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Spectrofluorometer Based on Acousto-Optic Tunable Filters for 
Rapid Scanning and Multicomponent Sample Analyses 
Chieu D. Tran' and Ricardo J. Furlan 
Department of Chemistry, Marquette University, Milwaukee, 

Advantages of the acousto-optic tunable filter 
(AOTF), namely its ability for fast scanning and 
multiple-wavelength diffraction, were exploited 
to develop a novel, all solid-state, nonmoving parts 
spectrofluorometer. This instrument is based on 
the use of two AOTFs: one for excitation and the 
other for emission. The first AOTF was used to 
specifically diffract white incident light into a 
specific wavelength(s) for excitation. Depending 
on the needs, the second AOTF (i.e., the emission 
AOTF) can be used as either a very fast dispersive 
device or a polychromator. In the first configu- 
ration, the sample was excited by a single-exci- 
tation wavelength; the emitted light was analyzed 
by the emission AOTF, which was scanned very 
fast. A speed of 4.8 A was found to be the fastest 
speed which the AOTF can be scanned with a 
reasonable S/N and resolution. With this speed, 
a spectrum of 150 nm can be measured in 312 ps. 
Faster scanning is possible but, because of the 
limitation due to the speed of the acoustic wave, 
may undesiredly lead to degradation in the S/N 
and spectral resolution. In the second configu- 
ration, both AOTFs were used as a polychromator. 
Several different rf signals were simultaneously 
applied into the first AOTF to provide multiple- 
excitation wavelengths. The emission was simul- 
taneously analyzed at several wavelengths by the 
emission AOTF. With this configuration, the 
fluorometer can be used for the analysis of mul- 
ticomponent samples, and the maximum number 
of components it can analyze is, in principle, B X 
b, where B and bare the number of excitation and 
emission wavelengths, respectively. The multi- 
component analysis was successfully performed 
for four component samples using the preliminary 
setup where B = b = 2. 
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a charge injection device (CID) for multichannel detection.'" 
With their multidimension capabilities, i.e., the ability to 
simultaneously measure fluorescence spectra at more than 
one excitation wavelength, these instruments have proven to 
be effective for analyses of real-time multicomponent 
samples.'" Unfortunately, they all suffer from disadvantages 
such as low sensitivity, high cost, and extensive data acqui- 
sition and analysis.'" These limitations are somewhat 
alleviated in the recently developed fluorometer which is based 
on the acousto-optic tunable filter. 

An acousto-optic tunable filter (AOTF) is an electronic 
dispersive device.Sl3 It is based on the acousto-optic inter- 
action in an anisotropic rnedium.Sl3 Acoustic waves, which 
are applied to the anisotropic crystal though piezoelectric 
transducers, produce a periodic moving grating which will 
diffract portions of an incident beam. The conservation of 
momentum dictates that only a very narrow band of optical 
frequencies can be diffracted. Therefore, the AOTF will 
diffract incident white light into a specific wavelength when 
aspecific rf is applied to it. The wavelength of the diffracted 
light can be tuned over large optical region by simply changing 
the frequency of the applied rf.S13 The diffracted light need 
not be a monochromatic light. Multiwavelength light can be 
diffracted from the AOTF when several rf signals are 
simultaneously applied into the filter.gJ4 In contrast to 
conventional polychromators, with this electronic AOTF 
polychromator it is possible to individually amplitude mod- 
ulate each wavelength of the diffracted multiwavelength light 
at a different frequency (by individually and sinusoidally 
modulating each applied rf signal a t  the desired frequency).sJ4 
This feature allows us to develop the first multidimensional 
fluorometer that is based on the AOTF. In this instrument, 
the sample was simultaneously excited by two different 
wavelengths (514.5 and 488.0 nm) whose amplitudes were 
sinusoidally modulated at two different frequencies (100 and 
66 Hz). '~ Two component samples, e.g., mixtures of 
rhodamine 6G and rhodamine B, were successfully analyzed 
using this AOTF-based fluorometer. 

This AOTF-based fluorometer provides a revolutionary 
new concept in the field of multidimensional fluorescence 

INTRODUCTION 

One of the most active research activities in the field of 
analytical fluorescence spectrometry is instrumentation de- 
velopment for multidimensional measurements. This is 
because the fluorescence technique, which inherently has 
ultrasensitivity, has not been widely used for trace charac- 
terization of real-time samples. The underutilization stems 
from the fact that real-time samples normally exist in 
multicomponent form, and as a consequence, their analyses 
require measurement of fluorescence at  more than one 
excitation wavelength. Novel development includes instru- 
ments which are based on the use of either a photodiode 
array detector, a vidicon, a charge-coupled device (CCD), or 
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spectrometry and is effectively used for analyses of multi- 
component samples.14 However, its advantages, or rather 
the advantages of the AOTF, have not been fully utilized. For 
example, in this instrument the AOTF is placed in the 
excitation beam to select the excitation wavelengths. The 
number of components in a sample which the instrument can 
analyze is limited by (and is equal or less than) the number 
of the excitation wavelengths. Since this number is defined 
by the number of the different rf signals which are simul- 
taneously applied to the filter, it is limited by the total rf 
power which the filter can tolerate. Generally, AOTFs can 
tolerate a totalrf power of a few watts, and it normally requires 
at least several hundred milliwatts of power of each applied 
rf signal to achieve reasonable diffraction efficiency. The 
total number of wavelengths of light an AOTF can simul- 
taneously diffract is, therefore, limited to -10. As a 
consequence, it would be difficult for this AOTF-based 
fluorometer to analyze samples which have more than 10 
components. This limitation can be eliminated, and the 
number of components in a sample which the fluorometer 
can analyze can be substantially enhanced, when instead of 
one, two AOTFs are used: one to disperse the excitation 
wavelengths and the other to disperse the emission wave- 
lengths. This is because for a sample which has no spectral 
overlap among its components, the number of components 
such an instrument can analyze is theoretically equal to a X 
b, where a is the number of excitation wavelengths and b is 
the number of emission wavelengths. Therefore, in principle, 
such an instrument can analyze a sample containing up to 
loodifferent components (it should be realized that, in reality, 
the number of analyzing components may be less if there are 
large differences in the fluorescence quantum yields of the 
components and/or there is extensive spectral overlap among 
them9 . 

In addition to such advantages as compact, all solid state, 
wide angular field, high throughput, wide tuning range, high 
spectral resolution, and high speed random or sequential 
wavelength access, the AOTF also can be spectrally scanned 
at high speed. This is because light is diffracted from the 
AOTF by the acoustic waves.9 The scanning speed of the 
AOTF is, therefore, controlled by the transit time of an 
acoustic wave across an optical beam, which in this case is on 
the order of a few microseconda.9 As a consequence, the tuning 
speed of the filter can be as fast as a few microseconds. 
However, this fast scanning ability of the AOTF has not been 
exploited in the reported fl~orometer.1~ 

Such considerations prompted us to develop a new fluo- 
rometer which employs two AOTFs: one to select the 
excitation wavelengths and the other to disperse the emission 
wavelengths. In addition to the instrumentation develop- 
ment, experiments will be systematically designed to dem- 
onstrate the full advantages of this fluorometer, namely, the 
ability of the instrument to provide information on the identity 
of the sample by its ability to provide a quick scan (micro- 
seconds) of the emission spectrum of the sample. It will also 
be demonstrated, using actual samples containing mixtures 
of dyes, that quantitatively this fluorometer is capable of 
analyzing multicomponent samples, and the maximum num- 
ber of components the instrument can analyze equals a X b, 
where a and b are the number of excitation and emission 
wavelengths, respectively. 

THEORY 
It is known that the AOTF will diffract light of one specific 

wavelength An when a rf signal of rf, is applied into it. When 
this rf signal is sinusoidally modulated, the diffracted light 
ia also sinusoidally modulated at  the same frequency. This 
is because the modulated rf induces the sinusoidal modulation 

in the diffraction efficiency of the AOTF. The magnitude of 
the modulated diffracted light is proportional to the rf power 
P,, and to the modulation level Mn of the rf signal. 

When the rf signal, which has the power of 

P,,(t) = P,(Mo',, + M", sin(w,t)) ( 1 )  

is applied into the AOTF, the diffraction efficiency at 
wavelength A, is given by 

E,(t) = Mo", + Wf, sin(w,t) (2)  

where Moef, is proportional to P O n M d ' n  and Mef, is 
proportionaltoPo,,MdnM",. The intensity of the diffracted light 
is 

PJt) = I,(t)E,(t) (3)  

where I&) is the intensity of the incident light at A,. 
When an unmodulated continuous light source ia used, I,(t) 

is equal to a constant Io, and as a consequence, the diffracted 
light is only modulated at  frequency Wd,: 

(4)  

where Mod, = I o a o % ,  and Md, = I o f l d , .  
The incident beam can also be sinusoidally modulated with 

frequency w h C ) ~ l ,  as in the case of the light diffracted from an 
AOTF which is modulated at  a frequency of whc, and has 
diffraction efficiencies of 

Mohc, = Io'"',Mo~~, 

Id,@) = Mod, + Md, sin(od:) 

w, = IOhC,Wfl, 

p,(t) = Mohc, + p, sin(whc,t) 

The intensity of the incident light in this case is 

(5) 
This incident light, Tic&), when diffracted by a second 

AOTF which has diffraction efficiencies of Moen,l and Man,,, 
and is modulated at a frequency of w1, will be a product of 
eq 4 and eq 5, i.e., 

PAl,(t) = MoDA1, + MlDA1, sin(ohc,t) + 
~ 2 ~ , , ,  sin(w,t) + ~ 3 ~ , , ,  cos((whcn - wl)t) + 

M4D,1, cos((wincn + q ) t )  (6) 
where 

MoDA1, = MohC,MoeBAl = I O ~ ~ , M O ' ~ , M O ~ , ,  

 MI^,,, = M O ~ ~ , M O ~ ~ , ~  = 

M2D,1, = Mohc,WnAl = IOinC,M~",WnAl 

where L~l , ( t )  is the intensity of the fluorescent light a t  A1 
when the sample is excited by A,, lmc,(t) is the intensity of 
the incident beam at A,, F ~ 1 ( t )  is the fluorescence quantum 
efficiency at  AI, and A&) is the absorption of the sample at  

If the excitation light is sinusoidally modulated as in eq 5, 
the fluorescence light is also modulated; Le., the whole 
fluorescence spectrum, not just a single wavelength, is 
modulated. 

An. 
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laser AOTF 1 
A second AOTF is now used to select (Le., to specifically 

diffract) the emitted (by excitation a t  A,) fluorescence at AI. 
The intensity of the light diffracted from this second AOTF 
is given by 

PutA1,(t) = FIAnp,(t)EA1(t) (8) 
which is equivalent to 

Put~ixn(t) = FIAdDAIAn(t) 

PutAl,(t) = F,A,[Mo~, , ,  +  MI^,,, sin(winc,t) + 
M2DA1, sin(olt) + ~ 3 ~ , , ,  cos((winCn - wl)t) + 

M 4 D ~ 1 ~ n  @l ) t ) l  (9) 
The diffracted light, Iout~lb( t ) ,  is modulated a t  five different 

frequencies, namely 0, Winen, w1, Winen - W I ,  and Winen + 01. In 
order to deconvolute this signal into five parts that correspond 
to each frequency, the following integration is performed 

where T is a period common to al l  frequencies and Mouth is 
part of the output signal Iout~lb(t) which corresponds to the 
modulation frequency W k ,  i.e., when 

and 

wk = uhcn 4- w1 then wutk = M4DAlAnFlA, 

In principle, the relationship between the measured Mouth 
and the absorption (A,) and the fluorescence (Fl) ,  i.e. 

w u t k  = M3DAl,FlA, ( 1 1 )  
can be used to determine the sample concentration. It is, 
however, not practical since the intensity of the excitation 
light I&c, is not constant but changes with time a t  the low- 
frequency region. & a consequence, M 3 D ~ 1 ~ n  also changes 
with the time, Le. 

M3D~1,(t)  = ML"CAn(t)@A1/2 
= IoincAn( t)Wn AnwnAl/ 2 (1 2 )  

The error due to the fluctuation in the excitation light can 
be eliminated by initially monitoring the intensity of light 
incident into the sample T m c ~ ( t )  and subsequently performing 
an integration similar to that in eq IO for fmeAn(t) a t  O k  = 
winch. This integration will give MmcAn(t): 

M""A,(t) IoineAn(t)@~/2 (13) 

The measured fluorescence value of M 3 D ~ l ~ n ( t )  is then 
divided by Mmexn(t) to give 

RAIAn = MenAnFIAn (14) 
It is clear from this equation that the measured quantity 

R ~ l b  is proportional to the absorbance and the fluorescence 
of the sample and is independent of the intensity of the 
excitation light. 

The same treatment can be used for any combination of 
incident and emission light. If Ni is the number of excitation 
wavelengths and Ne is the number of emission wavelengths, 

, :$! '9, fr;,ypu;r , 
mod3 osc3 

o s c l  mod4 mod2 oac2 
AOTFZ comb2 

computer t - . ~ + q  
from computer 1 

Flguro 1. Schematlc dlagram of the AOTF-based fluorometer: AOTF, 
acousto-optic tunable filter; PD, PIN photodiode; S, sample; P, polarizer; 
PMT, photomultlpller tube: amp, amplifier; osc, oscillator; mod, 
modulator: comb, comblner. 

there will be Ni X Ne possibilities, and as a consequence, the 
AOTF-based fluorometer can be used for the analysis of a 
sample having up to Ni X Ne components. In this case, a 
R ~ 1 b  calibration curve for each component is constructed, 
and the concentrations of each component in the sample can 
be calculated by solving a matrix of equations. 

EXPERIMENTAL SECTION 

A schematic diagram of the fluorometer based on acousto- 
optic tunable filters is shown in Figure 1. An argon ion laser 
(Spectra-Physics Model 165) was used as the excitation source. 
When operated in the multiline mode, th is  laser provided output 
radiation which is a combination of six different colors: 467.9, 
476.5, 488.0, 496.5, 501.7, and 514.5 nm. A noncolinear AOTF' 
fabricated from TeOz (AOTF 1, Brimrose Corp., Baltimore, MD; 
Model TEAF-40-70H) was used to select the appropriate 
excitation wavelength(s). Dependingon the type of measurement, 
this AOTF was driven by either one or two (different) rfsignale. 
Two oscillators (osc 1 and osc 2, MCM Electronics Centerville, 
OH; Model TENMAC 72-586) were used to supply two rfsignale. 
These two rf s were amplified and sinusoidally modulated by use 
of home-built devices (mod 1 and mod 2) whose electronic 
circuitries are the same as the ones used in our previous works1' 
The modulated rf signals were then combined by a combiner 
(comb 1; Mini-Circuits splitter/combiner Model ZSC-2-1). Before 
being connected to the AOTF this combined signal was amplified 
one more time by means of a Mini-Circuits high-power amplifier 
(Model ZHL-1-2W). This amplification process was necessary 
because in contrast to the Matsushita AOTF used in the previous 
work," this Brimrose AOTF requires rf signale whose power in 
in the range of hundreds of milliwatts. The amplified, modulated 
signal was then applied onto the AOTF to enable it to diffract 
the incoming multiline laser beam into a beam which has specific 
wavelength(8). The intensity of the diffracted light was adjusted 
to be the same for all excitation wavelengths. This was 
accomplished by appropriately controlling the power of the 
applied rf signals. To do this, a small portion of the diffracted 
light was split by means of a beam splitter and detected by a 
reference photodiode (PD; United Detector Technology, PIN 10 
DP). The output of the photodiode was amplified and connected 
to the microcomputer (IBM compatible with a 486 micropro- 
cessor; Milwaukee PC, Milwaukee, WI). A major portion of the 
light diffracted from the AOTF was used to excite the sample. 
The fluorescence emitted from the sample was focused onto the 
second AOTF (i.e., AOTF 2), at 90' in relation to the excitation 
beam, by means of a lens with a 10-mm focal length. This second 
AOTF, which is also a noncollinear type TeO, AOTF (Matsushita 
Electronic Components Co., Ltd., Osaka, Japan; Model EFL- 
F20), was used to spectrally analyze the fluorescence. Three 
different driver systems were developed to drive this AOTF. The 
f i i t  driver was specifically designed for measurement of the 
fluorescence spectrum of the sample in the fast time scale 
(microseconds). It is based on avoltage control oscillator (VCO; 
Inrad Northvale, NJ, Model 075A010). It is known that the 
frequency of the rf signal (fout), generated by the VCO is 
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approximately proportional to the signal applied to it (Vd: 

f, = AV,+ B (15) 

where A and B are constants. In this case, the VCO wan driven 
by a sawtooth signal produced by a function generator. Data 
acquisition was accomplished by use of a digital oscilloscope 
(HewlettPackard Model 54600A). The oscilloscopewastriggered 
hy the same sawtooth signal. The triggering level and the period 
ofthesawtwthsignalwereadjustedtogiveapositivesloperamp 
signal on the oscilloscope. These experimental conditions enable 
the ramp signal to he 

V,,, = Ct + D  (16) 
where C and D are constanta. As a consequence of this linear 
relationship, the frequency of the rfsignal generated by the VCO 
will have the form 

fat = ACt + E (17) 
where E = AD + B and is a constant. 

The second driver was also developed for measurement of the 
fluoreseencespectrumofthesample. Itis basedonaninexpensive 
hut highly accurate high-performance frequency generator mod- 
uleequippedwithprogrammabledividera (IC Designs,Kirkland, 
WA, Model f2PC). Because this device is based on the phase 
lock loop,'6 the frequency of the output signal (f-3 can he set 
at any value. That is f- is given by 

f a  = Um/fm)fd (18) 

where fol and fm are the frequencies of the reference and the 
output dividers, respectively, and were supplied by a computer, 
and fnr is the reference frequency supplied by a crystal. As will 
be described in the Resulta and Discussion section, the scanning 
speed of this driver is relatively slower than the VCO. It has, 
however, other advantages such as mat effectiveness, precision, 
accuracy, and ease of use. 

The third driver system was designed specifidy for multi- 
component sampleanalysea. Itis hasedontheuseof twodi t  
oscillatora to simultaneously apply two different rf s to the AOTF. 
The electronic configuration and circuitryforthis driver issimilar 
to the driver system used to drive the excitation AOTF. 

The fluorescence light diffracted from the emission AOTF 
wasseparatedfrom the transmittedliightbymeansofpolarization. 
Specifically, a polarizer was placed after the sample and in front 
of the AOTF to convert the fluorescence light into vertical 
polarization. Since the polarization of the light diffracted from 
the AOTF is perpendicular to that of the incident (and also of 
the transmitted) light, a second polarizer, whoae axis is perpen- 
dicular to that of the first polarizer, was placed after the AOTF 
to transmit the diffracted beam and block the transmitted beam. 
The intensity of the beam emerging from the second polarizer 
wasdetected hyaphotomultiplier tube (PW,HamamatauModel 
R446) and amplified hy an amplifier (amp) prior to being 
connected to the computer through the A/D of the 12-hit DAS 
16 board (Metra-Byte, Taunton, MA). 

RESULTS AND DISCUSSION 

The fluorescence spectrum of an ethanolic solution of 1.0 
X 1V M eosin is shown in Figure 2a. This spectrum was 
obtained by excitingthecompoundat 514.5 nmandscanning 
the emission AOTF. The voltage control oscillator (VCO) 
was used to drive the AOTF so that the fast-scan ability of 
the filter can be demonstrated. The dispersed fluorescence 
light waa detected by the photomultiplier tube and recorded 
as a single trace by a digital oscilloscope. The spectrum was 
initially recorded as the fluorescence intensity veraus time. 
The time was then converted into the acoustic frequencies, 
fm, by use of eq 17. While it is known that f m  is not linearly 
related to the wavelength of the diffracted lights it can be 

(16) Horowitz, P.; Hill, W. The Art of Electronica; Cambridge 
University Preen: New Yo&, 1983. 

flgum2. Fluorescenu,sOectraofl.OX10dMeoshlIn~nol: (a) 
AOTFZ a1 a scanning rate of 4.6 A/*: (b) an average of 256 spectra 
taken at the same scannlng rata as In (a): (c) AOTW at a scannlng 
rate of 12.4 Alps: (d) Perkin-Elmer spectrofluorometer: (e) AOTF2 at 
a very slow scanning rate. 

approximatelyassumed,underthenarrowspectralrangeused 
in this work (about 150 nm), to have a linear relationship of 

(19) 
where u. is the acoustic frequency in the AOTF, i.e., TeOa 
and is reported to be to 6.17 X 102 m/s;" n. and no are the 
refractive indices of the extraordinary and ordinary light in 
TeOa reapectively." To facilitate theconversion a calibration 
was made in which the scattering of the excitation light a t  
476.5 and 514.5 nm was measured by mean8 of a scattering 
solution (aqueous suspension of talc). 

Conditions under which the fluorescence spectrum shown 
in Figure 2a was taken correspond to a scanning speed of 38 
nm/79 ps (Le., 4.8 A/*). Since the fluorescence spectral 
bandwidth of this compound is on the order of 150 nm it 
takes -312pstomeasureone fluorescencespectrumforeach 
compound. As illustrated, the S/N of this spectrum is rather 
poor. Improvement in the S/N can be easily accomplished 
by signal averaging. Shown in Figure 2b is the average of 256 
spectra taken a t  conditions identical to that in (2a) (i.e., a t  
a scanning rate of 4.8 A/ps). The S/N of this averaged 
spectrum was substantially improved compared to that of 
the single spectrum (2a). The S/N enhancement, calculated 
as the ratio of therms of the averaged signal (2b) to that of 
the signal (2a). was found to be 12.5. This value is relatively 
smaller than the (256)1/2X = 16X enhancement, which was 
expected from thesignalaveraging. Avariety ofreaaonsmight 
account for this discrepancy, including the noise from the 
eight-bit oscilloscope used to record signals. 

In principle, a scanning speed of 4.8 Klps is not the fastest 
speed at which we can scan this AOTF-based instrument. 
TheVCOcanbescannedasquickIyas 10ps.and theresponse 
times for the PMT and ita amplifier are on the order of 
nanoseconds. The limiting factor is, therefore, on the AOTF, 
i.e., the transit time of the acoustic wave across the optical 
beam. As described above, the speed of an acoustic wave in 
TeOn is equal to 6.17 X 102 m/s.'s I t  is estimated that i t  will 
take - 14.2 ps for an acoustic wave to travel across the AOTF 
used in this work. As a consequence, the scanning speed of 
the system can, in principle, be much faster. To demonstrate 
this, we measured the fluorescence spectra of the same eoain 

A = WJn, - nJ1/fat 

(16) Sapriel, J. Acoust~-Optics; John Wiley New York, 1976. 
(17) Brimroae Corp., Baltimore, MD, psmonaJ communication, 1992. 
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solution a t  scanning speeds of 12.4 Alps and the spectrum 
obtained is shown in Figure 2c. As depicted, the spectrum 
in this case is different from the one shown in (2a). The 
spectrum shown in (Zc) is wider and has a smaller magnitude 
than those in (Za) and (2b). For reference, fluorescence of 
the same eosin solution taken with a Perkin-Elmer LS 5 
spectrofluorometer is shown in Figure 2d. This steady-state 
spectrum is similar to the spectrum shown in (2a) and in (2b) 
and is different from that in (2c). It is evidently clear that 
faster scanning speed led not only to lower SIN but also to 
the distortion of the spectrum. The distortion in (2c) is due 
to the degrading in the resolution of the AOTF by the fast 
scanning. That is when the scanning is fast, there are more 
than one acoustic waves present in the filter. As a conse- 
quence, there will be overlap between the residual and the 
incoming acoustic waves and the diffraction of the light in 
this region suffers degradation in the resolution. Without 
detailed information on the construction and dimension of 
the AOTF, it is difficult to precisely calculate the effect of 
scanning speed on the resolution of the AOTF. Furthermore, 
the resolution of the filter is also dependent on the charac- 
teristics of the incident light, namely, the monochromaticity 
and the collimation of the light. It can be assumed, by a very 
rough approximation, that the degradation in the resolution 
of the AOTF is directly proportional to the scanning speed 
and the time it takes for the acoustic wave to travel across 
the filter. With this approximation, it can he calculated that 
increasing the scanning speed from 4.8 to 12.4 .&/ps led to a 
10.8-nmdegradationin theresolutionofthe filter. Thisvalue 
agrees relatively well with the results obtained in this work. 

Taken together, the results obtained seem to indicate that 
the fastest speed which this AOTF-based fluorometer can be 
scanned without much compromise in the resolution is 4.8 
&,IS. Of course, the S/N will not be high when the spectrum 
is taken at this high speed. However, as demonstrated in 
Figure Zb, the low S/N can easily be overcome by signal 
averaging. It is importantto add that, atthisscanningspeed, 
even with the averaging of 256 signals, the total time required 
to acquire the spectrum shown in (2b) was only 80 ma. 

When fast scanning is not required, it is more accurate and 
economical to drive the AOTF with a rf generator (digital) 
board rather than a VCO. In this case, because the rf 
frequency was digitally generated by a computer, it is very 
precise and accurate. Direct knowledge of the rf frequency 
made it relatively easier to convert to the wavelength of the 
diffracted light and, as a consequence, made it possible to 
accurately determine the exact wavelength of the diffracted 
light atany point duringthe scan. There arenocomplications 
as in the case of the VCO where the applied voltage was 
initially converted to the rf frequency (where the conversion 
factor is not strictly linear over a wide range) hefore being 
changed to the wavelength of the diffracted light. The only 
disadvantage of the particular (economical) rf board used in 
this workisitslimitedscanningspeed. Specifically, the fastest 
speed which this hoard can scan is 20 ms. As a consequence, 
it takes -22 s to scan over 150 nm at a scan of 5 pointslnm. 
Figure 2eshowathefluorescencespectrumoftheeosinsolution 
taken when the AOTF was driven by the rf digital board a t  
such a scanning rate. As illustrated, the spectrum in this 
case has high resolution and is the same as the steady-state 
spectrum taken with the Perkin-Elmer fluorometer (2c). Of 
course, it is possible to measure the spectrum a t  a faster 
scanning rate (and at lower resolution) by taking a fewer 
number of pointa; e.g., when only 1 point/nm was used, the 
time it took to measure the spectrum was only 4.4 s. 

All fluorescence spectra shown in Figure 2 were taken when 
the eosin solution was excited at 514.5 nm. Spectra can also 
be taken at other excitation wavelengths by simply changing 

Flgure 3. Fluorescenca spectra of 1 .O X lod M eosln In ethanol taken 
at different excitation wavelengths. 

Flsur.4. Fluorescencespecbaof 1.0 X 1OdMfluoresceininethanol 
taken at different excitation wavelengths. 

the frequency of the rf signal applied to the excitation AOTF 
(i.e., AOTF1). This, in turn, changes the wavelength of the 
diffracted light. Because, in this work, an argon ion laser 
operated in the multiline mode was used as the excitation 
source, there were only six discrete wavelengths available for 
excitation, 514.5, 501.7, 496.5, 488.0, 476.5, and 457.9 nm. 
The applied rffrequencies correspondingto these wavelengths 
were 131.308,135.965,137.900,141.400,146.300, and 155.210 
Mhz, respectively. Shown in Figure 3 are the fluorescence 
spectra of 1.0 X 1W M eosin taken when the sample was 
excited by each of these excitation wavelengths. In order to 
achieve high resolution for the spectra, the emission AOTF2 
wasscannedwith thedigitalrfboard driver. The fluorescence 
spectra of other compounds used, namely, 1.0 X lWB M 
ethanolic solutions of fluorescein, rhodamine B, and 4-(di- 
cyanomethylene)-2-methyl-6-[p-(dimethy~ino~s~ll-~~~ 
pyran (DMP), are also shown in Figures 443, respectively. 

Multicomponent sample analysis was performed by mixing 
these four dyes a t  various combinations of concentrations. 
Since these mixtures had four different components two 
different excitation wavelengths and two emission wave- 
lengths were required for the analysis. These wavelengths 
were selected a t  such values where these four molecules have 
relatively large differences in absorption and emission. The 
wavelengths were found tohe 488.0and514.5nmforexcitation 
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Table 1. Simultaneous Determination of Rhodamine B, Fluomicein, DMP. and Eosin by AOTF-Based Fluommwnca 
Spectrometry 

added mncn, XlO? M found mncn. XlO' M 
rhodamine B fluoreseein DMF' eoein 

mixture rhodamineB fluoreacein DMF' eosin 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

10.00 10.00 2.00 5.00 10.00 -3% 10.00 -2% 2.00 +5% 5.00 +12% 
5.00 5.00 4.00 10.00 5.00 +16% 5.00 -2% 4.00 +5% 10.00 +4% 
5.00 10.00 4.00 5.00 5.00 -4% 10.00 -7% 4.00 +7% 5.00 +2% 
5.00 5.00 2.00 5.00 5.00 +O% 5.00 4% 2.00 +O% 5.00 +4% 
5.00 5.00 1.00 2.50 5.00 +2% 5.00 -2% 1.00 +O% 2.50 -12% 
2.50 5.00 2.00 2.50 2.50 +0% 5.00 +2% 2.00 +0% 2.50 -12% 
1.00 1.00 0.80 2.00 1.00 +lo% 1.00 +20% 0.80 -12% 2.00 +O% 
1.00 2.00 0.80 1.00 1.00 -19% 2.00 +5% 0.80 -12% 1.00 +1% 
1.00 1.00 0.20 0.50 1.00 +0% 1.00 +O% 0.20 +O% 0.50 +O% 
0.50 1.00 0.40 0.50 0.50 +0% 1.00 +0% 0.40 +0% 0.50 +0% 
0.50 0.50 0.20 0.50 0.50 -4% 0.50 -2% 0.20 +0% 0.50 +4% 

5. Fluorescence spectra of 1.0 X 1od M mOdamhe B in 
emanol taken at different excbtm wavslengms. 

ne*.& Fluorescencespectraot1.0XlodM~lnahanoltaken 
at different excitation wavelengths. 

and 537.6 and 585.1 nm for emission. To provide these dual 
excitation wavelengths, two rfsignala of 141.400 and 131.308 
MHz were simultaneously applied to the excitation AOTF 
(i.e., AOTF1). The emission AOTF (AOTF2) was driven by 
the third driver, which is based on the use of two oscillators 
tosimultaneously provide two differentrffrequencies a t  59.31 
and 53.99 MHz. This condition enabled the simultaneous 
measurement of the fluorescence signal emitted from the 
sample at  537.6 and 585.1 nm. As described in the Theory 

section, the concentration of each component in the mixture 
can only be calculated if each of the four wavelengths is 
sinusoidally modulated at  a different frequency, Le., 01.02. 

0 3 ,  and w4 for 514.5-, 488.0-, 585.1-, and 537.6-nm beams, 
respectively. Care must he taken to select these four 
frequencies in order to avoid overlap not only among them 
hutalsoamongthemand theirbeatfrequenciesof importance 
for calculation. i.e., M3Dk1h or w1 - w3, w1 - w4, w2 - w3, and 
w2 - w,. It was found that when these four frequencies are 
a multiple of 15, 16, 20, and 22, respectively, the beat 
frequencies are a multiple of 4, 5, 6, and 7 and the above 
conditions are satisfied. Based on these fmdings, the four 
sinusoidal modulation frequencies used in this work were 
selected to be a 136.4,145.5,181.8, and 200 Hz for w1. 0 2 . w ~ .  
and w1, respectively. Using these experimental conditions, 
calibration curves for the eosin solution were constructed 
from the fluorescence data obtained when the sample wan 
simultaneously excitedat twodifferent excitationwavelengths 
(488.0 and 514.5 nm, AM modulated at  136.4 and 145.5 Hz, 
respectively) and detected at  two different emisaion wave- 
lengths (537.6 and 585.1 nm, AM modulated at  181.8 and 
200,0Hz,respectively). Linear relationships (not shown) were 
obtained for all four cases (correlation coefficients are 
0.999 971, 0.999 963 5, 0.999 942 &and 0.999 926 1) for the 
concentration range from 1.0 X lW9 to 1.0 X 1C@ M. 

Simultaneous determination of concentrations of each 
component in the four-component mixture was then per- 
formed using this AOTF-based fluorometer. Eleven mixtures 
were prepared by mixing eosin, fluorescein, rhodamine B, 
andDMP at  different combinationsof concentrations. Using 
the aforementioned experimental conditions and the data 
analysis method described in the Theory section, the con- 
centrationsofeachcomponentinthemixturea werecalculated 
from themeasuredfluorescenceintensitiesat488.0-and514.5. 
nm excitation. The obtained concentrations are listad in 
Table I together with the added concentrations. In all canes 
and for concentrations of each component ranging from 2.0 
X 1W to 1.0 X 1W M, good agreement was found between 
theadded concentrations and thecalculatedvalues. Relative 
errora in most cases'were only a few percents. 

Thelimit ofdetection (LOD), definedas the concentration 
of sample that yielded a signal-to-noise ratio of 2, was 
estimated for eosin using the aforementioned four calibration 
curves. The LOD values were found to be 6.69 X 1Wo, 3.47 
X 1Vo, 4.0 X l eLo ,  and 2.0 X 1W0 M for the four canes, 
respectively. These LOD values are comparable with LOD 
values obtained using videofl~orometars.~8J~ However, these 
LODvaluea were estimated fromprelimiiresultaobtained 

(18)Johnsan.D.W.;Gladden.J.A.;Callis,J.B.;Christian,G.D.Reu. 

(19) Warner, I. M.; Fogarty, M. P.; Shelly, D. C. Anal. Chom. Acto 
Sci. Instnrm. 1919,50,ll8. 

1979,109,361. 
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to use a laser for excitation because, as demonstrated from 
the present results, particularly that of the diffraction of 
fluorescence light by the AOTF2, any type of light source 
including incandescent or arc lamp can be used for excitation. 
When such light source is used, the number of components 
in a mixture which this instrument can analyze is limited 
only the amount of rf power which the AOTFs can tolerate.oJ4 
The number of components can, therefore, be as high as 
hundreds. The possibility is currently under investigation 
in our laboratory. 
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using the first-generation spectrofluorometer, and this in- 
strument was constructed using optical and electronic com- 
ponents which are available in our laboratory. Further 
improvement is, therefore, possibly by use of optimal and 
more appropriate components including polarizers with large 
angular fields (one of the polarizers used in this work is the 
Glan-Thompson polarizer, which has a rather small accep- 
tance angle) and a photomultiplier tube with high quantum 
efficiency (the present PMT is a side-on Hamamatau R446 
tube, which has a rather low quantum efficiency). 

Collectively these results clearly demonstrated that a novel, 
compact, all-solid-state, nonmoving parts, fast-scanning flu- 
orometer can be successfully constructed using acousto-optic 
tunable filters. The fluorometer not only is capable of 
measuring a fluorescence spectrum in a time scale as short 
as microseconds but also can be used for the simultaneous 
determination of multicomponent samples. In this work, an 
argon ion laser was used as the excitation source because it 
is available in our laboratory. The consequence of using this 
laser is that only six different excitation wavelengths were 
available, and the number of components which the fluo- 
rometer can analyze is limited. However, it is not necessary 
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