substances
mav serve as very effective high-pass filters.?

Interferences filters!® mayv also be useful in some cases. These have nar-
rower pass bands than do absorption filters but are more expensive.

1. PHOTODETECTORS&-20

Most commercial luminescence spectrometers use multplier phototubes
for the measurement of luminescence intensity, although some also use
other types of photodetectors to monitor the intensitv of the source for ratio
fuorescence measurements or for the measurement of corrected spectra or
absolute quantum efficiencies. The principal requirements for measurement
of luminescence radiation are high sersitivity and signal-fo-noise ratie over the
required spectral range, Aigh finearity of response, low dark current, and fast
response lime. The radiant sensitivity of a detector y is defined as the ratio of the
output current {A) to the radiant flux on the cathode {watt}. Ideally, the
tletector sensitivity should be independent of wavelength if undistorted
luminescence spectra are to he measured. Unfortunately the last requirement
Is impossible to attain in the most sensitive detectors
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4. GENERAL ASPECTS OF PHOTOEMISSIVE DETECTORS. ¥

The multiplier phototube is one type of photoemissive detector. The
principle of operation of photoemissive detectors may be illustrated by the
single-stage vacuum photodiode shown schematically in Figure ITI-A-8. This

PHOTCCATHODE {-}

TRANSPARENT
ENVELOPE

ANODE (4] Fig. III-A-8. Schematic representation

of a single-stage photoemissive (photo-
® diode} detector.

hy

device consists of two metal electrodes sealed in a glass or silica envelope and
held at a potential difference of about 100 volts by means of an external
battery or power supply. The negative electrode (photocathode) is coated
with a photoemissive substance, usually a mixture of metals and metal
oxides, of low work function. When light falls upon the photocathode.
those photons of energy kv greater than the work function @, of the cathode
material eject photoelectrons, which are attracted to and collected by the
positive anode. The resulting current flowing in the external circuit is
directly proportional to the rate of photoelectron emission, which is pro-
portional in turn to the incident light radiant flux. Such a detector is stable,
linear, and very fast, but unfortunately the sensitivity is comparatively low
and is dependent on the wavelength. A photoemissive detector can not
respond to light whose photons have an energy below the work function,
This occurs at wavelengths above the threshold wavelength A, given by

he 12400

A, =
"o, 0

A (111-A-35)

where @, is the cathnde work function {eV}.

Even below A, not ail the photoelectrons may have enough kinetic
energy {hv — @,) to escape the surface, particularly if they originated some
distance within the surface. At short wavelength, the sensitivity of the detec-

* For a discussion of the principles of nonphotoemissive detectors, refer to Appendix 4.
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tor may be impatred by absorption by the envelope material. Most commer-
cial tubes have A, between 600 and 1200 nm, and the short wavelength limit
is about 350 nm with a glass envelope or 200 nm with silica. The shape of the
spectral response curve (Le., the plot of detector sensitivity versus wave-
length) is thus a function of the cathode composition and envelope matertal
and typically exhibits a broad maximum in the near-ultraviclet and visible
region. There are 2 limited number of common combinations of cathode
composition and envelope material; the corresponding response curves are
denoted by “*S* numbers such as 51, S5, and so on. A few are shown in
Figure ITI-A-9,

A photoemissive detector is a *‘ current source ”; at a given radiant flux and
wavelength, a given current is produced. This curreni flows through the
load resistance R, , developing the signal voltage ¢, = ¢, R, . It is important to
realize that the current is independent of the load resistance. Thus, for a
given current, any desired signal voltage within reason may be obtained by

[w)
1

TYPICAL RADIANT SENSITIVITY — MILLIAMPERES/WATT
)
1
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Fig.TM-A-9. Typicalspectralresponse curves for photoemissive surfaces taken from technical
literature, Hamamatsu TV Co., Ltd., Hamamatsu, Japan. (With permission of Hamamatsu
TV Co.)
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selecting an appropriate load resistance. In general, a high value of &, ]
is desirable in order to reduce the required post detector electronic amplifica-
tion. Two practical factors limit the magnitude of R, : (a} the leakage Tésis-
tance of the tube and assaciated circuit, which shunts the load resistance, and
(b) the time constant R, Cy, formed by the load resistance in parallel with
stray capacitance Cs in the tube and wiring; this time constant degrades the
effective response time of the detector. Values of Ry up to 10'° ohms are
commonly used. If long detector leads are used, Cs may be 100 pF* or more,
resulting in a time constant of up to 1 sec or more. Such a time constant
would seriously degrade the accuracy of determination of the luminescence
decay times {lifetimes) less than about 10 sec. Shorter leads, lower &y, or
combination of these would reduce the effect. In very high speed work, a
miniature preamplifier is sometimes built right into the phototube base to
minimize stray capacity.

All practical photoemissive detectors have a finite current output when no
light is incident upon the cathode. This current, called the dark current :; may
interfere with the measurement of very low light intensities. The dark current
may be the result of the following causes: (a) thermionic emission from the
cathode or other internal parts of the device, (b) leakage currents over the
envelope material or through tube base, socket, or circuit insulation, {c)
positive ion current, and (d) field emission. The thermionic emission current
i, increases as @, decreases (i.e., as Ay, increases}. For this reason, near-
infrared-sensitive (S-1) phototubes, which have long threshold wavelengths,
tend to have higher thermionic emission currents than other tubes. In
general, the phototube with the lowest acceptable A, should be used, to
minimize thermionic emission. The temperature of the cathode has a great
effect on the thermionic emission. In fact, the most generally satisfactory
method of reducing thermionic emission in a given phototube is to cool the -
tube,

Another way to reduce thermionic emission current is to reduce the area
of the cathode. However, provision must be made to focus all the light to
be measured onto the small cathode; otherwise the signal current will be
reduced proportionately. Some commercial phototubes are fitted with very .
small cathodes to help reduce the thermionic emission current. '

The leakage current aver the surface of the phototube envelope may often
Be reduced by carefully cleaning and drying the surface to remove conducting
contaminents. Low-leakage base and socket materials should be used. Photo- -
tubes are often mounted in air-tight enclosures containing a dessicant to
reduce moisture on the insulating surfaces. One excellent method of eliminat- |

ing the effect of leakage currents in the output is to apply a circular band of
I

* | picofarad {pF) = 10-** farad. ..
i
]
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electrically conductive paint (called a guard ring) surrounding but not
touching the point at which the anode lead passes through the envelope,
When this guard ring is connected to the circuit ground, any leakage cur-
rents will then flow between the cathode and guard ring without interfering
with the anode current. Leakage from the guard ring to the anode can be
neglected because the potential difference between them is usually very low.

Positive ion current is the result of the impact of positive ions onto the
cathode surface. It is usually a small contribution to the total dark current.
Positive ions are produced in the phototube by the ionization of residual gas
molecules by collisions with thermionically emitted electrons from the cath-
ode acclerated toward the anode, by the field gradient between the cathode
and anode, and by background radiation. By reducing the supply voltage to
reduce the field gradient or cooling the tube to reduce the thermionic
ernission, residual gas ionization and resulting positive ion current will be
reduced.

Field emission is the emission of electrons from the cathode caused by the
electric field gradient at the cathode. Like the positive ion current, it is
generally a small contribution to the total dark current in properly operated
tubes, and can be reduced by lowering the supply voltage.

The total dark current i, is the sum of the above-mentioned contributions
and may range from 1071% to 10-% A for various types of photoemissive
detectors.

‘The ideal output current of a photodetector is a smooth DC current pro-
portional to the incident light flux. In real detectors, however, an AC or noise
component is superimposed on the DC signal, This noise limits the ability of
the experimenter to make accurate measurements of low light levels or
to determine small differences between similar light levels.

The primary source of noise in photoemissive detectorsat room temperature
is generally shot noise. Shot noise is due to the fundamentally discontinuous
(quantized) nature of light energy and electrical current. Photons arrive at
the cathode randomly even though the overall intensity of the light beam is
constant,* Thus photoelectrons are emitted from the cathode and arrive
at the anode aiso randomly, and yet the long term rate of photoelectron
Pulses at the anode is constant and proportional to the light intensity. The
same is true of thermionic electrons emitted from the cathode. Random,
uncorrelated events like this are said to obey Poisson statistics, which has the
fundamental property that the mean and the variance are identical; or in
other words, the standard deviation is the square root of the mean. In terms

* Photon shot noise is often called simply photon noise. Photon noise is ultimately the
]imiting noise when other noises are eliminated, In the discussion here, shot noise includes
both dark current shot noise and photon shot noise.
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of a photoemissive detector, this means that the standard deviation oy of the |
numbers of electrons arriving at the anode in each of a series of equal time
intervals of time ¢ is given by .i

oy = N =/nt (111-A-36)

where N is the mean number of electrons arriving at the anode per time
interval # and r is the average rate of arrival. Because each electron carries a
charge of ¢ coulombs, the average anode current i, is ne, and the standard
deviation of the averages of the currents flowing during each time interval ¢
i1s*

g

S

o; = /et (111-A-37)

This o, is called the rms shot noise current and henceforth has the symbol
gg. If the average current {, is measured with a current meter which has an
electrical noise bandwidth of Af, in Hz, then the time interval { in the fore-
going equation may be replaced by the effective averaging time of the current
meter, which is

T L

1
fom 111-A-38
Thus
Bi,=a, =./2i, Af (111-A-39)

e — e - L1

The average current i, is the sum of the total photocurrent i, and the
thermionic current emission i, :
R

ig =i, gy (TI[-A-40)

Leakage currents are not included in the shot noise because they do not flow . 4
internally through the tube.

The most seriously detrimental effect of thermionic emission is not so much
its contribution to the average anode current, which can be eliminated
electrically, but rather its contribution to the total shot noise, particularly
at low light levels where 1, <{1,, .

Another possible source of noise in the output signal from a photodetector
is Johnson noise in the load resistor. Johnson noise is a randomly varying
potential occurring across any finite resistance. It is caused by the thermal
agitation of electrons in the resistor material. Tt is not a function of the

* The reasoning is as follows: if gy is the standard deviation of the number of electrons,
then ey is the standard deviation of their charge and egy .t is g;, the standard deviation of
the average current in the time interval ¢+ Combining this with equation III-A-36 and |
writing i, for ne gives equation III-A-37. '
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current flowing through the resistance; thus Johnson noise in a phototube
load resistance is constant at all signal levels. The rms Johnson noise current

ﬂ?f and voltage Eej are given by

— (4T Af\2
m;=( = / ) A (IT1-A-41)

L

Ae, = (4kT AfR )2V (I11-A-42)

where £ is the Boltzmann constant, T is the temperature of the load resis-
tance ("K), Afis the electrical noise bandwidth of the circuit (Hz), and R, is
the load resistance {ohms). For instance, if R; = 10® ohms, T = 300°K, and
Af=1Hz, Ae; = 108 valt,

Since shot and Johnson noises are random and uncorrelated, they add
quadratically. Thus the total rms noise current E,, due to shot and Johnson
noise is

e — — 2e A 2T\

Al = (Ai2 + A )2 = [ ; f(z’RL + T)] (T11-A-43)
L

Because 2kT/e equals about 0.05 volt at room temperature, Johnson noise
is negligible as long as R, is chosen high enough to make the signal voltage
iRy large compared to 0.05 volt.

b. CHARACTERISTICS OF SINGLE-STAGE PHOTOTUBES

Single-stage phototubes are not often used in luminescence instrumen-
tation because of their low radiant sensitivities y (1073-10-1 A watt)~1),
They are, however, quite stable, have a wide linear dynamic range, and have
very fast response times {typically 109 sec),

C. CHARACTEPRISTICS OF MULTIPLIER PHOTOTURES

The most widely used photodetectors in luminescence spectrometry are
the multiplier phototubes (called photomultiplier tubes by manufacturers),
mainly because of their extremely high sensitivities.

A schematic diagram of a multiplier phototube and its circuitry is provided
in Figure ITI-A-10. An evacuated tube of quartz or glass contains an anode 4,
a photocathode C, and a series of dynodes D, . The resistor chain divides up
the operating voltage V so that a potential difference of about 100 volts
exists between adjacent electrodes. Photoelectrons emitted by the cathode
are accelerated toward D; by the potential across R, . The kinetic energy
gained in this acceleration is several times the binding energy of the electrons
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CATHODE ANODE

- . —HIGH VOLTAGE -+
INPUT =

Fig. III-A-10, Schematic diagram of a multiplier phototube and 1ts associated circuitry:
D, dynodes; E, voltages applied to dynodes, and R. , phototube load resistor.

on the surface of the dynodes. Each electron incident upon D, causes the
emission of several secondary electrons, which are subsequently accelerated
toward D, by the voltage across R;. The same process is repeated for all
the remaining electrodes. The resulting stream of electrons are collected by
the anode. The anode current i, flows through the load resistor R, , generat-
ing the signal voltage i, R, , which is negative with respect to ground.

The gain per siage g is defined as the number of secondary electrons emitted
by each dynode per incident electron and is typically 3 to 5. If z is the total
number of dynode stages, the lofal amplification factor M is

M=g (IT1-A-44)

For example, a typical commercial multiplier phototube with 10 dynode
stages and a gain per stage of 4 would have a total amplification of 4'® = 108, .
Thus the anode current i, would be 108 times the cathode current #,. Such
a phototube would have a sensitivity about 10° times that of a single-stage
phototube with the same cathode type and envelope material. A similar
tube with 13 stages would have a total amplification of 10°,

The gain per stage and amplification of a multiplier phototube depends
very much on the operating voliage. Most commercial tubes with cesium-
antimony dynode surfaces are operated at voltages from 80 to 120 volis per .
stage. It has been found experimentally that, in this range, the gain per E
stage is approximately proportional to the 0.7 power of the voltage.!® The
amplification of a 10-stage tube would then be proportional to the seventh .
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power of the voltage. Because of this very sensitive dependence of the
amplification on the operating voltage, multiplier phototubes require a
very stable high voltage power supply with a total drift and ripple at least
1 the maximum tolerable gain variation. A plot of the amplification of a
typical 10-stage multiplier phototube versus the supply voltage F is shown in
Figure I1I-A-1t. The slope of the line on the logarithmic coordinate graph
is about 7. The ability to change the sensitivity over such a wide range simply
by changing the supply voltage is a significant and unique advantage of
multiplier phototubes.

CURRENT AMPLIFICATION

|04 Figure III-A-11, Variationofamplifica-
tion of a typical 10-stage multiplier photo-
tube (photomultiplier). Curves taken

ANODE LUMINOUS SENSITIVITY (omp/Im}

e 4 n 4t 4t |03 from technical literature for a Hamamat-
500 700 1000 1500 su R376 photomultiplier tube, Hamamat-
SUPPLY VOLTAGE su TV Co,, Ltd., Hamamasu, Japan.

BETWEEN ANODE & CATHOOE (volts) (With perrmission of Hamamatsu TV Co.)

The anode sensitivities y, of multiplier phototubes (i.e., sensitivities
expressed in terms of the anode current) are much higher than those of
single-stage tubes and vary over a wide range of values, Radiant sensitivities
generally fall between 400 and 80,000 A watt=! at the wavelength of maxi-
muim response.

The spectral response of a multiplier phototube depends on the cathode
type and envelope material and is not influenced by the multiplication pro-
cess. Thus the response characteristics are similar to those of single-stage
tubes and are eatalogued by the same S number system.
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At room temperature, the primary source of dark current in multiplier
phototubes is atmost always thermionic emission. Thermionic emission cur-
rent from the cathode is amplified by the dyvnode secondary emission process
in the same wav as is the photoelectron current. (Any small differences
between the average kinetic energies of thermal electrons and photoelec-
trons is easily swamped out by the large cathode-to-first-dynode potential).
In addition, each of the dynodes exhibits some thermionic emission. Only
the emission from the first few dvnodes is significant, however, because that
from latter dynodes is not sufficiently amplified. Leakage current, which is
not amplified at all by the dynode multipliers, is much less important in
multiplier phototubes than in single-stage tubes, Although the leakage current
is directly proportional to the applied voltage, the thermionic emission current
at the anode, like the photocurrent, is proportional to a high power of the
voltage. At voltages below about 80 velts per stage, the gan may be so low
that leakage current becomes significant. At 100 volts per stage, the operat-
ing voltage of most commercial photomultipliers, the thermionic emission
current is always dominant, at least at room temperature. Ahove about 130
volts per stage, positive ion current and field emissicn may become significant.
In addition, internal breakdown may occur at excessively high voltages,
destroving the tube. It is therefore important never to operate a phototube
above the manufacturer’s recommended maximum voltage.

At room temperature the noise in multiplier phototubes is essentially all
shot notse. Johnson noise in the load resistor is not amplified by the electron
multiplier and hence is insignificant compared to the amplified shot noise.

The equation for the shot noise Ai, due to the total anodic current 7, (photo-
current plus thermionic current) must take into consideration the gain of the
tube M as well as the shot noise contributed by the dynodes. This can be
done by calculating the noise due to each electrode separately and then
quadradically adding them to determine the total noise. The result is that

the anodic shot noise Eis 13
Ai, = /2:BMASi, (I11-A-45)

where B is the symbol for
B=14glqg2tdg =3 pg7¥ (IT1-A-46)
y="0

and where the other symbols have been defined previously. In general, B is
slightly greater than one. For instance, if g is 4, then B is about 1.3. By com-
parison with equation TII-A-39, it is seen that B may be considered a * cor-
rection factor,” which is multiplied by the amplified cathode noise to account
for the small amount of extra noise (15%, or so} introduced by the dynode
multiplhication process.

As mentioned before, the thermionic component of dark current and dark

AL . e

|
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current shot noise can be reduced greatly by cooling the tube. As a rule of
thumb, each 10°K decrease in temperature halves the thermionic emission
current. Liquid nitrogen and dry ice are commonly used coolants. In addi-
tion, thermoelectric cocling chambers are available which allow temperature
adjustment. In many cases, it 1s possible to reduce the dark current by one or
two orders of magnitude by cooling. Cooling may not, however, reduce the
vartous other sources of noise significantly, so that these may become domi-
nant at low temperatures. For each type of multiplier phototube, there is a
minimum temperature below which it is not profitable to cool the tube, This
occurs at about 253°K (—20°C) for most tubes with cestum—antimony
cathodes. An additional noise source, which is important in some high grade
rmultiplier phototubes operated at low temperatures, is cosmic ray scintilla-
tion noise.** This is the result of the passage of highly energetic cosmic par-
ticles (e.g., u mesens) through the window of the tube, inducing Cherenkov
radiation which may reach the cathode. Even though the average count rate
of cosmic particles 15 low {ca. | or 2 mun~! em 2}, each particle may produce
hundreds of scintillation photons, resulting in a very large noise pulse at the
anode. The effect is particularly evident in end-on tubes, because the cathode
is so close to the window and because the window itself is relatively thick,
Background radiation, as well as radiation from radicactive isotopes in the
windoew material, mav contribute to this source of noise.

The dynode voltages are usuallv obtained from a resistive voltage divider
connected across a high voltage supply (as in Figure IIT-A-10). It is essential
to observe polarity when connecting the phototube 10 the power supply; the
cathode must always be negalive. The current through the dvnode resistor chain
should be at least ten times the anode current so that the dynode potentials
will not be reduced appreciably by the anode current. If the dynode chain
current 15 excessively high, however, the heat dissipated by the resistors may
warm the phototube, increasing the thermionic emission, For most applica-
tions, a dynode chain current of a few milliamperes is sufficient.

The most important interelectrode potential in a multiplier phototube is
the cathode-to-first-dynode voltage, which should always be maintained at
the value recommended by the manufacturer of the tube. This can be done
by using a constant voltage (Zener) diode of the proper voltage in place of
the cathode-to-first-dvnode divider resistor. In this way, the voltage will re-
main constant even if the overall supply voltage or dvnede chain current
changes. The use of the recommended voltage ensures good collection
effictency and reduces the effect of stray magnetic fields.

Exposure of multiplier phototubes to high light levels may cause changes
in the sensitivity of the tube (fatigue). Neither the cathede nor the anode
currents should exceed their maximurmn ratings as specified by the manufac-
lurer. A limitation on the cathode current density is set by the cathode re-
sistivity, Photocurrent flowing through the cathode laver results in an electric
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field across the cathode which opposes the cathode-to-first-dynode field,
lowering the collection efficiency and gain of the first stage. This can result
in a large change in the total gain of the tube. The customary cesium-—
antimony cathode material has a relatively high resistivity; the current
density in a cathode of this material should not exceed about 2 x 10-% A
em~ 2. In a multiplier tube with an M of 10® and a cathode area of 1.0 em?,
this would correspond to an anode current of 20 mA. In this connection, the
effect of phototube refrigeration should be considered. Most cathode mate-
rials are semiconductors and, as such, exhibit higher resistivity at low tem-
peratures, Thus cooling a tube will reduce its maximum cathode current
tolerance. This effect influences the selection of an optimum operating
temperature.

Anode current limitations are set by the maximum tolerable anode power
dissipation, heating of the dynodes, and space charge effects (fatigue). The
maximum anode power dissipation is usually quoted by the manufacturer
and generally falls between 0.1 and 1 watt. Maximum recommended long-
term anode currents generally fall between 0.1 and 1 mA. For best stability,
the anode current should not exceed one-hundredth of the maximum rating.
A fatigued phototube may often be rejuvenated if operated in the dark for
some time at the normal operating voltage. Multiplier phototubes must
never be exposed to room light, for irreversible damage may result.

The response time of a multiplier phototube is usually less than 107° sec,
sufficiently fast to allow the measurement of all but the fastest luminescence
decay times.

5. AMPLIFIER-READOUT* SYSTEMS22-24

The function of the amplifier-readout system in spectrophotometric in-
strumentation is to amplify and process the small electrical signal from the
photodetector and display it in a convenient and readable form. In lumin-
escence spectrometry, the information to be displayed is most commonly
luminescence signal due to luminescence radiance as a function of analyte

concentration {quantitative analysis), wavelength (spectra), or time {lumin- °

escence decay times}.

The amplifier-readout system normally determines the electrical noise
bandwidth Af of the entire system, which in turn influences the amount of
random noise on the readout signal and determines the response time of the
system,

* The reader js referred ta Appendix 5 for 2 more detailed discussion on electronic signal
processing,

— -
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a. DC AMPLIFIER $YSTEMS

The simplest and least expensive type of amplifier, and the one most com-
monly found on commercial luminescence spectrometers, is the DC ampli-
fier.29:26 The output signal of this type of amplifier (the readout signal) is an
amplified and filtered version of the DC component of the photodetector
signal. The DC amplifier is called a lnw-pass system; it passes and amplifies
DC signals and all AC frequency components in the photodetector signal
output below a certain frequency (approximately equal to the bandwidth
Af of the system) while attenuating all frequency components above Af.
When the light level seen by the photodetector is constant (i.e., not chopped),
the signal of interest appears at zero frequency (DC) and is passed by the
DC amplifier. Noise (e.g., shot naise} appears at nonzero frequencies (AC)
and some of it (the portion above Af) is attenuated. Thus the lower Af, the
lower the noise on the readout signal. The electrical noise bandwidth Af; of
the amplifier is determined by the amplifier time constant r,, which is
determined by an RC filter somewhere in the circuit of the DC amplifier.

1 1
= oe— T —r— I I I-A-4.?
e 4r, 4RC ( )

Direct-current amplifiers are simple, relatively inexpensive, and easy to
understand and operate. The biggest single disadvantage is that they pass
and amplify undesirable DG signals as well as the desired photocurrent
signal. Undesirable DC signals include phototube dark current, siray light that Salls
on the detector even in the absence of sample luminescence, and offset (bias) current or
voltage in the amplifier itself. These signals may be balanced out electrically by
adding an ariificial DC signal equa! in magnitude but opposite in polarity
to the total undesirable DC signal, thereby canceling it out. However, drift
in the dark current, stray light, or amplifier offset will cause errors in the
output signal until the circuit is rebalanced. Furthermore, since the ran-
dom AC noise components of these signals {e.g., thermionic emission shot
noise) cannot be balanced out, they remain in the signal.

When using current-source photodeteciors such as multiplier phototubes,
it is usual to pass the detector anode current i, through a load resistor R; to
generate a voltage signal i, R, to he amplified by a voltage amplifier. The
input impedence of the amplifier must be much larger than R; in order to
avoid a gain error. Electrometer amplifiers are commonly used. As mentioned
previously, the effect of the input time constant R; Cg must also be considered,
Cs being the shunt capacity from the signal lead to ground due to cable ca-
pacity, amplifier input capacity, and so on. An alternate approach is to feed
the detector anodic current directly to the summing point {negative input}
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whose operation is dictated by the polarify of the signal (pelarity-sensitive}, is
controlled by the frequency and phase of the signal { phase-sensitive). The simplest
type is a full-wave inverter (rectifier) whose inversion depends on a reference
signal, a notse-free signal whose frequency and phase are synchronized with the
sample signal modulation. This is eastly obtained from a small lamp and
photocell placed so that the chopper disk passes between them. Because .
noise is random and not frequency or phase synchronized with the signal
modulation, the noise offset is completely eliminated, even with a wide band
preamplifier stage. Such systems are relatively expensive, complex, and
difficult to operate, however. The system bandwidth is determined by the
hlter stage.

d. PHOTON COUNTING* SYSTEMS29-20

Photon counting, a relatively new method for the measurement of low
light intensities, is being used with increasing frequency in analytical spec-
trometry, particularly for Raman spectroscopy. Its use in luminescence
spectrometry has thus far been limited to research applications.

In photon counting, a high speed electronic counter is used to count the
photoelectron pulses at the anode of a multiplier phototube. Each photo-
electron pulse contains, on the average, M electrons, for a total charge of eM
coulomb. If M is of the order of 10%, then the resulting charge is of sufhcient
magnitude to cause a distinct and easily cbservable voltage (and current)
pulse across the phototube load resistor R; . One such pulse occurs for each
photoelectron ejected at the cathode, and hence the average pulse count rate
# is proportional to the light level {under the condition that the cathode sen-
sitivity is constant—which is a good assumption under normal conditions).
Such photoelectron pulses are often of the order of several millivolts and are
eastly amplified by a wide band AC amplifier and counted by electronic
counter circuits. This automatically provides a convenient, accurate, and
easily read digital output. The technique is called single-photoelectron counting,
or simply photon counting {even though not every photon is counted, of course).

The advantage of the photon counting system include the following:

1. A digital svstem is less subject to drift than an analog system.

2. Long counting times may be used at low light levels to accumulate the
required number of total counts.

3. Many types of noise are discriminated against, particularly thermionic
emission from the dynodes and leakage current.

4, The digital readout is easv to read and can be interfaced directly to
computers.

* The basic principles of photon counting are given in Appendix 6.
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Disadvantages include greater cost and complexity. In recording spectra
and luminescence decay times, the counter can be replaced by a rate meter
with analog output for connection to a recorder. In fact, the counter may
not e necessary at all if chart readout 1s sausfactory.

Fast amplifers, discriminators, rate meters, and counters designed for
nuclear counting are commercially available in convenient modular form.
These are easily adapted for photon counting. In addition, there are several
commercial photon counting systems. The method of photon counting is
further discussed in Appendix 6.

&, STROBOSCOPIC SYSTEMS®!

Many luminescence studies involve the use of pulsed sources to study fast
fluorescence or phosphorescence decay times. The measurement of low in-
tensity, short duration light flashes poses a particular problem in photo-
detection. The simplest technique would be to amplify the signal from the
phetotulie with a wide band amplifier and display the sutput on an oscillo-
scope. But the experimenter is faced with a dilemma. In order to preserve the
waveform of a fast pulse, the bandwidth of the system must be high. For
example, a l-usec rectangular pulse would require at least a 3-MHz band-
width, However, the large bandwidth usually reduces the signal-to-noise
ratio, preventing accurate measurements of low intensity light pulses.

This problem can be solved very effectively by emploving a photomuit:-
plier in the pulsed mode. Because the tube is sensitive to light only when the
proper dynode voltages are applied, it can be gated on and off as desired by
applying a rectangular high voltage pulse to the dvnode chain. This gate
pulse, which defines the “on” time of the phototube, is made much shorter
than the duration of the light pulse to be studied. By means of suitable delay
circuits, the gate pulse can be made to occur at anv desired time during the
light flash to be studied. If the light flash and phototube gate pulse are re-
peated periodically at a rate of a few pulses per second or greater, the average
DC component of the train of photocurrent pulses can be measured with an
average-reading DC meter. The bandwidth of the meter circuit can be made
as small as desired to reduce the noise to a satisfactory level. The time varia-
tion (waveform) of the light fash is easily determined by measuring the
average DC signal in this way for different delay settings (i.e., with the gate
pulse occurring at different times during the flash). The measured signals are
then plotted against the corresponding delay times to reconstruct the pulse
waveform. A more convenient procedure 1s to sweep the gate pulse slowly
through the Light flash whiie recording the measured intensity as a function
of time on a pen recorder. This eliminates hand plotting of data. If desired,
the time variation of the spectrum of the light flash can be determined by
scanning the monochromator at various fixed delay times,
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The type of stroboscopic operation just described has stili another advan-
tage; the performance of the multiplier phototube may be considerably im-
proved by the use of pulsed DC dynode voltages. Much higher gains can be
achieved in the pulsed mode, since higher voltages are permissible. For
example, a 1P21, whose maximum DC voliage rating is 1230 volts may be
operated at pulsed voltages in excess of 1500 volts, increasing the gain ap-
proximately tenfold. The primary limitation on the DC voltage is the
appearance of destructive positive ion regeneration. However, the positive
ions, being ionized atoms of the residual fill gas, are relatively heavy and slow
compared with electrons. Thus the positive ion current requires a certain
amount of time, perhaps several microseconds, to build up. If the gate pulse
width is [ess than a micresecond or so, the positive lon current simply does
not have enough time to build up before the end of the gate pulse, even at
pulse voltages much higher than that permissible for DC operation. This
not only reduces the positive ion component of dark current and dark current
noise but also permits the use of higher voltages, which yield higher gains.
Thus the signal-to-noise ratio of the tube is considerably enhanced in the
pulsed mode.

f. READOUT SYSTEMS

The function of the readout system is to display the signal from the ampli-
fier system in a convenient and readable form. The most common types of
readout in luminescence spectrometry are analog, such as meters, recorders,
and oscilloscopes, although digital systems are showing considerable promise.

Meters are simple and inexpensive, but they provide no permanent record
and are difficult to read if the signal is noisy. Accuracy is limited to about
] to 29,. The best types have mirrored scales to eliminate parallax errors.

Pen recorders are much more expensive than meters, but they provide a
permanent record and they permit noise measurements and the averaging
of noisy signals. Servomechanism (potentiometric) types are the most accu-
rate (0.1-0.5%,) and sensitive (1-10 mV full scale}, but they are expensive
and relatively slow. Recorder bandwidth is typically 1 or 2 Hz, and the slew
rate—the maximum rate of change of the pen position (usually in. sec™?)
— is also limited. This is important in the measurement of luminescence
decay times. Galvanometric {millimeter) recorders are generally faster and
less expensive but also less accurate and sensitive than servo recorders.

Most pen recorders record voltage (or current} as a function of time, but
x-y servo recorders permit the recording of two electrical variables against
each other.

Oscilloscapes offer the widest readout bandwidth (up to 10° Hz). Such large
handwidths may be required for the study of very fast luminescence decay
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times. Accuracy is typlcally 19%;. An oscilloscope camera can provide a per-
manent record if required. Storage oscilloscopes are also available.

Digital readouts usually involve the electronic conversion of the analog read-
out signal to digital form by means of a digital voltmeter, Photon counting
systems provide a digttal readout naturally, Digital displays are easy to read
and very accurate (0.1-0.019;) but are more expensive than a simple meter.
Printing of tapes or pages and interfacing to a computer is also possible,

g. SPECIAL SPECTROSCGPIC TECHNIQUES

Spectroscopic methods involving interferometrv and Fourier spectro-
metry and correlation and multiplex spectrometry have not been utilized
in analytical luminescence spectrometrv. However, these methods should
have considerable potential in future luminescence instrumentation, and so
the reader Is referred to Appendix 7 for a brief discussion of the principles
and uses of these novel techniques.

6. GLOSSARY OF SYMBOLS

a Linear aperture of monochromator, cm,
A, Lens area, cm?.
h Thickness of prism base, cm.

B, Spectral radiance of black body, watt cm 2 sr~! nm ™%,
; Spectral radiance of continuum light source, watt em ™% sr~! nm ™1,

ca
_...r‘f'a Radiance of line light source, watt cn~2 st =1,
¢ Speed of light, cm sec 1.
C Capacitance, farad.
Cs Stray capacitance, farad.
D Angular dispersion, angular degrees nm™1.
L, Collimator diameter, cm.
¢ Charge on eleciron, coulomb.
¢ Signal voltage, volt.
f f number of optical component, no units,
F Frequency of measurement system, Hz.
F, Foeal length of collimaror lens, m.
g Gain per stage of multiplier phototube, no units.
H Monochromator slit height, cm,
i Average power supply current, A,
1a Average anodic current of photoemissive detector, A,
. Average cathode current of photoemissive detector, A.
i Average dark current of photoemissive detector, A,

1, Average photoanodic current, A.
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Average thermionic emission anodic current of photoemissive
detector, A.

Stored energy in condenser of flash tube current, joule.

Boltzmann constant, 8.0 % 107 eV °K 1,

Optics factor, HT, £, cm sr.

Grating diffraction order, no units.

Multiplier phototube multiplication factor, no units.

Refractive index, no units.

Rate of electron arrival at surface, sec ™1,

Average counting rate, sec .

Peak input power of flashtube, watt,

Average input power of flashtube, watt.

Peak output power of flashtube, watt.

Radius of sphere for calculation of unit solid angle, cm.

Resistance of resistive device, ohm.

Resolving power, no units.

Reciprocal linear dispersion, nm cm ™%

Flashtube arc resistance, ohm.

Phototuhe load resistor, chm.

Theoretical resolving power.

Spectral bandpass, nm.

Aberration limited spectral bandpass, nm.

Minimum spectral bandpass corresponding to W, nm.

Time interval, sec.

Temperature, °K.

Optical transmission factor, no units.

Power supply voltage, volt.

Monochromator slit width, cm,

Exit slit width, cm.

Minimum resolving power slit width, cm.

Entrance slit width, cm.

Linear distance at focal plane, cm.

Half width of diffraction pattern, cm.

Index for summations, no units.

Number of dynodes in multiplier phototubes, no units.

Prism apex angle, angular degrees.

Grating rotation angle, angular degrees.

Blaze angle of grating, angular degrees.

Phototube anodic sensitivity, A watt™%,

Number of grooves per centimeter for grating, cm™*,

Grating constant, nm (or cmy).

Flectrical noise bandwidth, Hz.
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Amplifier noise bandwidth, Hz.

Rms amplifier noise anodic current, A,
Rms Johnson noise current, A.

Rms phototube noise anodic current, A.

Rms phatotube shot noise anodic current, A,

Base width of monochromator slit function, nm {or cm).

Wavelength resolution, nm {or cm}.

Spectral emissivity of a black body, no units.

Deviation angle (prism), angular degrees.

Work function of photoemissve surface, eV.

Diffraction angle (grating), angular degrees.

Incident angle on prism or grating surface, angular degrees.

Angle berween incident and diffracted rays on grating, angular
degrees.

Wavelength of radiation, nm (or cm).

Threshold wavelength for photoemissive surface, nm {or cm).

Frequency of radiation, Hz.

3.1416 ...

Standard deviation of average current, appropriate units, a.

Amplifier time constant, sec.

Solid angle of radiation collected by optical device, sr.
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C. MOLECULAR LUMINESCENCE INSTRUMENTATION®-?

1. SAMPLING DEVICES

The most common cell for condensed phase (solution) fluorimetry is
similar to the l-cm square cell that is standard for absorption spectro-
photometry.2 Usually all four faces of the cell are polished. Glass is suit-
able for excitation wavelength above 350 nm; quartz is used below 350 nm.
Nonfluorescent synthetic silica is preferred to natural quartz in careful
" work. Larger cells are used for gas samples.

In fluorescence spectrometry, the design and geometry of the cell and cell
holder greatly influence the amount of scattered excitation radiation seen
by the detector, particularly if the wavelengths of excitation and emission are
the same or very close. The excitation geometry is characterized by the angle
hetween the axes of excitation and observation. (Section 11-C-7 furnishes a
consideration of the influence of angle between exciting and measuring beams
and of the means of excitation in measurement, i.e., front surface versus right
angle.) The common 90° angle is most suitable for dilute solutions or gaseous
samples (fraction of radiation absorbed by analyte plus interferences is less
than 5%,) and is compatible with the square cell geometry. It is important
that the detection system “see” only the fluorescing solution and net the
cell walls through which the excitation light enters, but yet the entire sample
should be illuminated and the entire luminescence emitted towards the de-
tector should be measured. {See Section I1-C-6 for an extensive theoretical
treatment of the influence of incomplete illumination andfor incomplete
measurement of the luminescence). For solid samples, or solutions that are
very concentrated or turbid, the fluorescence may be viewed at an acute
angle from the excitation axis. This is called the frontal or surface config-
uration.}-2

Sample cells for use in phosphorimetry and low temperature fluorescence
studies are usually small {1-mm i.d.) tubes made of nonluminescent synthetic
silica.® The tube is positioned in a silica Dewar flask filled with a liquid
coolant (commoenly liquid nitrogen). Right angle illumination is most com-~
mon, although the frontal configuration is useful for sotutions that form
opaque “snows” at low temperature (cf, the rotating sample cell discussed
later}.

The small sample tubes are somewhat more difficult to fill, empty, and
clean than fluorescence cells, but the smaller sample volume {typically 0.1 ml)
means much lewer absolute detection limits at a given concentration. The

tubes can be emptied with a long, small diameter polyethylene tube con-

nected to a water aspirator. They may be cleaned by successive rinses with

[T
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nitric acid, distilled water, and solvent or sample solution. Very dirty tubes
can be stored under concentrated nitric acid to remove the last traces of
organic matter.

Precision of measurements of low temperature luminescence of samples in
small sample tubes is often limited by sample tube positioning errors. Holli-
field and Winefordner* have described a sample tube spinning apparatus
(see Figure III-C-1) that averages out optical inhomogeneities and mini-
mizes the effect of variations in sampling position, They cbserved a ten-fold
decreaseinrelative standard deviation when the spinning apparatus was used.
A commercial nuclear magnetic resonance (NMR) sample tube spinner may
also be used.®

I'/ VARIAN NMR SPINNER
E
o E
- -] j
_l_ ~ ~~ |T— AMINCO LiGHT
TIGHT COVER
AMINCO QUARTZ
DEWAR FLASK
J.Jf L,
QUARTZ LAMP CELL
"

Fig, m-c-1, Representation of rotating sample cell immersion methed of Refs, 4 and 5.
(With permission of the authors.)
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Parker? has described several elaborate specimen containers and compart-
ments for variable temperature luminescence studies, including an apparatus
for sample deaeration to reduce the quenching effect of oxygen and a frontal
illumination system for low temperatures.

2. SAMPLE COOLING METHODS??

The simplest method of cooling a sample for low temperature studies is to
immerse the sample tube directly into a transparent hquid coolant in a Dewar
flask. A portion of the Dewar is left unsilvered to allow passage of the light.
This system, illustrated in Figure III-C-2a, is the one most common in
analytical applications, It has the advantage of rapid sample cooling and a
stable, known sample temperature. However, there are several disadvantages:

/ SAMPLE TUBES

COPPER ROD

o

TULIY,
\"'
ratn

=LA -
)

T
L)
‘.&\\\

' y n

h

o,

T 1
15
1
1
L3
~'|I
1!
N

[y
!
1
R
Ayt
|

N

1=
auib | 7=
-

L]
L1
1

R

n
hy
o

R

QUARTZ

FROST
SHIELD

-

N’
(b

Fig. II-C-2. Types of cooling systems for low ternperature luminescence spectremetry]
{predominantly phosphorimetry): (a) simple immersion method, (#) conduction cooli
via quarkz tube and sample, (¢} conduction cooling via copper rod. {Drawings are reproduc
tions of those found in Ref, 3—with permission of the authors.)

(a)} (c}
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l. The excitation and emission light beams must each pass through three
quartz layers. Even if the quartz is quite transparent, there are reflective
losses at each of the twelve interfaces (typically 49, per interface), amounting
to as much as 509 total light loss.

2. The coolant must be transparent and nonluminescent.

3. The convective motion and refractive index changes in the coolant
cause flickering of both the incident and luminescence light beams; this effect
may make a significant contribution to the total noise.

4. Occasional bubbling of the coolant may cause extremely unstable
readings.

Other methods of sample cooling minimize these disadvantages by reduc-
ing the number of quartz layers through which the light beams must pass
and by eliminating direct contact of the coolant with the end of the sample
tube containing the sample. In Figure ITI-C-25 the sample tube is made an
integral part of the Dewar flask. The reduction of reflective losses is only
minor, but convection and bubbling noise are eliminated. The sample is
cooled by conduction through the quartz sample tube walls and through the
rigid solution itself. The disadvantages are the uncertainty and inhomo-
geneity in the sample temperature and the considerable inconvenience in-
volved in changing samples. The system in Figure III-B-2¢ reduces thermal
gradients by means of a highly conductive copper rod machined to fit the
sample tube snugly. The frost shield reduces icing and fogging of the viewing
area. However, the space inside the shield cannot be simply evacuated, and
so condensation of air onto the sample tube and fogging of the shield itself
by conductive cooling through the internal air space cannot be avoided. The
copper rod conduction system has also been used for frontal ilumination of
solid samples.

Both conductive cooling systems can use solid-liquid coolants, but the im-
mersion system is limited to boiling liquids. Liquid nitrogen, liquid air, and
liquid nitrous oxide have been commonly used in phosphorimetry, although
many other coolant systems could be used for other temperatures.? Minkoff®
has given a helpful review of low temperature techniques.

3. MODULATION METHODS

The observation of long-lived (7 = 1072 sec) luminescence without inter-
ference by prompt fluorescence and scattered light is most easily accomplished
by the use of a mechanical phosphoroscope. The phosphoroscope is a rotating
mechanical shutter that allows periodic out-of-phase excitation and observa-
tion of the sample. Two basic forms are in common use.

The rotating can phosphoroscope is shown in Figure I11-C-3a. It consists
of a hollow metal cylinder with two or more equally spaced apertures along
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Fig. III-C-3. S5chematic representation of phosphoroscope interaction with radiation:
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found in Ref. 7—with permission of the authors.)



C. MOLECULAR LUMINESCENCE INSTRUMENTATION 205

its ciccumference. The cylinder is rotated by a variable speed motor. The
apertures aliow the radiation from the excitation monochromator to strike
the sample periodically and allow luminescence emission to reach the en-
trance slit of the emission monochromator between the excitation periods.
The intensity of prompt fluorescence and scattered incident light decays
very rapidly after termination of the excitation period, and so only long-
lived luminescence (phosphorescence and delayed fluorescence} will remain
when the phosphoroscope has turned from the point at which excitation is
terminated to the point at which the observation period is initiated.

The Becquerel or rotating disk phosphoroscope {Figure I1I-B-34) achieves
the same effect with two sectored disks mounted on a commeon motor-driven
axle. This system is somewhat more versatile than the rotating can type
because the phase relation between the two disks may be adjusted more
easily.

Either type of phosphorocopic system produces a train of approximately
trapezoidal pulses of light. The resulting photocurrent pulses from the de-
tector are usually measured with a DC readout system in commercial instru-
ments. The response of the DC system is proportional to the average area
under the current pulses. An AC or lock-in detection system could also be
used, because the light is conveniently modulated by the phosphoroscope.

The operation? of both the can and disk phosphoroscopes is characterized
by three time periods which are a function of the design and speed of the
rotating components: the cycle time f, which is the period of one cycle of
excitation and observation; the exposure time ¢z, which is the time during
which the sample is excited or observed (assumed equal); and the delay time
tp, which is the time between the end of the excitation period and the be-
ginning of the observation period. The magnitudes of these time periods,
relative to the lifetime 7 of the luminescent species, influences the measured
radtant flux of luminescence. It is apparent that the presence of the phos-
phoroscope reduces the measured radiant flux because the sample is being
excited (or observed) for only a fraction i;/t; of each measurement cycle.
It can be shown? that the ratio « of the average DC photocurrent observed
using a phosphoroscope te that which would be observed without the phos-
phoroscope if prompt fluorescence and scattered light were not to interfere,
is given by

7{exp —tpf7) (1 —exp (tz/7))"
o= {IT11-B-1)
te[1 — exp (—icin)]

For long-lived luminescence (v  ¢.), e is independent of r and of the speed
of the phosphoroscope and is given by

o = (t—E)z (111-B-2)

lc.
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Because iz must be less than one-half of i, this « must be less than 0.25
For shorter decay times, or slower phosphoroscope speeds, where 7 <71, ¢
begins to drop off. This occurs at about r=10"7 sec for the Aminc|
phosphoroscope operating at maximum speed (7000 rpm). '

It is usually desirable to operate the phosphoroscope fast enough so thal
r ¥ i, because in that case undesirable changes in the phosphoroscope speeg
or changes in the sample luminescence lifetime (due to temperature variationg
quenching by dissolved oxygen, etc.) will have little effect on the o factor
On the other hand, some degree of resolution of a mixture of two spectrall
similar compounds can be accomplished if their decay times are significantly
different; ¢, is made approximately equal to the larger decay time, thereford
attenuating the response due to the shorter lived species. The degree of ay
tenuation may be calculated using equation IT1-B-1. '

Equation II1[-B-1 may be modified and generalized to apply to a strobod
scopic system (see Section III-A-6-d) using a pulsed excitation source and g
gated multiplier phototube.? ¢ If the half-<intensity width ¢ of the fiash tuk ﬁ
excitation source is much less than the lifetime = of the luminescent specieg)
then the corresponding e« value is

o’ :fan[exP ("_‘!fo){l — exp — tp,lf'r} (III-B-B
I —exp—1)f

where a’ = ratio of average luminescence radiant flux observed per unit ti
to the hypothetical luminescence radiant flux per unit ti

produced by steady state luminescence.
f = repetition frequency of light source and photomultiplier pulses
sec ™1,
tp = delay time bhetween end of excitation pulse and beginning o
phototube pulse, sec.

r = lifetime of luminescent species, sec.

tp = duration of phototube pulse, sec.

It may be shown that? the use of a pulsed system of this type would allo
enhancement of the signal of one luminescent species with respect to othe
species of longer eor shorter lifetime. The lifetime of maximum enhancemen
and the extent of relative enhancement is determined by the adjustab
parameters iy, tp, and f.

4. COMMERCIAL INSTRUMENTS

Fluorescence spectrometers are manufactured by several firms. T ;
Aminco-Bowman Spectrophotofluorometer (American Instrument Co;
Sitver Spring, Md.) contains two Czerny-Turner grating monochromator:
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Either may be scanned automatically for recording excitation and emission
spectra. A high pressure xenon arc lamp is normally supplied as the excitation
source. A 1P28 multiplier phototube and a DC amplifier system are used to
detect the luminescence emission. Meter readout is supplied, although output
connections for a recorder and oscilloscope are provided. Available acces-
sories include adjustable slits, interchangeable gratings, photomultiplier
cryostat, polarization accessory, multiple sample turret, and a phosphores-
cence attachment,

The Aminco SPF-125 is a smaller, simpler, less expensive spectrofluoro-
meter intended primarily for quantitative clinical tests.

The Farrand Mark-l Spectrofluoremeter (Farrand Optical Co., Inc.,
Mount Vernon, N.Y.} is similar in principle to the Aminco-Bowman device.
It also uses two grating monochromators. Electrically operated light shutters
for decay time studies of phosphorescence are provided.

The Baird-Atomic Fluorispec (Baird-Atomic, Cambridge, Mass.) is unique
in that it uses two double grating monochremators for high resolution and
extremely low scattered light. A phosphoroscope attachment is available as
an accessory.

None of the foregoing instruments gives ““true”™ excitation or emission
spectra corrected for variations in source radiance, monochromator trans-
mission, and detector sensitivity with wavelength. Compensated or * cor-
rected spectra’ instruments include additional components to provide this
correction. The Perkin-Elmer model 195 linear energy spectroftuorometer
(Perkin-Elmer Corp., Norwaik, Conn.) uses two silica prism monochroma-
tors. A beam splitter samples a small portion of the light leaving the excita-
tion monochromator and directs it onto a thermocouple detector*. The
thermocouple responds to the total energy striking it and is insensitive to the
wavelength of the light (in contrast to the more sensitive photoemissive
detectors), The thermocouple signal controls a slit servomechanism which
keeps the energy emerging from the excitation monochromator constant. In
this way, energy-corrected excitation spectra are obtained. Emission spectra
are corrected by means of an adjustable electrical cam which controls a
slit-servo in the emission monochromator.

The Turner Model 210 Absolute Spectrofluorometer {G. K. Turner
Associates, Palo Alw, Calif) records corrected excitation and emission
Spectra, as well as absorption spectra compensated for fluorescence errors.
Excitation correction is accomplished by means of a time-shared bolometer
detector, which compares the energy emerging from the excitation mono-
chromator to that from a small reference lamp and adjusts the reference lamp
10 provide equal energy. The multiplier phototube is time-shared between a

* Refer 10 Appendix 4.
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beam from this reference lamp and the fluorescence radiant flux emerging
from the emission monochrotmator. The ratio of the fluorescence signal tqg
the reference signal is recorded. Emission correction 1s provided by a cam
driven wedge attenuator in the reference beam. The cam is operated from
the emission monochromator wavelength drive and is shaped to compensat
for the spectral response of the multiplier phototube and emission mon,
chromator,

The Aminco energy-corrected luminescence spectrometer uses a referenc
thermopile te obtain a wavelength-independent measure of the excitation;
intensity passing through the sample. Excitation spectra are corrected by dis
viding the uncorrected phototube signal by the thermopile signal. Emission
spectra are corrected by means of an adjustable cam, linked to the emissio
monochromator wavelength drive, which drives a plunger on a potenu
meter wired into an operational amplifier circuit.

FPhosphoroscope attachments are available for the Aminco, Farrand, and
Baird-Atomic instruments. These include a rotating mechanical shutter and
a liquid nitrogen Dewar fask.

5. GLOSSARY OF SYMBOLS

f Frequency of pulsing, Hz.

- Phosphoroscope period, sec.

tg  Exposure time of analyte to exciting light per cycle, sec.

tp Delay time between end of excitation and beginning of observation, sec.]

tp  Duration of light flash, sec.

tp Phototube pulse (gate} width, sec.

o  Phosphoraoscope factor, ratio of average DC pnotocurrent observed using
a phosphoroscope to the DC photocurrent observed with no phos-
phoroscope, ne units, _

o’ Phosphoroscope factor with flash tube excitation, ratio of average
luminescence radiant flux observed per unit time to hypothetical
lumiminescence radiant flux produced by steady state luminescence,
Nno units. '

7 Luminescence decay time {lifetime}, sec.

ol 4 Anl i il

|
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D. SIGNAL-TO-NOISE RATIO THEORY

. GENERAL ASPECTS

a, NOISE!™?

The readout (meter reading, pen position, scope deflection, digital
number, etc.) of a spectrometric system consists of a desirable signal com-
ponent, which is related in some way to the nature and concentration of the
sample, and an undesirable signal component, which interferes with measure-
ments of the sample. This undesirable component may consist of:

. A constant DC offset or bias error, which might include background,
dark current, amplifier offsets, zero-adjust errors, and so on, These signals are
easily eliminated or compensated for,

2. A drift component, due perhaps to phototube fatigue, power supply
drift, photodecomposition of a sample, or monochromator wavelength drift.
Drift can be a serious source of error in many cases.

3. An AC netse component—it may be periodic, such as that due to pickup
of 60-Hz power line frequency, 120-Hz power supply hum, or stray pickup
of radio signals; or it may be aperiodic (random), such as shot or Johnson
noise. Periodic noise is usually easy to eliminate by means of an electrical
notch filter tuned to the proper frequency. Random noise, however, appears
at not just one frequency but is distributed over a wide band of frequencies
and is therefore much more difficult to filter out completely.

The frequency distribution of noise components is characterized by a
power density spectrum, which is a plot of noise power per unit frequency
nterval (watt Hz ~') versus frequency, rather analogous to the spectrum of
a light source. Noise whose power density is independent of frequency is
called white noise (see Figure III-D-1). This is a very common type of noise;
shot noise and Johnson noise are white under most conditions. Nomwhite
Noise may also be observed (see Figure III-D-1}. One particularly common
and troublesome type of nonwhite noise is called * pink >’ or 1[f neise because
its power density is inversely proportional to Irequency.
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Fig, HI-D-1. Representation of noise power spectrum.

b, ELECTRICAL BANDWIDTH

The electrical bandwidth of a systemn 1s a measure of how quickly the cutput
(pen position, needle reading, oscilloscope trace, etc.) follows changes in
the input signal {current or voltage). A system with high bandwidth (wide
band) faithfully displays rapid changes in the input signal, whereas a system
with low bandwidth (narrow band) smoothes out and/or attenuates input
signal changes. As a result, systems with finite bandwidth exhibit a finite
response time, an averaging lime, and a _frequency response.

(1) Response Tiume. If an input step function is applied to a system (1.e., an
instantaneous change in the input signal), the output will not change instan-
tly but will reach about 989 of its final reading in a time called the response
time 1., related to the electrical bandwidth Af by?

1
Af

(2) Averaging Time. Any input signal changes are averaged over an
effective time ¢, :

3

It

(ITE-D-1)

1

=— I11-D-
=557 (111-D-2)
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Thus if a direct measurement of a white noise source is made with an rms AC,
voltmeter of electrical bandwidth Af; then the observed rms voltage will be
equal to the standard deviation of a number of successive time averages of the
amplitude of the noise source, where each average is taken over a time
period equal to 1/24Af,

(3) Frequency Response. If the input signal to the readout system is varied
in amplitude sinusoidally at some frequency f; then the system response to
that amplitude change will be a function of f. A plot of the system response
to the sinusoidal variation in signal amplitude versus the frequency of the
amplitude variation is called the frequency response curve of the system. The
range of frequency Af over which the system responds is called the passband,
or more commonly, the eleclrical bandwidih, in frequency units. If the input
signal is DC then a /pw-pass readout system can be used. A low-pass system
responds equally to DC and to all AC frequencies up to approximately Af,
and it attenuates frequencies above Af. If some form of modulation is used
to produce an AC signal, then a bandpass system can be used. A bandpass
system responds only to frequencies between certain frequency limits f; and
Ju» where f, < f, . The bandwidth Afis given by f, — 7,. In real systems, the
rate of attenuation of response to frequencies outside of Af is gradual, and
this makes the determination of the exact bandwidth limits less direct.

Most readout systems are characterized by more than one bandwidth.
For instance, AC systems have both a predetection bandwidth {the band-
width of the AC amplifier before the demodulator) and a postdetection
bandwidth (the bandwidth of the low-pass DC filter stage following the
demodulator). Bath AC and DC systems may use a chart recorder readout
which is a low-pass system itself and has its own bandwidth. The total
electrical bandwidth of the entire system Af, is given by

1 I 1y -1
Afp=— +—= 1+ --- —) ITI-D-3
R (D5
where Af, - -+ Af, are the bandwidths of each individual stage or component
of the system. Obviously, if one Af is much lower than the other, it will
effectively determine the system bandwidth.

C. EFFECT OF ELECTRICAL BANDWIDTH ON KOQISE

The response of a readout system to noise art the input depends on what
portion of the noise spectrum is passed by the system. Noise frequency com-
ponents beyond (above or below) the passband are attenuated. For white
noise, the noise power per unit frequency interval (watt Hz~1) is constant.
Therefore, the total noise power passed by a system is the product of the
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input noise density {watt Hz "1} and the electrical noise bandwidth Af of the
system (Hz), Thus the measured noise veltage or current at the output is

proportional to the square root of total noise power and thus to \/ ﬁ—f, which |
is why \/ Afappears in the equations for shot and Johnson noise, If the noise

15 not white, the relation between neise and bandwidth is different; but in
general reducing Af reduces the noise at the output.

d. SIGNIFICANCE OF RESPONSE TIME

As a rule, random noise in the output signal of an analytical system may be
reduced by reducing the electrical bandwidth of the system. However, the
response time {, increases as Af decreases. In manv cases, the increase in
response time will introduce systematic errors or other undesirable side
effects which effectively limit the extent to which Af may be profitably
reduced.

(1) Analysis Time, After changing a sample, it is necessary to wait at
least one response time, and preferably longer, before taking a reading, so that
no systematic error will occur because of incomplete response of the instru-
ment to the change. If Afis reduced to reduce noise, the response time ¢,
increases, so each reading takes longer. If multiple readings are desired for a
statistical check, the total analysis time may become excessive if the response
time is too long (Afis too low). The proper balance between Af and ¢, must
be judged for the particular application,

(2} Sample Consumption, In the flame techniques, such as atomic fluores-
cence spectrometry, the sample is consumed at some rate* continuously dur-
ing the analysis. If we attempt to increase the signal-to-noise ratio, the in-
crease in response time that is produced will require the consumption of
more sample for each reading, with the result that the absolute {weight)
detection limit may be increased. '

(3} Drift Errors. Instrumental drifts resulting from source spectral
radiance drift, photomultiplier fatigue, amplifier drift, and so on, have a
greater effect on analytical accuracy the longer it takes to get a reading.
Decreasing Af to reduce noise errors may increase drift errors.

(4} Sample Stability. Some samples in molecular luminescence work are
photolyzed by the high excitation radiance or are otherwise unstable,
Excessively long ceadout response time may lead to cumulative errors and
irreversible damage to the sample.

*Actually one of the authors {JDW) has recently utilized discrete sampling {1 i 1) in

atomic fluorescence tflame spectometry. With discrete sampling, a large Af and a smaller ¢,
are reanirad
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(5) Spectrum Scanning*® Excitation and emission spectra are usually
ohtained by scanning the appropriate monochromator wavelength drive at a
constant rate and recording the emission signal versus time. Excessively long
1., fast scan speeds, or both may distort spectral peaks and blur out important
details and fine structure, The optimum scan speed depends on Afand on the
structure of the spectrum.

For recording line spectra, the monochromator scan speed r (nm sec™?)
should be approximately

r< ‘:_ — 5" (Af) (111-D-4)
r
where s is the spectral bandpass of the monochromator, ¢, is the system
response time (sec}, and Af is the electrical noise bandwidth {sec™!). For
recording band spectra, 7 should be

A

r< 20— (AX) (Af) (I11-D-5)

where AX is the half width (nm) of the most narrow band or spectral feature
to be observed. If the electrical bandwidth Af is adjustable, rather than the
scan speed, then the foregoing relations may be used to determine the small-
est permissible value of Af.

(6) Luminescence Decay Time Measurements, There is a conflict between
random noise errors at large Af and systemnatic errors at small Af due to the
long response time in luminescence decay time measurements, also. The
response time must be much smaller than the decay time to be measured.

In many of the previously described situations, an optimum value of elec-
trical bandwidth may exist for a particular set of experimental conditions,
This optimum value must usually be determined experimentally. In those
cases in which excessively long response time introduces systematic errors, a
series of measurements made at various values of Af and extrapolated to
Af= @ (t, =0) will give an indication of the significance of ¢,. However,
those readings taken at high Af may be imprecise because of the increased
noise,

€. NOISE SOURCES IN SPECTROMETRIC INSTRUMENTATION

The most important sources of random noise in luminescence spectrometry
include the following ones.

(1) Source of Excitation. Drift and random fluctuations* in source radiance
may be due to line voltage variations, lamp aging, arc wander, sputtering and

*A |:f noise component also exists in source fluctuation.
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evaporation of electrode material onte lamp walls, thermal turbulence and
convection in the arc gases, and so on. The noise is a constant fraction of
total source radiance and thus increases linearly as the measured photosignal
is increased by, for example, opening the monochremator slits or increasing
detector or amplifier gain.

(2} Sample and Sample Cell. The sample and the sample cell constitute a
noise source highly dependent on the particular model. It includes such
factors as flame noise in flame fluorescence work and coolant convection
and bubbling in low temperature laminescence spectrometry of molecules in
the condensed phase.

(3} Photodetector 1% Detector noise, mainly dark current shot noise in
multiplier phototubes, is attributable to the fundamental quantum nature of
electrons and photons and is often the fundamental limiting noise when
other noise sources have been reduced or eliminated.

(4) Amplifier-Readout System.*  Electronic noise in the amplifier and
readout system is usually insignificant with modern instrumentation. How-
ever, some types of noise may still cause trouble, particularly stray pickup
of 60-Hz hum, radio and TV signals, radar, and so on. Drift in DC systems
may be significant.

f, ADDITION OF NOISE SOURCES

In analytical applications we are usually interested in the total effect of the
various noise sources on the readout signal. It is convenient to express noise
amplitudes in terms of rms current noise at the output of the photodetector.
Each noise source is evaluated in terms of its contribution to the total noise

Ai, in the photodetector output current. The way in which the various
noise sources combine is important. Offsets and drifts add linearly and alge-
braically (i.e., with regard to sign). On the other hand, independent random
noises add quadratically:

Ai,= (Y A 212 (111-D-6)

where Ai, is the total rms current noise in the photodetector output current

and the E-iﬂ are the individual rms current noises due to each of the various
noise sources. In some cases the relative contribution of the various noise
sources to the total noise may be determined by investigating the dependence
of total noise at the output on the detector current; this may be accomplished
by varying the monochromator slit width or height to change the radiant
flux reaching the detector. Source noise is a constant fraction of the total
source radiance (spectral radiance}, and thus its noise contribution to the
output noise increases linearly with the radiant flux reaching the detector



D. SIGNAL=TO=NCISE RATIO THEQRY 215

(and thus with the detector current). Shot noise increases as the square root
of detector current. Electronic notse is constant, independent of any variable
before the electronics. It may be possible to determine, for instance, whether
any one noise source 1s dominant.

g. SIGNAL-TO-NOISE RATIO AND THE QPTIMIZATION OF EXPERIMENTAL
CONDITIONS!1-15

The signal-to-noise ratio* iLf.-ﬁ_iT, must be considered when experimental
conditions for any spectrochemical method are being optimized. It is
generally desirable to obtain the largest possible signal-to-noise ratio in
order to obtain the most precise results and the lowest limit of detection. If

analytical expressions for 7; and ET could be obtained, then the optimum
value of any experimental parameter X could be found by differentiating

iLIEET with respect to X, setting the resulting derivative equal to zero, and
solving for X,,.. It is usually necessary to do this graphically, however. A

plot of #;{Ai; versus each parameter X, obtained experimentally, will reveal
which parameters do in fact exhibit maxima.

h. EFFECT OF RANDOM NOISE ON ANALYTICAL PRECISION AND
DETECTION LIMITS1®17

In many instances the precision of analytical measurements is limited by
random noise. This 15 particularly true in trace analysis near the limit of
detection. In such cases, statistical methods may be used to evaluate the
effect of random noise on analytical precision.

Analytical determinations invariably involve the measurement of at least
two signals, one or both of which may be noisy. Most commonly, the dif-
ference between two signal levels is sought (e.g., the difference between‘a
sample signal and a blank signal). It is necessary to consider separately the

noise on the blank signal A, and the noise on the sample signal Ai,. Con-

sider two noisy current signals ¢, and {, having rms noises ES and A,
respectively, such that i;>>i, (these are sample and blank signals,
respectively). Let us define the difference i, — 2, as the analytical signal §
(le., §=1¢)

S=i,—i, (I[1-D-7)

The respective rms noise g, is the standard deviation of the difference;
that is, ¢,,_,,, and can be shown to be

o, = ' Al 2in, + Ai2in, (I11-D-8a)

* The i, represents the detector photocurrent due to analyte luminescence,
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where a, and s, are the number of measurements of i, and i, , respectively,
which constitute each measurement of S. In practical work r; and », are
made equal. Thus if n;, = n, = n:

o, =/ (A2 + 5,7 (111-D-8b)

The magnitude of ¢, has an effect on several important specifications of
analytical measurements.

(1) Relative Standard Deviation® In a random-noise-limited system, the
relative standard deviation RSP of a series of successive readings of § is given
by

100¢, 100 ,———

BD === =75 V@i -8 (I11-D-9)

There are two useful limiting cases for this equation. For large sample
concentrations, i, 3 i,. In luminescence spectrometry the most important
sources of noise increase in amplitude with the analytical signal, and thus

Ai, > Ai, at large sample concentrations; therefore,

100 A;
RSD o 10 20 (I11-D-10)
LR
At low sample concentrations, i, = 1, and EB :Eib — Ai. Thus
100./2 Ai  141Ad
Rsp = [00V/2 A0 1414 (I1[-D-11)

s JaS
(2) The Limit of Determination. Often we want to know the smallest

analytical signal S, that can be measured with a given maximum acceptable
RSD. This is easily found from equation II11-D-9 or its two limiting cases:

100 —— —
Sy = 5D V(ALS ~ ALE)n (III-D-12)

The sample concentration corresponding to this value of § is called the
limit of determinalion.

{(3) Limiting Detectable Sample Concentration,® 1" In some cases it may be
useful to know the smallest analytical S, that can be detected with a given
level of confidence. This is derived from small sample statistical theory by the
use of the “Student ¢ statistic. The Student ¢ is defined as the ratio of the
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smallest detectable difference between two means to the standard deviation
of those differences, or in our terms:

;o e ba _Sh (I11-D-13)
L Je

where S, is the minimum detectable §. The value of ¢ {no units} is available
in tables and is a function of the number of degrees of freedom and the
confidence level desired. The number of degrees of freedom is equal to
2n — 2, where n is the nurnber of measurement pairs, each measurement pair
consisting of one measurement each of ¢, and i,. Combining equations
I11-D-8 and III-DD)-13, we have

I\JKIESE + Ebz
n

In general, §, is small, so that i, >~ 1, and A{, = Ai, = A4, In that case

(111-D-14)

8, =lfo, =

Sp= Y2 (I11-D-15)

£ 1

The sample concentration giving a signal equal to S, is called the fimiting
delectable sample concentration, sometimes shortened to [imst of detection or
delection limit.

2, ATOMIC FLUORESCENCE FLAME SPECTROMETRY

a. SIGNAL AND SHAPE OF ANALYTICAL CURVES1®-12

The average photodetector signal current 7; due to atomic fluorescence of
the analyte {assuming the atomic fluorescence line half width is considerably
less than the spectral bandpass of the measuring monochromator} is given by

i, = mWK!yB, (ITI-D-16)

where m is a factor that accounts for the light loss when a mechanical source
intensity chopper is used (m equals 0.5 for most choppers and 1.0 if no
chopper is used}, ' is the monochromator* slit width (cm), K, is the optics
factor* (cm sr) discussed in Section II1-A-4-h, y is the radiant sensitivity of
the photodetector (A watt™*), and B, is the radiance {watt cm~2 sr~1) of
fluorescence {cf. Section 11-C-10). The magnitude of B; was seen to depend
on the atomic concentration of n, atoms in the flame gases, according to

* The primes designate emission monochromator. Actually in atomic fuorescence studies
only an emission monochromator is used (i.e., no excitation monochromator).



APPENDIX :

I

GENERAL EXPRESSIONS FOR THE
MEASURED LUMINESCENCE SIGNAL
OF A SPECTROMETRIC SYSTEM*

e ey el

A. THE OPTICAL SYSTEM UNDER CONSIDERATION

‘I'he arrangement of the optical system schematically shown in Figure A3-1 is used i
to rcpresent any spectrometric system. Even if more than one lens or mirror is used in :
the entrance optics or in the spectrometer, the following general treatment will still |
apply, cxcept that certain factors must be changed to account for the additional ;

optical components (e.g., the transmission of the optical components).

Emitting Entrence Optics Spectromater

Body e »le » j
o

Slit shit |

Fip. A-3-1 Arrangement of optical system for measurement of lumincscence (or any
source of radiation). ;
i

3

Assumptions and conditions necessary for luminescence signal expressions to be
valid are: |

1. The solid angle of the entrance beam €2 must exceed or at least be equal to the -
solid angle collected by the spectrornecer (X;; that is,

a0, (A3-1) |
In other words, the spectrometer optics (lens, mirror, or dispersing device) delermines

the linear aperture (the size of the light beam transmitted through the spectrometer).

* The contents of this section are a result of informal discussion with V. Svoboda during
his stay at the University of Florida. (V. Svobada iz now at Dvorakova 10, Praha 4-Modrany, -
Czechoslovakia.)

e

394 ; |
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2. The height of the source image [, on the entrance slit of the spectrometer must
be equal to or greater than the slit height &;; that is,

326 LUMINESCENCE SIGNAL OF A SPECTROMETRIC SYSTEM

Using the foregoing conditions, assumptions, and relationships, the following
equations can be derived.* From condition 1, it can be shown that

h.d
he S f‘fE V1[(di? = 24, fe + fe¥] (A3-11)
and from conditions 2 and 3 it can be shown that

i, S= )
' H,—=H, A3-12
> Ho5 (a’; s { )

d, S )
=W, —-=W, A3-13
g dﬂ (d.‘l "_fs l: )

As long as these expressiong are valid, then the general treatment to follow is valid. 11 should be
stressed, however, that the experimental conditions needed for validity of the expres-
sions used are almost always experimentally attainable for analytical spectrometric
systems (luminescence as well as absorption spectrometers). Finally, it should be
pointed out that the expressions to be derived are valid for the measurement of
radiation from any (line or continuum) source of radiation (source of excitation such
as a hollow cathode lamp or a xenon arc lamp or an emitring or luminescing media}.

B. GENERAL EXPRESSION FOR RADIANT FLUX
EMERGING FROM EXIT SLIT OF SPECTROMETER
SET AT A FIXED WAVELENGTH

The radiant flux @, (watt) emerging from the exit slit of a spectrometer and striking
a detector is given, for 2 luminescent sample and a spectrometric systern as shown in
Figure A3-1, by
A

tI-'D = IEIEQEH, BE"};F;':! [:A_:l d)l {;‘%3-14)

4
where tr is the transmittance of the entrance optics and # is the transimittance of the
spectrometric system between the limiting wavelengths of A, and A,; H. is the spectro-
meter* entrance slit height (cm); F, (A) is the spectrometric or apparatus function,t
in {cm), which depends on the wavelength setting of the monochromator A, and the
wavelength range {essentially the spectral bandpass s of the monochromator) when
the spectrometer i no! being wavelength scanned; and B;; is the spectral radiancef

* The thin lens approximation is used: lidy + 1:dy = lifz, where fz 15 the focal length
of the entrance optics lens,

* Tt is also assumed in this treatment that the entrance and exit slit widths are identical,
for this is the case in most analytical spectrometers.

t Also called the slit function of the spectrometer, This function should bave a triangular
distribution if it is true that the extrance and exit slits are idemtical {except for spectrometer
slit widths near the diffraction limited slit width}.

1 In this section A rather than A’ as in the text is used to denote emission wavelength.



C. TOTAL RADIANT ENERGY 327

of luminescence being emitted by the sample (see Secton II-C-1!. The product of
the terms 8., and F, (A} is said to be folded (convoluted, The wavetength range A,
to A, designates the range over which F,_(A) is greater than zero; because F, (A) — 0
for wavelengths cutside this range, the integration limits can be changed to zero to
infinity (more conventent to handle). Nevertheless, the integral in equation A-314
can only be readily solved by numerical methods.

It is important to point out that the value of @ depends on the product of B, ; and
F; (A) integrated from A; to A, . For the limiting cases in which the spectral line from
the emicter is much narrower than the spectral bandpass of the spectrometer or for
the limiting case in which spectral radiance of the emitter is constant over the spectral
bandwidth of the spectrometer, the simplhfied expressions given in Chapter IIT can
be used with good accuracy. However, such expressions as in Chapter H1I are limiting
cases and give only an approximation of the measured signal. Fortunately, the expres-
sions in Chapter 111 are analytically useful for most real experirnental cases and can
be used in most real cases for estimating the influence of variables on the luminescence
signal, The general expressions provided here are useful for all cases and give useful
results for intermediate cases, but the expressions in this appendix are more unwicldy
and of less interest to the analyst,

To convert the radiant Hux @, (watt) passing through the spectrometer exit slit
and striking the photocathode of a multiplier phototube into an electrical signal §,,
in the following expression is used:

SL: '}l’,i_G'I'D RL (;313'15}

where Ry is the load resistance, in chm, y; is the photoanodic sensitivity of the mult-
plier phototube [A {at anode) watt~! [radiant flux at cathede!] and & is the overall
gain of the measurement circuit [A {at readout} to A {at anode of phototube)].

C. TOTAL RADIANT ENERGY EMERGING FROM EXIT
SLIT OF SPECTROMETER WHEXN WAVELENGTH
SCAXNNING THE SPECTRAL LINE OR BAXD

In the scanming mode, the total amount of radiant energy @, {watt sec} corres-
ponding to some luminescence line or band that emerges from the spectrometer exit
slit and reaches the photocathode of the multiplier phototube is given by

o2 W2 LAy

tI:vD gt = £ £, 00, H,

-

BuiF, (M) di dA (A3-16)

Y1 tp YA

where F, (A} is a function of the spectral bandwidth of the monochromator s, the
wavelength limits A, and A;, and the wavelength setting of the spectrometer A., which
1s a function of time. All terms before the integral are assumed to be constant with
time between the initiation time ¢, and the final time ¢, of the wavelength scan and
constant with wavelength.

If it is now assumed that the scanning speed is constant, then

Ao=a—+ bt (A3-17)
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where ¢ and & are constants for the scanning system. Therefore

@A, 5 A3-18
= (A3-18)

Assuming a triangular slit (apparatus) function,* F; (A) is givent by

IAA

Fi () = Fy (A [1 — T] (A3-19)
where A\ = | A — A, , where Ais any wavelength hetween the limits of A; and A, which
are imposed by the scanning limits and s is the spectral bandpass of the spectrometer.
To convert §p into a measured readout signal, it is necessary to use an integrating
system and to measure stored charge (coulomb). If the photoanodic sensitivity of the
multiplier phototube is y,, A watt~!, then the charge ¢p (coulomb), stored in a cap-

acitor connected to the photoanode is

9o = Q¥4 (A3-20)
It was assumed that y,_ was a constant* over the wavelength limits {A, to Ay} of the

* We assume that the spectrometer has equal entrance and exit slit widths {and heights)
and that the slit widihs are greater than the diffraction-limited slit widch; that is,

2A, N1

3

W, or M, =

where A, is the spectrometer wavelength setting (em}, fi is the collimator focal length (emj,
and H, is the slit height {cm), If this condition is nef valid, see K. D. Mielenz, J. Opt. Soc.
Amer., 57, 66 (1967).

t If W, # 1¥,, then the apparatus function will be trapezoidal rather than triangular,
and the wavelength width of the top Al and base Ady., of the trapezoid will be

Al = I:Ia‘lr’JB (‘fﬁ) — I—'Ve:| Ry
A
&‘)‘base= [H‘}s (f) + I'VE:I Ry

where R, is the reciprocal linear dispersion of the spectrometer (nm cm™1). For this case,
the peak value of F;, at A,, which is designated Fy (A.), is a constant for the wavelength range
over Aiop. For A — A, = Adi, o A— Ay < Adygp, Fi (A} drops off in the same manner as
for the triangular slit function, Also, for the limiting case of a triangular slit function—that is,
W= W, and fo = f1; Ahop = 0 and Ay, = 2R W, =25 [twice the spectral bandpass of
the spectrometer).

* The value of y,, is approximately a constant over the wavelength range of Ay + 1000 A
to A, — 1000 A, where A, is the peak response wavelength for the specific multiplier phototube
being used. For some phototubes, the range is even greater, Ouside of this range, especially
at the low wavelength end, v, varies rapidly with A;, and so the wavelength dependence
of 4;, must be accounted for.
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scain; if y,_ varies over the wavelength range, then it would be necessary to account for
the wavelength sensitivity by including y,_ within the integral in equations A3-20 and
A3-16 (i.e., convolution of the photoanodic sensitivity factor with the luminescence
spectral radiance and the apparatus function}). The luminescence spectral radiance
function By, is known or can be estimated for most atomic lines—it can be approxi-
mated by the expressions in Section II-C—but is known much less accurately for
molecular bands. The expressions in Section [1-C are useful for obtaining the integ-
rated spectral luminescence radiance; that is, B, (ergsec™? em ™2 sr '} but the spectral
Juminescence radiance By, {erg sec ! em-2sr~t nm-!) can only be obtained if the
spectral distribution of molecular luminescence is known in detail.
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IV

PRINCIPLES OF OPERATION OF
NONPHOTOEMISSIVE DETECTORS

A. PHOTOVOLTAIC OR BARRIER-LAYER CELLS

One of the simplest types of photodetectors is the photoveltaic cell; it is self-
generating and requires no auxiliary power supply. However, it is one of the least
satisfactory photodetectors for luminescence work because of its limited sensitivity
and relatively narrow linear dynamic range. A description is included here mainly for
completeness.,

The usual type of photovoltaic cell consists of a thin layer of crystalline selenium
deposited on a metal base plate. The selenium layer is covered with a very thin, semi-
transparent layer of metal (usually silver) which forms the other electrode. Photons
passing through the semitransparent metal layer are absorbed at the ** barrier layer™
between the selenium and the thin metal layer and produce electron-hole pairs. The
migration and resulting separation of these holes and electrons cause a snall difference
in potential to develop between the base plate and the thin metal layer.

Either the open-circuit voltage or the short-circuit current {rom the photovoliaic
cell may be measured and used as a gauge of light intensity. Only the short-circuit
current, however, increases linearly with increasing illurnination; the open-circuit
voltage increases approximately as the logarithm of the incident intensity.

The short-circuit current can be measured accurately only with a low resistance
current meter {milliammeter or ticroammeter); that is, the input resistance of the
current meter must be very small compared with the internal resistance of the photo-
voltaic cell, Unfortunately, the internal resistance is quite low (of the order of 100
ohm) and this requires that the meter input resistance be of the order of an ohm. Such
a low value is difficult to obtain in a sensitive meter. A sensitive meter is required be-
cause the sensitivity of the photocell is low—of the arder of 0.1 mA watt~* of incident
radiation in the visible and near-ultraviclet regions. The useful spectral range extends
from 250 to about 750 nm.

The logarithmic characteristic of the open-circuit voltage is useful for some applica-
tions: certainly the voltage would be easier ta measure, because high resistance volt-
meters are commonly available, The output voltage is typically of the order of several
millivelts. Unfortunately, the logarithmic characteristic is limited in dynamic range,
and the large capacitance of the cell increases the response time seriously when loaded
by a high resistance.

Photovoltaic cells are occasionally found on simple colorimeters. Their dynamic
range is too restricted for use in mest Auorescence instruments. Spectral ranges of
several cells are given in Figure Ad-l.
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Fig. A-4-1 Spectral ranges of phoio-

detectors; plots are of spectral detectivity

(called response here) D,* versus wave-

07 length A, Spectral detectivity is a figure of
merit of the phetotube and is defined as
the reciprocal of the noise equivalent
power, Py, {watts Hz=1) times the square
10 root of the detector area Ay {cm?) onto
which radiation falls. Thus spectral
detectivity has units of cm Hz¥watt =1, It
13l | is related to speciral responsivity R,
0T (volt watt=1) by D,*= R, 4, AfiVy,
where Af is the noise bandwith of the
\ measurement svstem and V), is the rms
l dz_ noise voliage. Plots are: (a) CdS photo-
conductivity cell modulated at 90 Hz,
/—\ () CdSe photoconductivity cell modu-
lated at 90 Hz, (¢} Se-3e¢0O photovoliaic

cell modulated at 90 Hz, {d) GaAs
photovoltaic cell modulated at 90 Hz, (¢)
1P21 multiplier tube (for reference), (f)
IN217 silicon  photo-duodiede  photo-
10 F voltaic cell modulated at 400 Hz, (g)
radiation thermocouple modulated at

f 3 Hz, (%) Golay cell modulated at 10

h Hz. Curves from P. 'W. Kruse, L. I\
1079 L s 1 f MecGlauchlin, and R. B. Quistan, Elements
o 2’:'0 400 €00 800 1000 20O 1400  ,r mnfrared Technology, Wiley, New York,

Waveiength {nm) 1662, with permission of the authors.
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B. PHOTOCONDUCTIVE CELLS

Photoconductive cells are essentially light-variable resistors. They are not seif-
generating and so they require an auxiliary voltage supply. Nevertheless, they are
much more sensitive than barrier-layer cells and have a wider dynamic range.

Photoconductive cells may be constructed of almost any crystalline semiconductive
material. Selenium, silicon, germanium, and some metal oxides, sulfides, and halides
are commonly used. Electrical connections are made to each end of a bar or plate of
semiconductor material, and a small potential is applied across these electrodes by
means of an external battery or power supply, When light strikes the semiconductor
material, its resistance decreases and a current flows that is propertional to the incident
light intensity. In the dark, the resistance of the cell is very high, and only a small
“dark ™ current Hows.

Photoconductivity is caused by the excitation of valence-band electrons to the
conduction band by the absorption of incident photons, The energy of the photon
hv must be greater than the energy gap AE between the valence and conduction
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bands. This sets a lower limit on the energy {and an upper limit on the wavelength)
of an incident photon. Semiconductors, whose values of AE are comparatively small,
are used as photoconductors in order to ohtain good response to reasonably long
wavelengths.

The transfer function of a phatocanductive detector (i.e., the characteristic of
photocurrent i versus incident light flux @) is sometimes linear, as in the case of lead
sulfide, silicon, and germanium photoconductors, But the current 7 often varies with
®n, where n may be either less than or greater than unity. In grey selenium, for ex-
ampte, n is about 0.5. In cadmium sulfide and selenide detectors, n decreases with
increasing light lux. An additional source of nonlinearity may arise because as the
current i increases, the voltage V across the element is reduced by the drop across the
resistance of the current meter, This effect can be reduced by using a very low resis-
tance meter, as for the photovoltaic cells.

Photoconductive detectors may be used over a spectral range extending from the
infrared into the ultraviolet. Some types even respond to X-rays, gamma rays, and
to « and § particles. The sensitivity usually drops off sharply at long wavelengths,
when the energy of the phatons drops below the gap energy AE. The long wavelength
response can often be improved by cocling the detector. The spectral ranges of a
variety of photoconductors are summarized in Figure Ad-1.

Radiant sensitivities of commercial photoconductive detectors are generally of the
order of a few hundred amperes per watt at the wavelength of maximum sensitivity.
The sensitivity can be increased by increasing the voltage acress the cell; however,
a limitation is imposed by the maximum power which the element can dissipate with-
out damage, which is typically less than 1 watt ern ™2,

If an appreciable amount of power is dissipated, the resulting temperature increase
will increase the dark current. In general, the photocurrent increases linearly with the
applied voltage unless polarization or barrier-layer formation occurs.

The dark resistance of photoconductors varies widely with the type of material.
Typical values range from about 10® ohms for selenium and lead sulfide cells to greater
than 10'® ohms for cadmium sulfide cells. In general, materials with small gap ener-
gies AE have relatively low dark resistances, since rcom temperature thermal excita-
tion can promote more electrons to the canduction band acress a narrow energy gap.
Cooling the detector with dry ice or liquid nitrogen will recluce the thermal excitation
and thus increase the dark resistance.

The electrical properties of photoconductors are affected greatly by extremely
small amounts of impurities, whether accidentally or intentionally added. Certain types
of impurities provide current carriers at an energy level only very shightly below the
conduction bands, thereby increasing the infrared response and the dark current.
Pure germanium, for instance, which has a gap energy of 0.7 eV, responds out to
about 2 y; whereas in gold-doped germanium the energy gap is reduced to about
0.01 eV and the infrared response extended to about 40 u.

The response time of a photoconductive detector may range from microseconds to
many seconds, depending on the particular material.

Noise currents in photoconductors consist primarily of Johnsen {thermal agitation)
noise, photocurrent noise,* and dark current noise. The last-named noise increases
with decreasing gap energy and increasing lemperature and can be reduced by
cooling the detector, An additional noise source may arise from the formation of bar-
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rier surfaces at the point of contact between the photoconductive material and the
two electrodes. This noise,T which exhibits a 1/f frequency characteristic, may be
reduced by the use of special electrode materials.

Although photoconductive cells cannot compare for sensitivity, linearity, and re-
sponse time with photomultiplier detectors, they do find some service as source in-
tensity monitors in ratio fluorometers. They have the advantage of small size, low
cost, and low voltage requirements.

C. THERMAL DETECTORS]

A disadvantage of many types of detectors {the so-called photon detectors) is that
their sensitivity varies strongly with the wavelength of the incident light. This is not
the case for the various types of therma!l detectors. Thermal detectors operate by first
converting the light energy into an equivalent amount of heat and then measuring the
resulting ternperature rise by means of a voltage change, resistance change, or ex-
pansion of a gas. Thus thermal detectors respond to the total energy absorbed by the
detector, Fortunately, it is possible to construct very effective and wavelength-in-
sensitive black body absorbers simply by ceating the absorbing surfaces with special
coatings of high blackness. Commonly used coatings include platinum black and
evaporated gold, bismuth, antimony, and aluminum,

Thermocouple detectors convert heat produced by incident light into a small voltage,
They are made by attaching a small blackened piece of metal foil, usually gold, to a
small thermocouple junction, All the parts are made quite small in order to reduce the
heat capacity and thermal inertia of the system. As a consequence, the incident
radiation must be carefully condensed and focused onto the tiny element.

The output voltage of a single thermojunction is of the order of 0.1 volt watt=! of
incident flux over a wide range of incident powers and wavelengths. In a device
called a thermopile several thermojunctions can be connected in series in order to
increase the sensitivity, However, since this arrangement increases the size, heat
capacity, and radiation losses, and increases the response time compared with a
single junction, the overall performance is not necessarily improved.

Heat losses by the thermocouple detector and by conduction, convection, or re-
radiation, limit the maximum temperature to which a given detector will rise under
irradiation by light of a given Intensity. These losses can be reduced, and the sensitivity
consequently increased, in several ways, Conduction losses are lessened by making the
external electrical connections to the junction by means of very thin wires. Convection
losses are reduced by enclosing the thermojunction in an evacwated housing at a
pressure of the order of 104 torr. A disadvantage, however, is that absorption in the
window may compromise the wide spectral response unless the window is made of a
very thin piece of some relatively transparent material (e.g., silica}. Radiation losses
are proportional to the temperature of the junction and are therefore reduced by
cooling the detector {in liquid nitrogen, e.g.). This is rarely done in practice, however.

Thermocouple detectors are most effectively used in AC detection systems; the

* Also called generation-recombination noise.
+ Also called contact noise,
I Spectral response curves of several thermal detectors appear tn Figure A4-1.
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incident radiation is chopped, and the AC component of the output voltage is mea-
sured. In this way, the effects of slow changes in the ambient temperature are reduced,
The response time of most thermocouple detectors is poor, however, so the chopping
frequency is limited to a few hertz at most. Because the resulting signal is AC, it can
be coupled to the amplifier electronics by means of a step-up input transformer which
increases the signal voltage and matches the low junction resistance (a few tens of
ohms) to the relatively higher amplifier input impedance (a few thousand ohms). The
transformer must be carefully shielded and must be capable of responding to the low
chopping frequency.

Bolometers are essentially temperature-sensitive resistors. They may be made of any
material whose temperature coefficient of resistivity is sufficiently high. Examples are
platinum and various semiconductor materials (* thermistors™). As for the thermo-
couple detector, the bolometer resistance elemnent must be small and light, and it must
he blackened bo absorb efficiently, The bolameter usually forms one arm of a resis-
tance (Wheatstone) bridge. The bridge imbalance voltage is used as a measure of _'
light Aux. The relation between resistance and light flux is essentially linear for metal
holometers, which simplifies calibration. Bolometers typically have response times of §
the order of milliseconds—much faster than thermocouples. The sensitivity of a §
bolometer is of the same order as that of a thermocouple detector, i

Neither the thermocouple detector nor the bolometer is used to measure lumines- 3
cence intensitics in quantitative analytical work. The photomultiplier is preferred '::
because of its much greater sensitivity, However, the wavelength-independent
response of thermal detectors is very valuable, and the Instrurments find much use in
the calibration of light sources and more sensitive photodetectors and in monitoring |
excitation source radiances,

Thermal detectors are also an important component of corrected-spectra fumines-
cence spectrometers, where they are used to measure the absolute radiant flux of the §
excitation beam emerging from the exit slit of the excitation monochromator. In some
cases, the thermal detector is used in a serva loop controlling the monochromator slit 3
width in order to maintain a constant excitation radiant flux at all wavelengths.

Thertmal detectors themselves may be calibrated by comparison with a calibrated
light source {such as a black body radiator) or to another calibrated detector. Alter-
nately, they may be calibrated more or less directly by attaching the sensitive element *
to an electrically heated resistance and calculating the sensitivity from the known
Joule heat {voltage times current) dissipated in the resistor and the output of the de- '
tector.

D. CHEMICAL DETECTORS: THE FERRIOXALATE
ACTINOMETER

A chemical actinometer is a light detector system consisting of a solution of a photo- |
reactive substance {photolyte) capable of undergoing an irreversible photoreaction of
known and reproducible quantum efficiency (the yield of products for a given photon
flux) upon exposure to light. After exposure, the products of the reaction are deter-
mined by an appropriate quantitative apalytical method and the photon flux of the :
light is caleulated from the known quantum efficiency and stoichiometry of the reac-
tion. A satisfactory photolyte should have the following characteristics:
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1. The photolyte solution should absorb strongly over the wavelength region of
interest; but the photolysis products should absorb weakly or not at all, to prevent
interference with the linearity of the system.

2. Both photolyte and photolysis products should be stable in the dark and the
photoreaction must be irreversible.

3. The quantum efficiency should be high and reasonably constant over the wave-
length range of interest.

4. The photolysis products should be easily measurable with speed and precision by
a convenient method.,

5. The photolyte should be readily available in a pure form.

The advantages which an actinometer would be expected to have over a con-
ventional electrical detector include: improved interlaboratory reproducibility, the
fact that the integrating system acts as a dosimeter, and Hexibihity—the physical size
and shape of the solution vessel may be chosen to suit the dimensions of the light
beam.

Parker* has recommended a 0.006 to 0.15]] sclution of potassium ferrioxalate
KsFe{C.0,)5+3H.0 in 0.03M sulfuric acid. Upon exposure to light of the appropriate
wavelength region (approximately 200-580 nm), the foliowing overall reaction
QOCCUTS:

IFe(C20,)* ———s 2Fer? = C0.2- + 2C0,

After irradiation, the ferrous ion is determined spectrophotometrically following
conversion to the o-phenanthroline complex. The guantum efficiency of the fore-
going photoreaction remains constant over a very wide range of incident quantum
fluxest (5 x 10-1 to 2 x 10~ einstein cm~ 2 sec ™} and total radiation doses {up to
5 x 1G-% einstein ml='i, The minimum detectable dose is about 2 x 10-1° einstein
ml-1. The quantum efficiency varies smoothly with wavelength and remains within
1.0 4+ 0.25 irom 250 10 about 500 nm. Several workers have independently determined
the quantum effictenicy of this system at various wavelengths by reference to cal-
brated thermocouples or other standards; the results have indicated a remarkabl-
degree of interlaboratory consistency. Thus the ferricxalate actinometer would seem
to be a valuable and highly versatile tool for absolute light-level measurements,

E. QUANTUM COUNTERS

A quantum counter is a detector whose respense is directly proportional to the
quarnhwm irvadiance of a light beam (e.g., photon sec = cm~ % or einstein sec™! cm™ ?) In-
dependent of the wavelength of the light. We can contrast this to 2 thermal detector,
whose response is proportional to irradiance (e.g., watt cm~ 21, A chemical quantum
counter may be made by utilizing the following data: that the spectral distribution
of the Huorescence emission of all known pure fluorescent compounds (in the con-
densed phase) is independent of the wavelength of excitation, and that the Auorescence

* C. A, Parker, Phololumineseence of Selutions, Elsevier, Amsterdam, 1968
1 An einstein is equal 10 6 3 109 gp erg or | einstein is equivalent 1o {1.196 X 108}-A watt,
where A is the wavelength (nm).



336 OPERATION OF NONPHOTOEMISSIVE DETECTORS

quantum yield of some fluorescent species 1s also independent of the wavelength of
excitation. A sufficiently concentrated solution so such a substance will absorb all the
radiant flux of an incident light beam and convert it into a proportional nutmber of
quanta of Auorescence radiation whose spectral distribution Is independent of the
wavelength of the incident beam ({at least over the spectral region in which the sub-
stance absorbs appreciably). Any convenient photodetecter (e.g., a photomultiplier
tube) may then be used to measure the radiance of the resulting fluorescence emission;
the wavelength dependence of the sensitivity of this detector is unimportant, since the
spectral distribution of the light it views does not change.

In luminescence spectrometry, quanturn counters are sometimes used to monitor
the relative quantum irradiance of the excitation beam, thereby allowing the direct
measurement of corrected excitation spectra and the compensation for uncontrolled
fluctuations in the source intensity. A portion of the excitation beam is sampled by
means of a quartz plate beam splitter and monitored by the quantum counter. The
quantum counter phototube is best positioned slightly off-axis from the direction of
the sampled beam in order to avoid obtaining an erroneous response due to any stray
light in the beam that is not absorbed by the quantum counter solution.

Some of the solutions that have been used as quantum counters include a 1 g liter—1
solution of esculin in water, a 3 g liter~? solution of rhodamine B in ethylene glycol,
and a 0.004M solution of fluorescein in water. The concentration of these solutions
must be sufficiently high that all the incident radiation is absorbed in a relatively thin
layer at the front part of the cell. In this way, the fluorescence radiation passes through
a relatively constant depch of remaining solution before reaching the phototube. Thus
the filtering effect of this solution is relatively independent of the depth of penetration
of the incident beam into the solution, which varies with the incident wavelength and
with the molar extinction of the solution. Very pure materials must be used in
quantum counter solutions; even small amounts of absorbing impurities may have
significant effect in spectral regiens in which the molar extinction of the gquantumn
counter substance is low.

F. PHOTODIODES AND PHOTOTRANSISTORS

An ordinary semiconductor “pr™ junction, of the type found in transistors and
diodes, can also be used as a photosensitive element, The reverse leakage current
(i.e., the current flowing through a pn junction when it is reverse biased) is generally
quite small in the dark but increases when the junction is illumninated. The principle
of operation is similar to that of the photoconductive or photovoltaic detector, except
that deped semiconductor materials are used in a photodiode, the junction being be-
tween an r-doped region and a p-doped region of the same semiconductor (e.g.,
germanium or silicon!. An external voltage supply is required.

Photodiodes have several important advantages over photoconductive and photo-
voltaic cells. They are more sensitive and have better long wavelength response than
photovoltaic cells. The response time is also much shorter, since the junction area and
capacitance are small. Photodiodes are physically very small,

A phototransistor is essentially a photodiode with built-in current amplification.
It is typically several times more sensitive than, but otherwise similar to, a photodiode.
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ELECTRONIC SIGNAL PROCESSING INSTRUMENTS

A, SINGLE-SECTION LOW-PASS FILTER

A single-section RC low-pass flter has a signal bandwidth of (27RC) ~! and a noise
bandwidth of (4RC} -1, It is the simplest and cheapest noise-reduction device, but it is
also quite limited in some respects. The 19, response time of a low-pass filter is rela-
tively leng, about +.6RC, and thus no signa! components cccurring in a time faster
than about 4.6RC will be recorded with fidelity (see the discussion of the eflects of
response time in Section [11-D-1-d).

B. DC INTEGRATOR

A DC integrator is a circuit whose output voltage e is proportional to the time
integral of the input voltage e,

f
g = kj e di (A5-1)
&)
where & is a circuit constant and ¢, = 0 at ¢t = 0. If ¢, is made equal to 471, then
1
eﬂ=-f ¢ dt =7, (A5-2)
iYp
that is, ¢ is the mean value of ¢, during the interval t = 0 to t = ¢, Such a circuit is

easily constricted from an operational amplifier with a capacitor in the feedback loop.
The response time of 2 DC integrator is simply the integration time ¢,. The eflective
noise bandwidth is {2#,) ='. The main advantage of a DC integrator over a low-pass
filter is that the response time of the integralor is less than half that of the filler for the same
noise bandwidth. For example, campare a low-pass filter with a time constant of 2.5 sec
to a DC integrator with an integration time of 5.0 sec. Both devices have noise band-
widths of 0.1 Hz and thus would result in equal signal-to-noise ratios; but the filter
has a response time of 11,5 sec, whereas the integrator may be read after only 5 sec.
A disadvantage of the integrator, however, is that its output signal is inherently
discontinuous and is thus unsuitable for continuous recording of spectra and other
time-variant signals.

C. HIGHER ORDER FILTERS

Although the DC integrator is more efficient than a simple single-section (first-
order) low-pass filter, higher order filters are often more efficient than integrators.
High-order filters of several types are available commercially, but they are relatively
expensive and their bandwidths may not be changed easily.
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D. AC S5YSTEMS

We discussed AC detection and meodulation methods in Section I1I-A-5-b. In
terms of noise reduction capability, AC systems have the advantiage that the signal
frequency is transformed by modulation from DC to some convenient AC frequency
high enough to avoid low frequency noise sources such as drift and * 1/f noise,” How-
ever, it should be realized that this is effective only for drift and noise components that
add to but do not modilate (multiply by} the AC signal waveform. For example,
variations (drift and noise) in phototube dark current, amplifier offset, and back-
ground radiation reaching the photodetector (e.g., flame background emission in
atomic fluorescence) are all additive type noises; that is, they affect only the DG level
of the AC signal waveform and not its amplitude. Thus any drift and 1/f characteris-
tics of these noise sources will be reduced by an AC detection system. However,
variations in phetotube supply voltage, amplifier gain, excitation-source radiance,
sample intreduction rate into the cell in atomic flucrescence spectrometry, or scatter-
ing signals {(in all types of luminescence spectrometry) are multiplicative in nature
when source intensity modulation {chopping) is used; that is, these factors influence
the amplitude of the AC signal waveform. Drift and 1/f noise in these factors are
reduced no more by AC detection systerns than by DC systems of the same noise band-
width. Other modulation methods may bave specific advantages in this respect. For
example, wavelength modulation used in continuum-source atemic fluorescence
should reduce drift and 1/f noise caused by scattering of incident radiation by drop-
lets in the flame.

E. BOXCAR INTEGRATOR

A boxcar integrator is essentially a gated amplifier followed by a low-pass filter or
integrator. It is useful when only a small interval of a repetitive signal wavelorm is of
interest. The boxcar is gated on only during the interval of interest and thus will ignore
all the noise components cutside that interval. Normally the gate width and delay
time are adjustable. By slowly varying the delay time between the initiation of the
signal waveform and the generation of the gate pulse, a complex repetitive waveform
can be extracted from a great deal of random noise, The effective signal bandwidth,
which determines the ahility to resolve small time elements in the signal waveform,
is inversely proportional to the gate width, whereas the noise bandwidth is simply
that of the low-pass filter or integrator following the gated amplifier. Since these two
factors are unrelated in a boxcar circult, it is possible to have a large signal bandwidth
and a small noise bandwidth simultaneously, thus preserving the signal wavelorm as
well as filtering out noise. In nongated DG or AC systerns, on the other hand, low noise
bandwidth and poor time resolution (long response time) are inseparable. A boxcar
integrator is useful in luminescence decay studies as well as in stroboscobic flash
SPECtroscopy.

A disadvantage of using the boxcar circuit in the sweep-delay mode to extract a
waveform is that all the signal information falling outside the gate interval in any one
instant is wasted. The efficiency of information collection is essentially the gate width
divided by the total delay sweep time; thus this efficiency becomes very small if an
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attempt is made to achieve good time resolution (necessitating short gate widths) and
low noise bandwidth (resulting in long cutput response time and long sweep times),

F. MULTICHANNEL SIGNAL AVERAGERS

The last-mentioned disadvantage of boxcar circuits is eliminated in the multi-
channel signal averager, which is in effect a collection of boxcar integrators gated
sequentially in synchronization with the signal waveform. Each boxcar is ** assigned *’
a particular time segment of the signal waveform and is gated on only during that
particular segment. In this way, the signal 1s “sliced up ™ into many tirne segments,
and each segment is averaged over many repetitions of the signal waveform. Thus
none of the signal information is wasted. Random noise in the signal waveform will
be averaged out toward zero as the number of repetitions is increased; only the net
signal waveform accumulates point by point in each channel. Multichannel signal
averagers have the same kinds of applications as boxcar integrators, but their superior
efficiency permits shorter measuring times and, consequently, much less trouble from
leng term drifts in the instrumental system.

G. SUMMARY

The relation between the various types of sample signal processing systems may be
seen in the following summary, based on the frequency components of the signal of
interest.

1. If the sample signal of interest occurs within a frequency region centered about
DC (zero frequency}, a low-pass filter or DC integrating system may be used. If the
dependence of the sample signal on time or some other time.related variable is of
interest {e.g., spectrum scanning, phosphorescence decays), then the response time of
the system must be faster than the shortest time interval to be resolved in the sample
signal,

2. If the sampte signal of interest occurs or can be made to occur within a {requency
region centered about some nonzera frequency and if only the amplitude, not the
waveform, or the sample signal is of interest (e.g., luminescence spectrometry with
chopped source, derivative spectroscopy, sample intreduction modulation in Hame
methods}, then an AC detection systern may be used to convert the AC signal to DC,
whereupon it tnay be processed by a DC filter or integrator system as previously. Ifa
reference signal of high signal-to-ncise ratio and definite frequency and phase refation
to the sample signal can be obtained, then a lock-in system may be used. The response
time of an AC system, which is determined by both the pre- and the post detector band-
widths, must satisfy the same requirements as the DO systems discussed earlier.

3. If the sampie signal is a repetitive transient occurring over a relatively wide band
of frequencies and if the detailed waveform of the sample signal is of interest, then a
gated signal averager, either single-channel (boxcar) or multichannel, can be used.
A reference (trigger) signal related in frequency and phase to the sample signal is
required. In contrast to linear AC and DC systerns, the time resoclution of gated signal
averagers 1s independent of and can be made much shorter than the total averaging
time {which determines the effective noise bandwidth).,



APPENDIX
Vi

PRINCIPLES OF
SINGLE PHOTON COUNTING (SPC)

If the average anode current of a multiplier phototube is 7,, then the average count
rate of ancde pulses 7 is given by

fmmn 22 YO (AB-1)

where @ is the light flux on the cathode (watt), y, and y. are the anodic and cathodic

sensitivities of the phototube, respectively (A watt=*), M is the multiplication facror -

of the phototube, and ¢ is the charge on the electron. Thus we see that f is directly pro-

portional to @ but is not a function of M. Therefore, 7 is not a function of the photo-

tube supply voltage, which is an advantage over the analog methods,

As an illustration of the range of count rates to be expected, consider the following -

example, A typical photomultiplier with a rnultiplication factor of 0% is used as a
detector in a luminescence spectromecer at a wavelength at which its anodic radiant
sensitivity is 10¢ A watt~, In luminescence spectrometry, it is reasonable to expect
values of incident light flux from about 10-1* watt near the limit of detection to
about 10-? watt near the upper end of the analytical curve, This would correspond
to average count rates of 100 to 10% sec ~'. Because these count rates are within the
range of modern electronic counters, the SPC technique is well suited to applications
in luminescence spectrometry.

It is important to realize that equation A6-1 gives only the average count rate of |

photoelectron puises. Because photoemission is a statistical process, the instantaneous
count rate over a short period of time varies statistically above and helow the average
value 7. This, of course, is ultimately the cause of shot noise as observed in the analog '
methods. The effect in photon counting is quite analogous; thestandard deviationof
the number of photoelectron counts accumulated in a series of equal time intervals & -
from a light source of constant intensity is

ge =V C, =V, (A6-2)
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where €, is the total counts accumulated per time interval -, The signal-to-noise :

ratio 5/ N is therefore

s G
¥oug — VeV (A6-3)

This puts a lower limit on the total number of phatoelecirons to be counted and,

]

therefore, on the minimum count rate measurable in order to obitain sufficient ac- .

curacy in a given observation time. For example, if a relative standard deviation of .,
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109 is tolerable, at least 100 pulses must be totaled; and if the observation time is not
to exceed 100 sec, the lowest count rate measurable is 1 sec~!, The signal-to-noise
ratio increases with A for a given counting time, but the maximum allowable count
rate is limited by the speed of the electronics. One other result of the statistical varia-
tion of instantaneous count rate is that the maximum count rate of the counter must exceed
it by at least 20-fold in order to avoid losing an appreciable number of counts during
those instants when the instantaneous count rate exceeds the counter capability, The
bandwidth of the phototube amplifier should also exceed the maximum expected
count rate by at least 20-foid.

Furthermore, the effect of the input tirne constant R.Cy must be considered, The
input time constant #;Cs (formed by the phototube load resistance R, and the shunt
capacitance () influences both the feight and the width of the phoroelectron pudses. This
in turn affects the amount of required amplification, the setting of the pulse height
discriminator, and the maximum count rate. Usually C; is determined by the available
equipment, and R; is the only convenient variable. If R; is too large, the pulse width
will be too large, increasing the danger of pulse overlap and loss of counts. If R; is too
small, the pulse height may be too low, requiring excessive amplification before
counting. Usually R,Cs is much greater than the transit time spread of the phototube,
and in this case, the pulse height ¥, (volt) and the pulse width ¢, {sec} are given by

Me
Vo . (AG-4)
and
fp = 0.7R.C {A6-5)

For this case, the maximum count rate Ry (Hz) must never exceed

1
Bu = oon

For a typical luminescence spectrameter, the phototube might have a multiplica-
tion factor Af of 105, a transit time spread of 2 x 10~ 9 sec, and the stray capacitance
of the system might be 100 pF (10 -1? farad). For this case, an &; of 10* ochms would
result in pulses of height of 1.6 x 10°19 x 10%/10-1° or 1,6 mV and of width of
0.7 x 103 x 10-3° or 0.07 usec. The maximum counting rate would be 1/20 x 102 x
10-1° =5 x 10% Hz,

It i1s desirable that only photoelectron pulses be counted in a photon counting
experiment, In order to reject pulses with heights other than that expected for photo-
electron pulses (i.e., approximately Me/Cs volt), a pulse-height discriminator is often in-
serted between the amplifier and the counter. This is an electronic device that passes
only those pulses whose heights fall within a certain voltage range {the “window ).
‘The window is adjustabie in both position and width ta suit the particular phototube;
1n practice, it is usually centered on the single photoelectron pulse height. Unforiun-
ately, not every photoelectron pulse has exactly the same pulse height, as calculated
previously, because of the statistical variations in M from pulse to pulse. Thus the
discriminator window must be wide enough to avaid losing an appreciable number of
photoelectron pulses, yet not so wide that stray pulses and noise are picked up. The
optimum conditions must usually be determined experimentally.

(A6-6)



APPENDIX
VII

SPECIAL SPECTRAL TECHNIQUES

A, FOURIER TRANSFORM SPECTROMETRY

Fourier transform spectrometry (FTS) is a technique of measuring visible and infra-
red spectra that is fundamentally different in concept and instrumentation from con-
ventional dispersive spectrometry. The principal advantages of FTS are greatly
increased signal-to-noise ratio, optical speed, resolution, and analysis time,

A Fourier transform spectrometer 5 based on the familhiar Michelson interfero-
meter. The entering light bzam is collimated and falls on a 45" beam splitter. The
two resulting perpendicular beams strike two plane mirrors at normal incidence and
are reflecied back to the beam sphtter, where the two beams are recombined into one
beam which lcaves the instrument at 90° to the incident beam. The emerging beam
passes through the sample cell {in absorption studies) and on to the detector. One of
the plane mirrors is fixed and the other is made movable in order to change the path
difference between the two beams. So far this is just a conventional Michelson inter-
ferometer, In an FTS, the movable mirror 1s caused to move smoothly in one direction
with constant velocity by means of an electromechantcal drive mechanism.

The operation of the FT'S system 1s best understood by considering first the special
case in which the incident radiation is a monockromatic beam of wavelength A. In this
case, destructive interference (zero detector signal) will occur for all those positions
of the movable mirror for which the beam path difference is an odd multiple of Af2.
The mirror positions for which this condition is satisfied are scparated evenly by a
distance of Af2. Thus, if the mirror is moved at a constant velocity V, destructive
interference will occur 2V/A times per second. Similarly, constructive interference
(maximum signal) will eccur at path differences that are even multiples of A/2, and
partial interference wilt occur for all intermediate positions. In fact, it is not difficult
to sec that the detector ouptut will be a sine {(or cosine)} wave of frequency 2FfA sec™ .
In this way, the wavelength or frequency of the incoming light could be continuously
measured by simply measuring the detector output frequency by means of a frequency
meter or similar instrument. 1If the incident light is polychromatic (i.c., a mixture of
monochromatic lines of various frequencies and intensities], then the detector output
will be a more complex waveform consisting of the sum of sinusoidal components,
each one having a frequency and intensity corresponding to one of the spectral com-
ponents of the incident light. Such a waveform could be analyzed with a spectrum
analyzer in order to separate the various frequency components.

If a polyehromatic (white) light source is used, the detector output will contain a
single burst at the instant the beamn path difference is zero. In general, the detector
output is a very complex waveform; it does not appear at all like a conventional spec-
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trum but does nevertheless contain the same {requency and intensity information, It
is, in fact, the Fourier transform of the intensity-path difference information which can
be converted to the more recognizable form by means of a well-known but unfortun-
ately very tedious mathematical transformation. In recent years, however, it has
hecome feasible to perform the required computations by means of a small, relatively
low-cost digital computer. The computer is connected on-line and is, in fact, con-
sidered an integral part of the instrument. In additon, multichannel signal averaging
can be done in the computer memory in order to increase the signal-to-noise ratio.
Furthermore, the computer is capable of correcting, ratioing, and subtracting spectra,
computing absorbances, and perforring other desired operations.

In order for an FTS system to be uscful, the mirror position must be known to a
fruction of a wavelength of the light to be studied. This can cause considerable experi-
mental problems, particularly at short wavelengths, The most successful commereial
systermns use the ““fringe-reference ' system. In these systems, another mitror is attached
to the moving mirror drive so that the two mirrors move exactly together, This ad-

“reference” interferometer which accepts

ditional mirror forms part of a separate
mionochromatic light from a laser source. The sinusoidal interference ** fringe ™
signals from the reference mterferometer detector are counted and serve as a very
precise measure of the mirror velocity. A beam of white light from a small incandes-
cent lamp is also passed through the reference interferometer and produces a burst at
a precisely reproducible point on the sample interferogram. This burst serves as a
trigger signal for the signal averaging.

The resolution of an F'I'S instrument is determined by the qualicy of the optics, by
the degree of collimation of the incident light, and, most important, by the [ength of
the mirror sweep. In fact, resolution is inversely proportional to the mirror excursion.
Fortunately, the fringe-reference system allows long mirror excursions to be measured
with precision, and so resolutions of 0,1 cm~! can be obtained,

The advantages of F'I'S over conventional spectrometry are several:

. Higher throughput. An mmterferometer has an aperture of at least several square
centumeters, much larger than the area of even the largest slits used in dispersive
spectrometry. Thus much more light can be put into the FI'S system, which 1s a
considerable advantage at low light levels.

2, Fellgell’s adivantage. The so-called Fellgett’s advantage arises from the fact that
the cntire spectrum is measured continuously, whereas in a dispersive instrument only
that portion of the spectrum falling on the exit slit is measured at any onc iime. If
there are M resolution elemenss in the spectrum (i.e., M equals the ratio of spectral
range covered in a given spectrum with a dispersive spectrometer to spectral band-

. - . . B e . .
width), then the TFS system can achieve a signal-to-noise ratic v Af higher than a
dispersive instrument under the same conditions of resolution and measurement time,
simply because a dispersive instrument wastes most of the light that enters its exit

stit. This is quite significant; V' M is often of the order of 10 to 100.

3. Rapid response. The signal-to-noise advantage of an FTS system may be traded
oft for greatly increased speed. That is, an FTS instrument can obtain a spectrum
approximately Af times faster than an equivalent dispersive spectrometer. [t is
routinely possible to obtain a good spectrum in only 1 sec. This opens up tremendous
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possibilities; for example, in gas or liquid column chromatography systems, the com-
plete infrared spectrum of each component can be measured **on the fly”” as it comes
off the celumn,

At the present time, FTS systems are limited to the visible through far-infrared
regions (40,000-10 cm~*) and a resolution of 0.1 cm ™. The possibilities of application
of FTS to luminescence spectrometry are numerous but yet largely unexplored.

B. HADAMARD SPECTROMETRY

Hadamard spectrometry invilves the use of a multiplexed dispersive spectrometer,
The system consists of a dispersive spectrometer (gencrally a grating instrument} with
a mask containing numerous open and closed slots (slits} in place of the normal exit
slit. ‘T'he size of the slots is equal to or a multiple of the spectral bandpass of the dis-
persive spectrometer. Actually the mask is cyclic with 2z — 1 rotal spectral clements,
{A spectral element consisis of either an opaque or an open slot equal to the spectral
bandpass of the instrument.) The mask is then moved (by a stepping motor) across
the exic slit plane in front of the photomultiplier tube. At cach position of the mask,
the detector “sees’” a linear combination of radiant fluxes corresponding to each
spectral component allowed to reach the detector surface. By making a total of n mea-
surcments* (a different positions of the mask) and performing a Hadamard wrans-
formation with a digital computer, the spectral information (radiant flux versus
wavelength) can be obtamed.

Hadamard spectrometry (HS) has less precise mechanical and alignment problemns
than Fourter transform spectrometry (FT8}, Nor docs HS exhibit the intense zero-
order spike characteristic of FT'S. Finally, HS involves a simpler mathematical
computation than FTS. On the other hand, both the optical throughput (spced) and
the signal-to-ntoise ratic of FTS are greater than HS with one Hadamard mask. How-
ever, if in addition to the exit plane Hadamard mask an additional mask is placed at
the entrance focal plane in place of the entrance slit and if these two masks are in-
dependently stepped, then the doubly multiplexed Hadamard spectrometer ap-
proaches the FTS system in optical throughput and in signal-to-noise ratio. The
doubly multiplexed Hadamard system is rather mechanically complex, The greatest
advantage of FTS over HS 15 cerlainly the much greater wavelength range in the
former; for example, FTS can cover 1 to 1000 g in one measurement period, whereas
HS5 covers a much smaller range as 1 to 3 p.

At the time of writing this book, neither FT'S nor HS had been atilized for lumines-
cence spectrometry. However, because of the mechanical difficulties of maintaining
plate parallelism and of measuring path differences at small optical path difference,
measurements below about 0.8 u have not been made with FTS. No such limitations
seern to exist for HS, and so HS may find considerable use in luminescence spec-
trometry—particularly for atomic fluorescence spectrometry,

* The grating angle is constant during any given series of measurements., Thus the
Hadamard spectrometer covers a range determined by the widih of the detector {sensitive
area) and the reciprocal linear dispersion of the grating monochromator.



C. OTHER SYSTEMS 345

C. OTHER SYSTEMS

Fabry-Perot spectrometers will probably find little use in luminescence spec-
trometry because of their small wavelength ranges—typically a few nanometers. Such
spectrometers, however, because of their great resolving powers, will certainly be used
for studies related to Juminescence spectrometry, such as measurement of the structure
of spectral lines from various sources (electrodeless discharge lamps, hollow cathode
discharge lamps, flames, lasers, cic.).

Rapid-scan spectrometers involve dispersive spectrometers in which one of the
spectral elements (a mirror, a dispersive element, or a slit) is moved rapidly (rolated,
oscillated, vibrated, ete.). Rapid-scan spectrometers are capable of covering a fairly
wide wavelength range—for example, 2000 to 6000 A in time periods less than onc
sccond (e.g., milliseconds). Such devices are useful for studying plasmas, {lash photo-
lysis, explosions, gas chromatographic cffluents, and so on. Because of the vast store of
spectral information in the infrared region, most rapid-scan spectrometers have been
utilized in the infrared wavelength region. Nevertheless, it would seem that rapid-
scan dispersive luminescence spectrometers could serve for investigating some rapid
kinetic processes. Of course, if either FTS or HS instrumentation becomes available
for luminescence spectrometry, rapid-scan spectrometers with their inferior resolution,
oplical speed, and mechanical complications would probably find little use even for
kinetic studics.
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