
An Absolute Spectrofluorometer 
A new instrument has been developed for simple 

determinations of absolute fluorescence spectra. 

George K. Turner 

Fluorescence, the property possessed 
by some substances of emitting light 
upon exposure to external radiation, has 
been utilized extensively in theoretical 
physics and chemistry (1). At present, 
measurements of fluorescence are most 
widely used for quantitative chemical 
analysis, and analytical procedures 
based on such measurements are unusu- 
ally sensitive and specific. 

The technique of fluorescence anal- 
ysis was first developed in the mid- 
1930's, when it was found that vita- 
mins were particularly suited to this 
form of analysis. Growth of the tech- 
nique was slow but steady until photo- 
multiplier tubes came into general use, 
in the late 1940's. These tubes allow 
light to be measured at extremely low 
intensities-a prerequisite for the full 
exploitation of fluorescence measure- 
ments. At the same time, biochemical 
studies, previously centered on the more 
gross constituents of organisms, were 
directed toward the minor constituents 
such as hormones, enzymes, and trace 
elements. Since then there has been a 
rapid increase in the use of fluorescence 
techniques. Udenfriend has recently 
written an excellent summary of fluo- 
rescence measurements in biology and 
medicine (2). The range of applica- 
tions of fluorescence analytical tech- 
niques in industrial and general chem- 
istry is indicated in a review by White 
(3). A central library and clearing 
house for information for the analytical 
uses of fluorescence has now been es- 
tablished, and well over 6000 abstracted 
and indexed references are currently 
available (4). 

An interesting offshoot from the ana- 
lytical applications is the use of fluores- 
cent dyes as tracers, for example, in 

studies of mass flow of water in bays 
and harbors. In such studies, fluores- 
cent materials with very unusual excita- 
tion and emission spectra are used, and 
with proper selection of instrumental 
settings, concentrations as low as one 
part in one hundred billion may be 
continuously recorded, with negligible 
background interference (5). Similar 
fluorescent materials which are soluble 
in oil have also been found and are 
being used to mark product interfaces 
in petroleum-product pipe lines (6). 

In a more precise definition, fluo- 
rescence is expressed as the immediate 
(in the order of 10'8 second) emission 
of light from a molecule after it has 
absorbed radiation. When a molecule 
absorbs a quantum of radiation in the 
"electronic" region of the spectrum 
(2000 to 8000 A), an electron is ele- 
vated from the ground state to an ex- 
cited state. The electron may then re- 
turn to the ground state by a number 
of different competing processes. If its 
return to the ground state is direct, 
there is an accompanying emission of 
a photon of light. In most systems 
other than gases, the return to the 
ground state is a two-step process. The 
electron first falls by nonradiative proc- 
esses to the lowest vibrational level of 
the excited state, and then returns to 
the ground state. 

The fluorescence of a material in a 
given environment may be specified by 
its quantum efficiency, its excitation 
spectrum, its emission spectrum, and by 
the lifetime of the excited state. Quan- 
tum efficiency (b) is the ratio of pho- 
tons emitted to photons absorbed. Quan- 
tum efficiency varies from zero, for 
nonfluorescent materials, to nearly 100 
percent. The excitation spectrum is a 
plot of intensity of emitted light as a 
function of the wavelength of the ex- 
citing light. Where the quantum con- 

tent of the exciting light is held con- 
stant, the excitation spectrum of a 
system containing a single fluorescent 
molecular species is usually propor- 
tional to the number of quanta ab- 
sorbed, hence proportional to a plot of 
the extinction coefficient (7). The 
emission spectrum is a plot of intensity 
of emitted light as a function of the 
wavelength of the emitted light. The 
shape of the emission spectrum is usu- 
ally independent of the excitation wave- 
length (8). For analytical purposes, 
fluorescence lifetime is generally not 
measured. In highly viscous systems 
containing large fluorescent molecules, 
the lifetime of the fluorescence may be 
short compared with the time required 
for molecular disorientation by Brown- 
ian movement. Under these conditions, 
the emitted light may be polarized and 
nonsymmetrical with respect to the sam- 
ple. The utility of such measurements 
in determinations of molecular con- 
formation and the techniques for de- 
termining quantum efficiency have been 
discussed (1). 

Fundamental Equations 

The fundamental relationship defin- 
ing fluorescence in dilute solution may 
be expressed as (9) 

F = 2.3 Iq ECDf (1) 
where F is the total fluorescence inten- 
sity, in quanta per second, in all direc- 
tions; lq is the intensity of exciting 
light, in quanta per second; E is the 
molecular extinction coefficient; C is 
the concentration of fluorescent mate- 
rial; D represents optical depth; and 
c, quantum efficiency. 

Excitation and emission spectra may 
be more readily visualized in terms of 
the differential form of Eq. 1: 

dF do 
dFX - 2.3 Iq ECD dXMM2m^ (2) 

where dF/dAXT is the total fluorescence 
intensity in quanta per unit emission 
bandwidth, and d+/dAEr is the quan- 
tum efficiency per unit emission band- 
width. The operation of a fluorometer 
is more easily understood if Eq. 2 is 
expressed as 

dF d6 FA = f3 (XM1) dX = K3 f3 (XM) Iq ECd 
(3) 

were FA is the indicated fluorescence, 
at some instrumental setting; f/ (AXmt) 
relates indicated fluorescence to actual 
fluorescence (it accounts for limited 
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angular pick-up of the light detector, 
and for variation in the sensitivity of 
the light detector as a function of 
emitted wavelength); and K3 represents 
an instrumental constant which con- 
tains the effective optical depth, and 
various unit conversion factors. 

Filter Fluorometer 

The filter fluorometer is used primar- 
ily for repetitive, quantitative chemi- 
cal determinations. In this class of in- 

struments, excitation and emission 

wavelengths are chosen by color filters. 
Udenfriend has described ten filter 
fluorometers which are available com- 

mercially (2); probably about 10,000 
such instruments are in service today. 
They vary widely with respect to light 
sources, available filters, sensitivity, and 

types of samples accepted, but in gen- 
eral are very satisfactory for precise 
microchemical determinations. 

For the filter fluorometer, or for any 
spectrofluorometer operated at constant 
excitation and emission wavelengths, 
Eq. 3 is reduced to 

FA =K4 C (4) 

The constant, K4, may be established 

by calibration with a standard. The 
dial or meter reading is proportional to 
concentration. Measurements may be 
extended to extremely low concentra- 
tions by increasing the sensitivity of the 
light detector or the intensity of the 
light source. In spectrophotometry, for 

comparison, concentration is related to 
the loss of light, as light passes through 
a solution. This is a differential meas- 
urement, which tends to accentuate the 

instability of the instrument. As an 

example, at 99 percent transmission, a 
0.1 percent instrumental instability in 
a spectrophotometer introduces a 10 
percent uncertainty in concentration. 

Fluorometry may be readily used to de- 
termine concentration in a solution with 
a 99.999 percent transmission. 

Equation 3 also provides an explana- 
tion for instrumental specificity. In spec- 
trophotometric techniques, substances 
with appreciable extinction coefficients 
at the same wavelength as that chosen 
for the unknown will interfere with the 
results. With a fluorescence technique, 
the interfering substance, besides having 
an appreciable extinction coefficient at 
the excitation wavelength chosen for the 
unknown, must also emit appreciable 
fluorescence at the emission wavelength 
chosen for the unknown. 
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Uncorrected Spectrofluorometer 

Instruments in which monochrom- 
eters are used to establish excitation 
and emission wavelengths, and which 
have no special compensatory features, 
are termed "uncorrected" spectrofluo- 
rometers. They are widely used in the 
larger research and analytical labora- 
tories; eight different models which are 
available commercially have been de- 
scribed by Udenfriend (2). Most of 
the instruments in service are direct 
descendants of the instrument devel- 
oped by Bowman et al. (10). These 
instruments (Fig. 1) consist basically 
of a continuous light source of high 
intensity, usually a xenon arc lamp; a 
photomultiplier with associated ampli- 
fier; and two monochromators. One 
monochromator is located between the 
light source and the sample (excitation) 
and the other between the sample and 
the photomultiplier tube (emission). 
By setting the emission monochromator 
at a wavelength at or near the emission 
peak of a compound and scanning the 
excitation monochromator, the excita- 
tion spectrum may be obtained. Re- 

versing the process gives the emission 
spectrum. For quantitative analysis, 
one selects the desired excitation and 
emission wavelengths and compares the 
relative fluorescence intensities of stand- 
ard and unknown samples, as with a 
filter fluorometer. 

The term "uncorrected" is applied to 
this type of spectrofluorometer because 
the excitation and emission spectra pre- 
sented are a combination of the true 
spectra of a compound and various in- 
strumental artifacts. With reference to 

Eq. 3, when excitation spectra are 
plotted no attempt is made to hold lq 
constant. 

Excitation spectra are hence a com- 
posite of the true excitation spec- 
tra, the spectral distribution of lamp out- 
put with wavelength, and monochro- 
mator efficiency with wavelength. When 
emission spectra are plotted no correc- 
tion for f3 (Xmt) is made, hence emis- 
sion spectra are a composite of the 
true emission spectra, the spectral dis- 
tribution of sensitivity of the light de- 
tector, and monochromaor efficiency 
with wavelength. In certain regions of 
the spectrum, these instrumental factors 
become dominant. In practice, because 
of the individual nature of the light 
sources and photomultiplier tubes, no 
two uncorrected spectrofluorometers 
will present the same spectra on the 
same compound. Even individual in- 

struments will vary as the light source 
ages or is changed. 

Despite these drawbacks, the uncor- 
rected spectrofluorometer can be put 
to many uses. The instruments may be 
used for quantitative analyses with the 
convenience that wavelengths can be 
dialed (instead of filters having to be 
changed). They may be used for com- 
parisons of spectra within one labora- 
tory and rough comparisons of spectra 
with other laboratories. 

The specificity of an analysis may 
often be assured by comparison of spec- 
tra of final extracts with standards. If 
no standard is available, emission spec- 
tra obtained at a variety of exciting 
wavelengths may be compared. If such 
emission spectra are not similar, the 
presence of more than one molecular 
species is indicated (8). Comparison 
of excitation spectra at different emis- 
sion wavelengths will yield similar data 
(7). 

In the development of procedures 
eventually aimed at quantitation with 
relatively inexpensive filter fluorom- 
eters, an uncorrected spectrofluorom- 
eter is of advantage. The visual pres- 
entation of spectra is more than 
sufficient to allow selection of optimum 
filters for the filter fluorometer. 

Absolute Spectrofluorometer 

For some time there has been a need 
for an instrument which would allow 
the precise and simple determination 
of the characteristics of a fluorescent 
material in a form which could be 
easily transferred from laboratory to 
laboratory. Such an instrument should 
be capable of (i) determining the quan- 
tum efficiency of an unknown material, 
and (ii) recording excitation and emis- 
sion spectra in a manner which has 

easily definable physical significance. 
In addition to the obvious value of 

being able to transfer such information 
exactly, these absolute measurements 
would be of immediate use within a 
single laboratory. The literature is full 
of relative studies of solvent-solute in- 
teraction and the action of "quenching" 
materials. The significance of such 
studies would have been much greater 
if a simple means had been available 
to establish the actual value of the 
quantum efficiency. 

Absolute excitation spectra may usu- 

ally be converted to the corresponding 
extinction coefficient spectra, as ob- 
tained by spectrophotometric measure- 
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ments. This is particularly useful in 
several situations. First, it is useful 
where sensitivity is important-for 
example, where only small quantities of 
the sample are available. Absorption 
spectra may be obtained from a sample 
with a concentration as low as one ten- 
thousandth that required in a spectro- 
photometer. Second, studies may be 
deliberately made at high dilutions, 
where intermolecular effects are mini- 
mized. Third, it is valuable where spec- 
ificity is a problem. Only those mate- 
rials which are fluorescent and whose 
fluorescence emission falls within the 
emission band selected will be meas- 
ured. All others will be rejected. The 
whole body of theory governing ab- 
sorption of light may thus be brought 
to bear, with extraordinary sensitivity 
and specificity, on the characterization 
of fluorescent materials. 

Absolute emission spectra will be 
useful in the characterization of mate- 
rials, as more knowledge accumulates. 
They should also prove to be of imme- 
diate use for study of the distribution 
of the energy levels in the unexcited (or 
ground level) state of molecules (see 
9). 

Workers in a number of laboratories 
have prepared correction tables for un- 
corrected spectrofluorometers, or have 
modified commercial instruments to ob- 
tain corrected or partially corrected 
spectra. Manual correction of exciting 
energy as a function of wavelength has 
been carried out by comparison with 
standard lamps, and by the use of 
chemical actinometers, calibrated light 
detectors, thermopiles and bolometers, 
and quantum counters. The sensitivity 
of the detector and monochromator as 
a function of wavelength has been 
evaluated by means of standard lamps, 
and by transferring energy from a pre- 
viously standardized excitation mono- 
chromator. There are many references 
to such work (9, 11). 

Automatic correction of excitation 
spectra is accomplished in the instru- 
ment of Parker by means of "quantum 
counter" (12). In this instrument, a 
fixed fraction of the light falling on the 
sample also falls on a special cell con- 
taining a high concentration of a fluo- 
rescent material. Over a considerable 
range of exciting wavelengths, all inci- 
dent energy is absorbed and a fixed 
quantum fraction re-emitted at essen- 
tially a fixed wavelength. A portion of 
this emitted beam is then allowed to 
fall alternately on the same photomul- 
tiplier that is used to measure the fluo- 
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Fig. 1. The uncorrected spectrofluorometer. 

rescence emission from the sample. 
Signals due to the light from the quan- 
tum counter and to the sample are elec- 
trically separated, and used to operate 
a ratio recorder. Since the light emitted 
by the quantum counter is propor- 
tional to the quanta falling on the sam- 
ple, automatically corrected excitation 
spectra are obtained. Essentially the 
same type of correction has been re- 
ported in which a fluorescent screen is 
used (13). Correction of emission 
spectra by the use of a cam and optical 
attenuator has also been reported (see 
14). 

In an instrument (15) described by 
Slavin (16), both excitation and emis- 
sion spectra are corrected automatically. 
Excitation spectra are corrected to con- 
stant energy (rather than constant 
quanta) by means of a thermocouple 
which continuously monitors a frac- 
tion of the light falling on the sample 
and adjusts the excitation monochro- 
mator slits to keep this energy constant. 
Emission spectra are corrected by an 
electrical cam synchronized with the 
emission monochromator, via a slit 
servo on the emission monochromator. 

A New Instrument 

Quantum counters have several dis- 
advantages in that they provide incom- 
plete coverage of the wavelength range 
of interest, their properties tend to 
change drastically with temperature, 
and they are subject to aging problems. 
Fluorescent screens have the same prob- 
lems. 

Energy control schemes in which a 
thermocouple and slit servo are used 
alter the pattern of light falling on the 
sample as the slits operate and hence 
affect the optical characteristics of the 

sample cell. The operator has no 
knowledge of the bandwidth of the ex- 
citation monochromator, as the sample 
is scanned. The instrument operates at 
all wavelengths at the noise level and 
scanning speed dictated by the oper- 
ator's bandwidth requirement at the 
portion of the spectrum scanned which 
has the least energy. 

In the Turner model 210 "Spec- 
tro" (Fig. 2), a new correction meth- 
od (17) is used which is in many ways 
a cross between the quantum counter 
and the thermocouple methods, and it 
embodies many of the best features of 
both (18). The instrument is shown 
diagrammatically in Fig. 3. To the left 
of the dashed line in this diagram, the 
equipment is essentially identical with 
that used in the highly efficient uncor- 
rected spectrofluorometers already de- 
scribed. Bandwidths are set to the oper- 
ator's requirements and are fixed. There 
is no loss of efficiency as spectra are 
scanned. 

When this instrument is used as an 
absolute spectrofluorometer, a photo- 
multiplier alternately receives two 
beams of light. One beam is from the 
fluorescent sample, the other is from a 
fixed wavelength reference-lamp whose 
intensity is automatically adjusted to 
match the energy of the exciting light 
falling on the sample. The beam from 
the reference lamp is further attenuated 
to match the efficiency of the photo- 
multiplier and the emission monochro- 
mator as a function of emission wave- 
length. It follows that (i) with the 
emission monochromator fixed and the 
excitation monochromator scanning, 
the excitation spectrum thus presented 
is corrected to constant excitation en- 
ergy; and (ii), with the excitation 
monochromator fixed and the emission 
monochromator scanning, the emission 
spectrum is presented in terms of the 
units for which the attenuator is cali- 
brated (quanta per unit bandwidth). 

A fluorescent lamp is used as the 
reference lamp since its color does not 
vary with intensity. A bolometer is 
used to compare the excitation of the 
sample with the intensity of the refer- 
ence lamp, since it is sensitive only to 
energy and is not dependent on wave- 
length. A conventional optical density 
wedge is a suitable reference beam at- 
tenuator, since the reference beam is at 
a fixed wavelength. The position of this 
wedge is controlled by a cam, individ- 
ually cut to match the combined char- 
acteristics of the emission monochro- 
mator and photomultiplier used. 
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Method of Operation 

The detailed operation of the indi- 
vidual blocks of equipment will now be 
considered with respect to Eq. 3, the 
basic equation for presentation of fluo- 
rescence spectra. 

The bolometer alternately receives 
two beams of light. One beam, at an 

energy level, IEX, is an adjustable frac- 
tion of the exciting light falling on the 

sample. The second beam is an adjust- 
able fraction of the light from the ref- 
erence lamp. When the energy content 
of the two beams is equal, the output 
of the bolometer is zero. Unbalance 
generates a small a-c voltage, at the 
alternation frequency of the light. This 
a-c voltage is amplified about 100 times 
and converted to d-c by a commutator, 
which is synchronized with the alterna- 
tion of the light beams and used to cor- 
rect the power to the reference lamp. 
The extraordinarily high amplification 
used ensures that the two beams are 
maintained at equal intensity to a high 
degree of accuracy. Since the bolom- 
eter is used only to compare and not 
to measure, balance is independent of 
the sensitivity and temperature of the 
bolometer. The resultant equation is 

I -- K5 lEX (5) 

where IR is the energy incident on the 
sample. 

Since the energy content of a quan- 
tum of light varies inversely with the 

wavelength, Eq. 5 may be rewritten in 
terms of the number of exciting quanta 
lq, and exciting wavelength, Xsx, with 
an appropriate change in the constant: 

KJ (6) I:1- X7x (6) 

The photomultiplier receives sequen- 
tially no light, light from the sample, 
and light from the reference lamp. With 
reference to Eq. 3, the electrical out- 

put of the photomultiplier changes in 

response to the beam derived from the 

sample by FA. The intensity of the 
second beam is proportional to IRi from 

Eq. 6 multiplied by the attenuation fac- 
tor entered by the wedge filter and cam 

system. Since the color of this second 
beam is fixed, the photomultiplier re- 

sponse to the reference beam is 

Vy = K7 fA (XEM) - (7) 

where Vn is the change in electrical out- 
put of the photomultiplier, when it is 
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illuminated by the reference beam, and 
/A (XAm) is the attenuation factor en- 
tered by the wedge filter and cam sys- 
tem. 

The recorder system, described later, 
presents the ratio of FA to VP. The 
basic equation governing the position 
0, of the recorder pen may be obtained 
by combining Eqs. 3 and 7 

FA fA (XK 1,) Cdo - V= f A (X \ ) XX EC d 
(8) 

When f/(XEM) and fA(XrE) are made 

proportional, Eq. 8 is reduced to Eq. 9 

doh 6 = K9 XEX EC dX5 (9) 

This equation is the fundamental 
equation of the instrument. It can be 
used to define both the nature of excita- 
tion spectra and emission spectra which 
may be obtained, and the method to be 
used for determination of quantum effi- 
ciency. 

Excitation spectra are obtained by 
plotting 0 as a function of the excita- 
tion wavelength, XEx, at a fixed value 
of XEM. With Xx1S fixed, d//dXEM is a 
constant yielding 

0 = Klo XE CEf (XEx) (10) 

The relation between extinction co- 
efficient spectra, Ef(XEx), and excita- 
tion spectra is show by Eq. 10. In those 
cases where the extinction coefficient 
is known at any wavelength, the con- 
stant Kio may be evaluated. Extinction 
spectra may then be determined by 
dividing the excitation spectra by the 

wavelength and Kio. Relative absorption 
spectra, often of value in characterizing 
an unknown, may be determined sim- 

ply by dividing the excitation spectra 
by wavelength. 

Emission spectra are obtained by 
plotting 0 as a function of the emission 
wavelength, XTEm, at a fixed value of 
XEx. With reference to Eq. 9, it may 
be seen that with XAx fixed, E auto- 

matically assumes a fixed value. The 
relation between the emission spectra, 
in quanta per unit bandwidth as a 
function of emission wavelength, and 
the spectra obtained may be seen by 
inspection of Eq. 9. Where the quan- 
tum efficiency is known and the extinc- 
tion coefficient is known, at wavelength 
X\E, the constant Ko may be determined. 
This is done by measuring the area 
under the recorded spectrum, and re- 
placing d/ /dXEL with 4 (see Eq. 11, 
below). Emission spectra may then be 

determined by dividing the recorded 
spectra by the term Ko Xx EC. Rela- 
tive emission spectra are plotted di- 
rectly. 

Typical excitation and emission spec- 
tra obtained with this instrument on 
anthracene are shown in Fig. 4. Figure 
5 shows emission spectra of quinine 
sulfate at concentrations of one and 
ten parts per billion, and the Raman 
spectrum of the solvent (water). 

The equation for determining quan- 
tum efficiency is derived from Eq. 9 
by taking the area, A, under the re- 
corded spectra. This is the same as 
integrating Eq. 9: 

A z- K-l X,x ECp (11) 
To obtain the quantum efficiency of 

an unknown material, it is necessary to 
standardize the instrument by running 
a curve on a material of known quan- 
tum efficiency; many such standards 
exist (10, 19). The extinction coeffi- 
cients of both the known and unknown 
substances are then determined at the 
appropriate (but not necessarily iden- 
tical) wavelengths. With the subscript S 
used to denote the standard, and U to 
denote the unknown, the equation for 
determining quantum efficiency be- 
comes: 

Au K12s Xixs0 Es Cs 
f u - ? ( 12) AsK2 K2Uv Xxu Ev Cu 

In the Turner model 210, K12 may be 
varied in accurately known steps over 
a wide range. Since, from Eq. 12, the 
ratio of the sensitivity on the standard 
to sensitivity on the unknown, G, is all 
that need be known, Eq. 12 becomes 

O-u = 0q G AIT XEXS Es Cs 
As XEXJ Eu Cv (13) 

Use as a Spectrophotometer 

For many studies of absolute fluores- 
cence, the absorption properties of the 
substance being analyzed must be 
known. The model 210 may be used 
as a ratio-recording, dual-beam, dual- 
monochromator spectrophotometer, re- 
cording directly either optical density 
or percent transmission. The charac- 
teristics of the instrument when used 
as a spectrophotometer have been spe- 
cifically tailored to the needs of 
fluorescence analysis. 

Conventional spectrophotometers in- 
troduce into absorption spectra a lit- 
tle-recognized error, the fluorescence 
artifact (20). In taking the absorption 
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spectrum of a fluorescent compound, 
not only the true transmitted beam, but 
a portion of the emitted fluorescent 
light reaches the detector. Unless pro- 
vision is made for eliminating this fluo- 
rescent light, the indicated percent trans- 
mission is higher than it should be, 
with large errors occurring at low val- 
ues. In well-designed spectrophotom- 
eters, this artifact is minimized but not 
eliminated by arranging the detection 
optics to view the smallest practical 
solid angle since the transmitted beam 
is collimated and the fluorescent light 
is not. Complete elimination of this 
artifact requires a monochromator both 
between the sample and the detector 
and between the light source and sam- 
ple. A direct arrangement of this type 
is very sensitive to minor optical errors 
and misalignment in the sample cell 
and holder. 

The availability of two monochro- 
mators designed to operate on opposite 
sides of the sample and an excess of 
light (xenon arc lamp) suggested that 
deliberate diffusion of the transmitted 
beam would reduce alignment prob- 
lems. Accordingly, in the model 210 a 
diffuse screen (17) is placed beyond 
the sample. This screen is treated as a 
light source for a second set of light- 
gathering optics for the second mono- 
chromator. 

The xenon arc lamp, in addition to 
providing the intensity necessary for 
deliberate loss of light in the diffuser 
screen system, also has the advantage 
of yielding useful amounts of energy 
over the entire wavelength range of the 
instrument. There is no necessity for 
the usual change of lamps in the middle 
of a scan (at about 3500 A). 

Fluorescence measurements are strict- 
ly linear only when it may be assumed 
that the sample has essentially 100 per- 
cent transmission. From a practical 
standpoint, 95 percent transmission and 
higher is adequate. Transmission and 
fluorescence measurements do not, 
therefore, overlap well in concentra- 
tions required for measurements unless 
provision is made for long absorption 
cells. Provision was therefore made for 
10-cm absorption cells. 

Luminescence 

Consideration of the correction uti- 
lized in fluorescent emission spectra 
shows that the instrument possesses the 
basic characteristics required for re- 
cording of corrected emission spectra of 
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primary sources, such as lamps and 
chemiluminescent systems. 

When the Mode Selector is in the 
Luminescence positions, the reference 
lamp is held at a fixed intensity by a 
vacuum-type photocell and a null-bal- 
ance electronic system. Under these 
conditions, the neutral density optical 
wedge still enters the required correc- 
tion for emission monochromator and 
photomultiplier efficiency as a function 
of emission wavelength, but with regard 
to a fixed reference level rather than 
exciting energy level. Thus, emission 
spectra of stable primary light sources 
may be recorded. 

Recording Computer 

The characteristics of any instrument 
are greatly affected by the recording sys- 
tem used. The overall system may be 
considered in terms of four parameters 
related to the final recording. These 
are static accuracy, dynamic accuracy, 
random noise, and recording time. In 
the model 210 static accuracy is pri- 
marily related to such factors as ampli- 
fier linearity, potentiometer linearity, 
gear backlash, and servo system dead 
zone. It is in large part dependent on 
the quality of the components used, 
and has been held to about 1 percent 

Fig. 2. The Turner model 210 "Spectro." 

LEGEND 

- - LIGHT PATH 
-- - ELECTRICAL 

------h MECHANICAL 

Fig. 3. Schematic representation of the model 210. 
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SAMPLE - 1 P.P.M. ANTHRACENE IN METHANOL EXCITATION REFERENCE - 3556 A 
SPECTRA - EXCITATION, LEFT, EMISSION, RIGHT EMISSION REFERENCE - 3988 A 

RESOLUI ON - 25 A, BOTH CURVES 

Fig. 4. Excitation and emission spectra for anthracene. 

of full scale. Static accuracy is quite 
independent of the other three charac- 
teristics. 

Dynamic accuracy in a two-dimen- 
sional plot may be considered as the 
maximum absolute distance between a 

point on the recorded curve and the 
curve which would have been recorded 
at infinitely slow speed, with noise being 
ignored. Random noise is the uncer- 

tainty in knowledge of any point in the 
plot. Recording time is the length of 
time required to abstract information 
from a sample. These last three charac- 
teristics are interrelated and must be 
considered in terms of the physical na- 
ture of the sample and measuring sys- 
tem. 

Random noise will be considered 
first. At low light intensity, inherent 
noise of the photomultiplier predomi- 
nates. At higher intensities, statistical 
variation in the number of photons re- 
ceived by the photocathode predomi- 
nates. Both sources of noise are, how- 
ever, similar in nature and extend over 
a very broad range of frequencies. In- 
formation on the sample is contained 
in the ratio of the excess of two elec- 
trical signals alternately available from 
the photomultiplier over dark current. 
In this instrument, the first step in the 
control of random noise is to maintain 
constant the broad-band noise of the 

output of the photomultiplier. The high 
frequency output of the photomulti- 

plier (well above signal frequency) is 
separated out. This output is predomi- 
nantly noise. It is rectified, compared 
with a standard voltage, and the result- 
ant error voltage is used to control the 
dynode voltage, hence gain of the pho- 
tomultiplier. During one portion of 
each cycle, the photomultiplier receives 
no light. During this period, dark cur- 
rent is compensated for by setting the 
output of the amplifier following the 
photomultiplier at zero. This is accom- 
plished by a commutator synchronized 
with the cycle of light falling on the 
photomultiplier. The two electrical sig- 
nals are separated out by the same com- 
mutator. The resultant voltages are thus 
related to the excess of reference volt- 
age over dark current and excess of 
signal voltage over dark current. Since 
all information required exists in the 
ratio of these signals, changing the 
gain of the photomultiplier has no 
effect. 

The reference voltage is inverted in 
polarity and applied across a precision 
potentiometer, whose wiper position is 
proportional to pen position. The volt- 
age at the wiper is compared to the 
signal voltage. The error drives the 
pen servo motor to balance, thus caus- 
ing the pen position to be equal to the 
ratio of the signal and reference volt- 
ages. In addition, a voltage propor- 
tional to pen velocity is combined in 
such a way that it retards the return of 
the pen to balance. Because of this 
velocity term, the pen servo system 
may be described as a conventional 
first order or velocity-damped servo 
system. Since noise at the input is 
constant, and the system is velocity- 
damped, random motion of the pen will 
remain constant. Since the error volt- 
age for any given pen error is related 
to the magnitude of the reference volt- 
age, the speed of the pen response de- 
pends directly on the reference voltage 
and varies over a wide range. 

Dynamic accuracy depends on main- 
taining low the time rate of change of 
the function which the pen is following 
with respect to the speed of the pen 
response. Since the function being de- 
termined is fluorescence versus wave- 
length, it is permissible to vary the 
wavelength scan rate in order to alter 
the time rate of change of the function. 

Maintaining dynamic accuracy is 
achieved in two steps. When the pen 
is not moving (area of constant fluo- 
rescence), scan speed must be limited 
so that if fluorescence changes, the pen 
will have time to respond. This is ac- 
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complished by setting a maximum 
wavelength scan rate which is propor- 
tional to the reference voltage previ- 
ously mentioned. The lower the ref- 
erence voltage, the lower the rate of 
pen response and the lower the wave- 
length scan rate. When the pen is 
moving and is under the control of the 
velocity-damped servo system, its error 
is proportional to its velocity and in- 
versely proportional to its response 
speed. To control this form of error, 
the reference voltage is compared with 
a voltage proportional to absolute pen 
speed. When the pen speed exceeds 
the reference voltage, wavelength scan 
rate is reduced. 

The operator selects the maximum 
random noise which he feels is accept- 
able for his purpose by setting the Pen 
Rate control (Fig. 2). He then sets 
the maximum permissible error by set- 
ting the Scan Rate control. In the 
Med. position, for example, maximum 
error is 2 percent of full scale and 10 A 
in wavelength. Recording of the spec- 
tra will then proceed at the maximum 
rate consistent with selected noise and 
selected maximum error. 

Fixed scanning rates, without regard 
for error, are provided for special pur- 
poses, such as repeat scanning of rate 
reactions. They are selected by setting 
the Scan Rate control to the Fixed posi- 
tion. 

Special Features 

Grating monochromators transmit 
light of higher order in addition to the 
light desired. For example, a grating 
monochromator set to pass 6000-A 
light will pass a very appreciable 
amount of 3000-A light. This effect 
has been noted many times, and has 

been the source of considerable con- 
fusion. Reference (21) is typical of 

publications noting this effect. 
In the model 210, blocking filters are 

automatically inserted in both the ex- 
citation and emission monochromators 
to eliminate this artifact. The filters are 
inserted by a two-step cam mechan- 
ism, as a function of wavelength. Since 
there is essentially no transmission in 
either monochromator below 1800 A, 
the first filter is not required until 3600 
A. At 3600 A, soft glass which elimi- 
nates all light below about 3200 A is 
moved into place. At about 6100 A, a 
Schott OG-3 filter, 1 mm thick, which 
eliminates all light below about 5600 A 
is moved into place. Thus, second- 
order transmission over the entire wave- 
length range of 1900 to 11,000 A is 
eliminated. 

The recorder is of novel design, con- 
taining many of the best features of 
both drum and strip-chart recorders. 
When recording spectra, the recorder 
operates as a normal drum recorder, 
with the advantages of inherently accu- 
rate synchronization with wavelength 
and ease of repeat scanning. 

Chart paper is supplied in a continu- 
ous roll, which is stored inside the 
drum. Paper feeds out through a slot 
over a sprocket-type guide roll around 
the drum, and under a clamping bar 
which is also used for tearing off com- 
pleted recordings. After completion of a 
recording, paper change is a one-handed 
operation. Release the clamping bar; 
pull the recording off, under the bar. 
When the next section of paper has 
been pulled into place, clamp the bar 
and tear off the completed recording. 

The recorder may also be used for 
recording as a function of time. For 
this type of operation, the drum is held 
in a fixed position. The paper feeds 

out of the drum and down over a writ- 
ing platen to a take-up spool. A special 
cover snaps over the open right-end of 
the drum. This cover contains a motor 
which drives the guide roll at the de- 
sired speed. 

Provision for control of the tempera- 
ture of the fluorescent sample is sup- 
plied by passing temperature controlled 
water from an external source through 
a heat exchanger in intimate contact 
with the sample cell holder. 

References and Notes 

1. For an excellent and well-annotated sum- 
mary of this early work, see P. Pringsheim, 
Fluorescence and Phosphorescence (Intersci- 
ence, New York, 1949). Fluorescence has 
been used most recently in studies of lasers. 

2. S. Udenfriend, Fluorescence Assay in Biology 
and Medicine (Academic Press, New York, 
1962). 

3. See the biennial review article by C. E. White, 
Anal. Chem. 36, Apr. pt. II (1964). 

4. G. K. Turner Associates; write to Dr. R. E. 
Phillips, Applications Department, 2524 Pulgas 
Avenue, Palo Alto, Calif. 94303. 

5. J. H. Carpenter, Public Works Mag. 91, 110 
(June 1960); "Tracers for dispersion meas- 
urements in surface waters," Rept. No. SERL- 
63, (College of Engineering and School of 
Public Health, Univ. of California, Berkeley, 
1963). 

6. G. K. Turner Associates, Bull. No. 252, 
2524 Pulgas Avenue, Palo Alto, Calif. 

7. F. W. J. Teale and G. Weber, Biochem. J. 
65, 476 (1957). 

8. A. Jablonski, Compt. Rend. Soc. Polon. 
Phys. 7, 1 (1962); G. Weber and F. W. J. 
Teale, Trans. Faraday Soc. 54, 640 (1958). 

9. C. A. Parker and W. T. Rees, Analyst 85, 
587 (1960). 

10. R. L. Bowman, P. A. Caulfield, S. Uden- 
friend, Science 122, 32 (1955). 

11. W. H. Melhuish, Opt. Soc. Am. J. 52, 1256 
(1962); C. E. White, M. Ho, E. Q. Weimer, 
Anal. Chemi. 32, 438 (1960). 

12. C. A. Parker, Nature 182, 1002 (1958). 
13. D. W. Moss, Clin. Chirn. Acta 5, 283 (1960). 
14. F. R. Lipsett, Opt. Soc. Am. J. 49, 673 

(1959). 
15. Available commercially from Perkin-Elmer 

Corp., Norwalk, Conn. 
16. W. Slavin, R. W. Mooney, R. W. Palumbo, 

Opt. Soc. Am. J. 51, 93 (1961). 
17. Patent applied for. 
18. G. K. Turner Associates, Bull. No. 210, 2524 

Pulgas Avenue, Palo Alto, Calif. 
19. D. M. Hercules and H. Frankel, Science 131, 

1611 (1960). 
20. A. H. Mehler, B. Bloom, M. E., Ahrendt, 

D. W. Stetten, Jr., ibid. 126, 1285 (1957). 
21. J. M. Price, M. Kaihara, H. K. Howerton, 

Appl. Opt. 4, 521 (1962). 

9 OCTOBER 1964 189 


