-
7 AD=A106 395  INDIANA UNIV AT BLOOMINGTON DEPT OF CHEMISTRY F/6 20/%5
- DETERMINATION OF ATOMIC AND MOLECULAR EXCITED=STATE LIFETIMES U==ETC(U)
OCT 81 R E RUSSO» & M HIEFTJE N00010-76-C-063
UNCLASSIFIED TR-#1




L
UNCLASSIFIED
* SECURITY CLASSIPICATION OF THIS PAGE (Mhen Date
REPORT DOCUMENTATION PAGE SRFORD CoMp: beng o
wow SovT AccTinon 0] T RECHITNT'S CATscOPCUILR |
, FORTY-ONE . - /S -——p
ITLE (and Subtisle) e s Jy*g o , & PEMOD COV -

Determination of Atomic and Moleculdr Excited- \
State Lifetimes Using an Opto-electronic Cross-,
orrelation Method .

: . ey 0% |
ﬁklR E/Russo -t G. M. Hieftje " - "'ﬁ_’s_:c-oass' ,;/
; u;n;om;no ORGANIZATION NAME AND ADORESS : W

Department of Chemistry

ﬁ\\i

ADA106395

Indiana University NR 51-622
Bloomington, IN 47405
. 11. CONTROLLING QFFICE NAME AND ADDRESS
' Office of Naval Research /l Octelmuceans]
! Washington, D.C. 37 . -
‘ ] ING AGEN NAME & ADDRESS(!f ¢ foom ting Otfles) CURMTY CL [ X
; UNCLASSIFIED

TW

f T6. DISTRIBUTION STATEMENT (ol thia Repert)

This document has been approved for public release and sale;
its distribution is unlimited.

l

{

1

|

f 17. ISTRMIBUTION STATEMENT (ua.ommnmx. 18 dttasent am Rapert) ELECTE

| 0CT 2 8 1981
i
: SUPPL EMENTARY NOTES B

Prepared for publication in APPLIED SPECTROSCOPY

- 9. K& wWORDS (C - ol il y and Idontily by Mook number)
Time-resolved fluorescence Transition probabilities
Correlation
Atomic fluorescence . :
Laser-induced fluorescence .
[} [35. ABSTRACY (Continwe en e 1l ,um»nmmm
correlation technique has been employed to measure excited-state lifetimes of
several organic fluorophores in solution and of sodium atoms in both air-acety-

' lene and methane-air flames. Capable of time resolution in the picosecond rang
the new method was validated by the excellent agreement between measured and
1iterature values for fluorescence lifetimes of the organic species. Lifetime
values for Na atoms in flames are among the most precise ever reported and agree

closely with values calculated from the known flame gas composition, temperature

IR e synE e
« 81 10 13 022 ~ - /




20. Abstract (cont.)

—

R

~—~ flame, Mp and COy. From the Na excited-state lifetimes (0.72 .+ 0.07 ns
for air-acetylene and 0.48 + 0.08 ns for methane-air flames), quantum
efficiencies for atomic fluorescence were calculated.

Accession Por

Cwris cramt B0
0

DTIC TAB
Unannounced 0
Justification |

By_ .
bDistrlbution/
Availabllity Codes

Avail andfor
Dist Special

I

¢ M
‘.‘J .

i LHEL




OFFICE OF NAVAL RESEARCH
Nooeyy
Contract &4#-76-C-0838
Task No. NR 051-622
TECHNICAL REPORT NoO. od” ¥/

DETERMINATION OF ATOMIC AND MOLECULAR
EXCITED-STATE LIFETIMES USING AN
OPTO-ELECTRONIC CROSS-CORRELATION METHOD

by
R. E. Russo and G. M. Hieftje

Prepared for Publication
in

APPLIED SPECTROSCOPY

Indiana University
Department of Chemistry
Bloomington, Indiana 47405

October 7, 1981

Reproduction in whole or in part is permitted for
any purpose of the United States Government

This document has been approved for public release

and sale; its distribution is unlimited




INTRODUCT ION
ANV

Fluorescence lifetimes are valuable in chemical analysis in that they
provide fundamental information about the flow of energy within an atom or
molecule, about quenching processes, the kinetics of interatomic or inter-
molecular reactions, and many other physical and chemical processes (1-3).
For example, one of the most important fundamental parameters in atomic
spectrometry, the transition probability (A), is just the reciprocal of

the fluorescence lifetime. The value of A affects the choice of a transition

to be utilized for analysis and the accuracy of many critical measurements

such as temperature and atomic concentration (4). However, most measure-

ments of A are based on steady-state behavior and produce errors of 50%
or more in experimentally determined values (4). Usually, far greater
accuracy could be obtained through use of excited-state lifetimes.
Unfortunately, most measurement methods offer neither the time-resolution
capability nor sensitivity necessary to measure nanosecond or picosecond
lifetimes, especially for atomic systems which exhibit self-luminescence
(i.e., emission). In the present study, a new method is employed which is
useful for the determination of atomic excited-state 1ifetimes and which
offers picosecond time-resolution and excellent sensitivity (5). In this

{
method, a repetitive train of picosecond pulses generated by a synchronously ) ﬁ

pumped dye laser is used to excite the fluorophore (atoms or molecules)
of interest. The decay time of the excited-state from this impulse excitation
is measured by a novel opto-electronic cross-correlation technique (5), but

with new instrumentation.




To verify the method and test the new instrument, the system was used
to measure excited-state lifetimes of several organic compounds in solution:
Rhodamine B; Rose Bengal; and Cresyl Violet. The measured 1ifetimes agreed
well with those obtained with a sampling oscilloscope and to literature
values, but were more precise.

Principal emphasis in this study was placed on the measurement of atomic
lifetimes in analytical flames. Previous investigations of atomic fluores-
cence lifetimes in flames have been made using pulsed excitation sources,
but with poor time resolution campared to the lifetime of the excited
state (6); this is not the case with the present opto-electronic cross-
correlation approach.

For the measurement of atomic systems, sodium was chosen as the primary
element of study because its resonance lines (589.0) and 589.6 nm) overlap
the peak spectral output (590 nm) of the available Rhodamine 6G (R6G) dye
laser. The Na lifetime in the flame was measured as a function of flame-
gas composition and spatial position within the flame. From the measured
lifetime values, the quantum efficiency and cross-section for the collisional
deactivation of the Na atoms with N; molecules were calculated, based on
the known value for the natural radiative lifetime of Na (16.2 ns) and the
established flame-gas composition. A brief account of quenching theory as

it applies to excited atoms in the flame is included.

EXPERIMENTAL
ANV

Measurement of Excited-State Lifetimes. Time-resolved fluorescence

decay curves were measured using a synchronously pumped dye laser for ex-




citation and a novel opto-electronic cross-correlation scheme for detection
(cf. Fig. 1). The cross-correlation approach to fluorescence 1ifetime mea-
surement offers several advantages over other techniques. A strong advantage
of correlation in general is signal-to-noise (S/N) enhancement (7-8). In
addition, excellent time-resolution and fast data acquisition are possible;
the entire decay curve can be traced out in several seconds. Probably the
most significant advantage is the ability to measure decay times of self-
luminous samples, such as atoms in flame or plasma. Luminous samples suffer
only a slight loss in signal-to-noise ratio caused by photodetector shot
noise (8). The main components of the new instrument are described sepa-
rately below.

Excitation Source-Synchronously Pumped Dye Laser (sync-pump). The

ideal temporal pattern of an excitation source for use in time-resolved
fluorimetry resembles a mathematical delta function (impuise). In this

work, approximate "delta-function" pulses were provided by a synchronously
pumped dye laser (9-21). The sync-pump provides high-power, 5-6 picosecond
pulses of tunable radiation at pulse rates near 100 MHz. The character-
istics of the particular laser system used in the present work are summarized
in Table 1. The laser system was modified slightly in order to achieve

the power stability cited in Table 1; this modification involved re-arrange-
ment of the opto-electronic feedback network supplied with the Ar-ion laser
(22).

Detection: Opto-Electronic Cross-Correlation Approach. The time-

dependent fluorescence decay curve was recorded by an opto-electronic

network constructed to measure the cross-correlation (8, 23-25) between

the laser pulse and the resulting fluorescence waveform. In this particular




application, the cross-correlation performs a gating function, simflar to

a boxcar integration (26). After excitation by each laser pulse, the fluo-
rescence radiation is monitored at 90° to the incident beam by means of

a fast-response photomultiplier tube (PMT, Model 31024, RCA, Lancaster,

PA). In addition, an electrical signal which mimics the time characteristics
of the laser pulse is generated by a fast photodetector (PD, Model 4038,
Spectra-Physics, Mountain View, CA) and multiplies the PMT output in a
fast-response microwave mixer (Model ZFM-4, Mini Circuits, New York, NY).
Therefore, the output of the mixer is a waveform which is zero except where
both pulses are non-zero. At this point of overlap, the output is propor-
tional to the product of the amplitudes of the laser-monitoring photodetector
pulse and the fluorescence-monitoring PMT curve. Therefore, this product
signal is a time?sampled representation of the fluorescence signal at one

particular moment in its history (8). Time sampling occurs repetitively

m—e—

because of the repetitively pulsed nature of the laser output; accordingly,
a time-averaged signa® is obtained. Changing the relative arrival time of
the pulses at the two detectors then causes a temporal shift of the two
waveforms with respect to each other, permitting sampling at different
points on the decay curve. Changing the relative arrival time of the pulses
in the present instrument involves merely varying the optical path-length

the pulses must travel before reaching either detector. The entire fluo-

rescence decay curve can thus be traced out by smoothly varying this optical
delay; the output signal level will reflect the change in the relative
waveform position.

Microwave Mixer. The double-balanced microwave mixer (DBM) used in

the new instrument (cf. Fig. 1) is simply a four-quadrant ring-diode multi- |




plier (Fig. 2). The reference frequency (RF) and local oscillator (LO)

inputs of the ZFM-4 mixer respond to frequencies in the 5 MHz - 1.25 GHz

range. The output or intermediate frequency (IF) port provides the product

of the input signals with a bandwidth from DC to 1.25 GHz. The DC frequency
| is essential to the cross-correlation approach since an average (DC) value

is recorded.

In this device (cf. Fig. 1), the 403B photodiode signal was connected
to the RF input of the mixer because this input offers better isolation
and lower conversion loss at high frequencies than does the LO input (27).
The electrical pulse from the PMT was connected to the LO input of the mixer.
A11 connections to the mixer were made via RG58L coaxial cable (50 Q) using
GR-874 (Gen Rad, Concord, MA) connectors.

A constant-impedance, variable-length air-dielectric transmission line
(Model 874-LK201, Gen Rad) was inserted between the 403B photodiode and the
mixer to reduce the influence of reflections of electrical pulses along the
line. Ideally, the length of the line should be adjusted so a reflected
pulse overlaps the following original pulse (23). However, when such over-

lap occurs, distortion of the original pulse results. Accordingly, the length

of the line was adjusted in the present study so each reflected pulse occurs

(at the IF output) just before the next original pulse. The usable time
range then stretches from the leading edge of the main pulse to the leading
edge of the reflected pulse. For the sync-pump laser, this time period is |
approximately 11 ns, more than adequate for the studies herein. ' ]

Optical Delay Line. The optical delay used in the instrument of Fig. 1

offers higher time resolution and accuracy than typical electronic delay

systems. Temporal accuracy is enjoyed because delay in position can be mea- i




sured quite exactly and is related to delay in time by the speed of light.
In addition, no problems arise from electronic jitter or triggering insta-
bility.

The optical delay was designed around a translatable corner-cube reflector
(Fig. 3). The laser beam is directed onto one side of the corner-cube re-
flector; the reflector folds the beam back along a path parallel to the
incoming radiation, but displaced from it by approximately 4 cm. Translation
of the corner-cube in the direction of the laser beam then causes a change
in optical path length and thus in the arrival time of the pulses at the
sample cell, and subsequently of the fluorescence pulse at the PMT. The
reflector is mounted on a movable platform attached at each end to a slide-
wire. The wire stretches around two pulleys, one of which is mounted on
the armature of a stepper motor (Model 34H-509A motor, Computer Devices,
Sante Fe Springs, CA; SM-2A controller, Denco Research, Tucson, AZ), which
can be operated under either manual or computer control. One-step resolution
o of the motor is equivalent to 0.5 mm movement of the corner-cube; total

movement of the reflector is 1.9 m. These distances are doubled in the

time domain because of the parallel beam path. Therefore, in temporal

< 8

terms, resolution is 3 ps over a 12.4 ns delay range. The accuracy and

precision in the corner-cube position were measured to be + 2 steps over

[a ad

the entire delay range; i.e., + 2 steps in 1900 steps (+ 6 ps).

For computer operation of the delay 1ine, the stepper motor was inter-
faced toaPDP-11/34 minicomputer (Digital Equipment Corp., Maynard, MA).
A Fortran program allows interactive control of the delay resolution, total i
movement, and scan speed of the corner-cube.

Other Components. A rotating-sector chopper modulates the laser pulse

train at a frequency of approximately 50 Hz. A lock-in amplifier (Model
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840 Autoloc, Keithley Instruments, Cleveland, OH) was used as a low-pass
filter to perform the averaging needed in the cross-correlation experiment.

In this application, the detection bandpass is simply displaced from DC

to the chopper frequency; problems arising from drift in the detection

system are thereby eliminated. The reference signal for the lock-in amplifier
was derived from a relatively slow response photodiode (XL56, Texas Instru-
ments Co.) to which a portion of the laser beam was directed. The output

of the lock-in amplifier was connected to an A/D channel of the PDP-11/34
computer.

Neutral density (ND) and variable neutral-density (VND) filters were
used in several places in the beam path to control the light level reaching
the various detectors. A narrow-band interference filter (IF) was employed
between the sample cell and PMT to minimize detection of background light
or, in the molecular fluorescence experiments, of scattered or stray laser
radiation.

The PMT was operated at -2700 V, chosen on the basis of a tradeoff
between response time and rms noise. At this voltage, the response time
of the PMT was found to be 1.1 ns FWHM and essentially constant over the
tunable wavelength range of the R6G dye laser. Therefore, no response-
time correction factor is required in non-resonance luminescence measure-
ments (28,29).

Sampling Oscilloscope. Fluorescence lifetimes measured with the cross-

correlation technique were validated by comparison with results obtained
with a sampling oscilloscope (Model 7T11 sampling sweep unit; Model 7511
sampling unit with Model S-4 sampling head, Model 7844 plug-in main frame,

Tektronix, Beaverton, OR). The photoelectric pulse from the XL56 photodiode




usually used as a reference for the lock-in amplifier provided a stable
trigger for the oscilloscope. Fluorescence was detected by the RCA 31024

PMT which was connected directly to the oscilloscope sampling head (Model
S-4, Tektronix). In this way, the best impedance match between the PMT

and sampling head was obtained and the least pulse distortion generated.

The horizontal time-base of the oscilloscope was driven externally by a
linear voltage ramp (0-10 V) fromthe PDP-11/34 computer. Using the oscil-
loscope in this way would initially seem to provide time resolution defined
by the oscilloscope horizontal time scale setting (usually 1 ns/div) divided
by 4096 (the resolution of the D/A converter employed to drive the time
base). However, because of remaining system noise and trigger jitter, the
actual resolution was substantially poorer (> 20 ps). The vertical amplifier
of the osci]]oscbpe was connected directly to an A/D input of the computer.
A Fortran program was used to generate the horizontal voltage sweep and to
simultaneously record the voltage level from the vertical amplifier. Resolu-
tion and number of scans could be preset interactively.

The fluorescence lifetimes of several organic compounds in solution
were measured. The particular species studied were Rhodamine B (RB), Rose
Bengal {(Rose), and Cresyl Violet (CV), each dissolved in ethanol at a con-
centration of 1 x 10" M. A glass cuvette was used as the sample cell for
these solutions. Table 2 lists the excitation wavelength, detection wave-
length and interference filter used for each fluorophore.

When atomic fluorescence was investigated, atoms were generated in air-
acetylene and natural-gas air flames, both supported on an Alkemade-type
burner. A fritted glass bubbler was employed for nebulization of analyte

solution into the flame. Three different gas compositions were employed
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for Na fluorescence measurements in the air-acetylene flame: fuel-rich
(F/0 = 0.14); fuel-lean (F/0 = 0.12); and stoichiometric (F/0 = 0.13).

In addition, the Na lifetime was measured at four separate horizontal lo-
cations in the flame: in the radial center, 3 mm from center, 6 mm from
center, and at the flame edge (8 mm from center). Fina:'y, the Na fluo-
rescence lifetime was measured at the outside edge of a natural gas-air

flame, a region where thermal (background) emission was nearly absent.

RESULTS AND DISCUSSION
ANV NNV VY

Molecular Excited-State Lifetimes. An example of the instrument re-

sponse and measured and calculated (convoluted) fluorescence decay curves
are shown in Fig. 4 for a 1 uM cresyl violet solution. The measured fluo-
rescence decay curve is distorted by the finite duration of the excitation
pulse and by the 1imited bandwidth of the detection system. Specifically,
the measured decay curve is the convolution (30-33) of the actual fluorescence
decay curve, the excitation pulse shape, and the detection system response
function; the latter two constitute the overall instrument response function.
Therefore, the measured fiuorescence pulse must be deconvolved with the
instrument response function to yield an accurate value for the fluorescence
decay lifetime. To athieve this goal, a convolute-and-compare method was
employed in this work and is based on a discrete, computer-adaptable serial
product method (34) for convolving two functions. In the convolute-and-
compare technique, the fluorescence decay is assumed to be an exponential
function (1,30,35) which is then mathematically convolved with the measured

instrumental response curve. The resulting calculated fluorescence curve
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is compared to the measured fluorescence decay waveform and the sum of
the squares of the residuals between the two curves is computed. The decay

rate constant is iteratively varied by the computer until the residuals are

minimized. In this work, a simplex (36) optimization procedure was employed
to minimize the residuals.

For the 1 uM cresyl violet solution (cf. Fig. 4), the lifetime determined
by this procedure was 3.48 ns, in satisfactory agreement with the calculated
and measured fluorescence response curves. The secondary pulse seen at the
end of the time range in Fig. 4 results from electrical reflections in the
line between the fast photodiode (403B) and the microwave mixer, but does
not distort the measurement during the earlier, important part of the curve.

Table 3 compares cited molecular lifetimes to those measured using
the cross-correlation and sampiing oscilloscope methods. Lifetimes obtained
by the cross-correlation approach are in good agreement with those obtained
previously using the same technique (23,37). However, the lifetimes measured
with the sampling oscilloscope are consistently higher than those obtained
with the cross-correlation system. Possible explanations for the longer
Tifetimes determined with the sampling oscilloscope are incorrect horizontal
time-scale and triggering jitter. The precision of the cross-correlation
system is shown to be much better than that of the sampling oscilloscope.
Moreover, the precision obtained with the sampling oscilloscope is better
here than usually found because the time base and vertical amplifier was
computer-controiled and S/N was improved by averaging 200-300 repetitions.

Atomic Lifetimes. The measured instrument response and fluorescence

decay, and the calculated (convoluted) fluorescence decay for Na in the

stoichiometric (F/0 = 0.13) air-acetylene flame are shown in Fig. 5. Fluo-




n

rescence was observed approximately 5 cm above the burmer top where desol-
vation and vaporization should be complete, where Mie scattering is mini-
mized, and where the flame can be safely assumed to be in thermodynamic
equilibrium. Five separate measurements of the fluorescence decay curve
were obtained, and each compared to the calculated fluorescence decay curve.
A weighted average for the five determinations was calculated (40) and found
to be 0.72 + 0.07 ns. Within experimental error, this same lifetime was
measured for 1, 25, and 50 ppm NaCl solutions introduced into the flame,
indicating that radiation-trapping effects are negligible. Significantly,
the Na lifetime in the flame measured in this work is the only value below

1 ns ever reported with good precision.

Comparison of Measured and Calculated Na Fluorescence Lifetimes. As

expected, the Na lifetime measured in the air-supported flame is substantially
less than the 16.2 ns natural radiative lifetime (6,41,42) because of excited-
state quenching by flame-gas molecules (43). Quenching occurs because the
rates of collisional deactivation by the most abundant flame gas molecules
are much greater than atomic radiative decay rates (42,43).

In general, the deactivation rate of the excited state can be described

as (1,35,44-46)
ke = ko + Zky (1)

where kc is the measured fluorescence decay rate (reciprocal of the lifetime),
ko is the natural radiative decay rate, and ka is the sum of rates for all

X
collisional processes of species x in the flame which deactivate the excited

atoms. Equation 1 can be expressed in terms of the measured (rF) and natural
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(ro) radiative lifetimes as

-l - T

-1
ot By (2)

Quenching rate constants kx are generally expressed in terms of quench-
ing cross-sections o?, defined as the square of the distance between the
centers of the two colliding species. The summation rate constant of eq-

uations 1 and 2 is related to the quenching cross-section by (45,46).
ky = Ln g, g2 sec! (3)

where n is the number density (in cm™3) of quenching species x, E; is the

average relative velocity (in am/sec) of the colliding atom and quenching

species x, and the cross-section o2 is expressed in cm?., Furthermore, n

and 5; are given by (45,46).

n, = Px/kT (4)

g, = (8kT/m )% (5)

where Px is the partial pressure (in atmospheres) of flame species x, k is
the Boltzmann constant (erg/K), T is the absolute temperature (Kelvin), and
My is the reduced mass (g/mole) of the atom and species x. Therefore, from
a known flame-gas composition and temperature, and known quenching cross-
section of each important flame species, fluorescence 1ifetimes can be

calculated and compared with measured values, Atlernatively, if a single

. e -
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flame species is assumed to be primarily responsible for quenching, a
measured fluorescence lifetime can be used to calculate the cross-section
for that species. Finally, if the flame composition is varied, the quench-
ing cross-sections for several intrinsic flame species can be determined
from the observed changes in the fluorescence lifetime.

If a flame is considered to be in thermodynamic equilibrium, its tem-
perature can readily be measured (47,48) and its chemical composition can
be calculated from the measured temperature, the unburnt gas mixture and
known flame reactions (43,48). Computer-based algorithms are commonly
employed for these calculations (43,49); calculated compositions of the
stoichiometric air-acetylene flame are presented in Table 4 (48,50). The
molecules listed in Table 4 are the major species responsible for quenching
in the flame; the dominance of the N. component is evident. .The partial
pressure of 02, Hz, and OH are so low that their effects are usually neglected
in most calculations of quenching (46). Similarly, quenching by free radicals
or flame electrons is assumed to be negligible because of their low concen-
trations in the secondary combustion zone of the flame (45,51). Finally,
the frequency of ternary collisions between an excited-state atom and two
flame molecules is approximately three-to-four orders of magnitude smaller
than binary collisions and can also be neglected (51).

In the experimental determination of quenching cross-sections for in-
dividual flame-borne molecules, a series of isothermal flames with different
gas compositions must be produced and the overall quenching rate constant
measured in each flame. In particular, one needs x different flame compo-
sitions, where x is the number of quenching species that are to be considered

(cf. equation 3). However, because N, is the primary species present in

PR L A
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an air-supported atmospheric-pressure flame, an approximate collisional
cross-section can be obtained for N2 by assuming that the excited atoms
collide solely with N, molecules (52). For Na atoms in the air-acetylene
flame, the quenching rate constant ( cf. equations 3, 4, and 5) can then

be expressed as

< - 2 g2
Ik = sz (PnzlkT)(SkT/"“Na-Nz) Na-N, (6)

Table 5 compares measured excited-state lifetimes and those calculated
using Eqs. 2-6 to results of other studies. Also shown are the quenching
cross-sections for N, on Na calculated from Eq. 6. Literature values for
the partial pressures and gquenching cross-sections of N, and CO, used in
Eq. 6 to calculate the Na lifetime are listed in Tables 4 and 5, respectively.
In this work, the Na lifetime was calculated assuming first that N, molecules }
are solely responsible for quénching and then that both N, and CO, molecules
contribute to quenching. Although the first assumption is commonly used
(54) because N2 is the predominant flame-gas species (cf. Table 4), the
contribution to quenching of Na by CO, will be significant because of its
relatively high partial pressure (cf. Table 4) and large cross-section
(cf. Table 5). From Table 5, the Na fluorescence lifetime measured in

this work is in good agreement with the expected theoretical value, especially

when the contribution to quenching by CO, is considered.

g This argument is supported by the approximate quenching cross-section
for N, on Na which was calculated from the measured lifetime using Eq. 6.
Because Na was assumed to be the only species responsible for quenching,

(-]
the resulting value (25.2 A%) is higher than others which have been reported.
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Remaining disparities among the values in Table 5 can be attributed
to several factors. The partial pressures listed in Table 4 pertain to a
stoichiometric air-acetylene flame with a temperature of 2500 or 2600 K;
the line-reversal temperature for the flame employed in the present studies
was measured to be 2350 K. In addition, the reported quenching cross-
sections are assumed to be constant over a temperature range of 1500-2500 K.
For N2, this assumption has been validated (46), although not for CO».
Quenching cross-sections, in general, will decrease with increasing tem-
perature (46,56). For most molecular species in Table 4 other than N,,
the cited cross-sections are believed to be larger than they would be at
the air-acetylene flame temperature (58).

Quantum Efficiency. Quantum efficiency is an important factor in deter-

mining the utility of a particular flame for atomic fluorescence spectrometry.
Traditionally, quantum efficiencies in flames have been determined from the
ratio of the total radiant power fluoresced over a given solid angle to
the total resonantly absorbed radiant power (6,56,59-63). However, this
absolute method is often unreliable because of uncertainties in the solid
angle of detection, anisotropy in the angular distribution of the fluores-
cence radiation, and non-resonant absorption and re-emission in the flame
(6,56). In addition, the fluorescence radiance emerging from the flame
can be lower than that emitted by the atoms in the path of the exciting
beam because of post-filter effects (6,51,56).

A more direct determination of quantum efficiency involves measurement
of the excited-state lifetime in the flame. This approach is based on the

fact that quantum efficiency (QF) is just the ratio of the intrinsic excited-

state decay rate (ko) to the total decay rate (kF):
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G = K/ (7)

In turn, because the decay rate is the reciprocal of the lifetime, quantum
efficiency can be expressed in terms of the measured (rF) and spontaneous

(ro) excited-state 1ifetimes by

G = T/, (8)

From the fluorescence lifetime value reported in Table 5, the fluorescence
quantum efficiency measured in this work is in excellent agreement with
earlier results (6,55).

Effect of Spatial Position in the Flame on Fluorescence Lifetime. The

well defined laser beam used here simplified the spatially resolved measure-
ment of Na fluorescence lifetimes. The results of four localized measurements
are shown in Fié. 6. The measured reduction in fluorescence lifetime indi-
cates the effect of entrained atmospheric gases on the quenching of Na in
the flame. It is believed that this decrease is caused largely by the
presence of atmospheric oxygen; however, an increase in C0. concentration
generated by secondary combustion might contribute. Similar behavior was
observed for the H,-0, flame (6, 54), although the spatial dependence

of the fluorescence lifetime was more marked than in the air-acetylene
flame. In the H,-0, flame, the main cause of quenching is from N, entrain-
ment, which accounts for a sharper decrease in the spatial dependence of

the Na 1ifetime. In contrast, only when the fluorescence lifetime is mea-
sured at the edge of the air-acetylene flame is the lifetime significantly

shorter than in the flame center.

o N
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Effect of Flame-Gas Composition on Fluorescence Lifetimes. The Na

excited-state lifetime was measured at three different gas compositions:
stoichiometric (F/0 = 0.13), slightly fuel-lean (F/0 = 0.12), and slightly

rich (F/0 = 0.14). These compositions were chosen to maintain a nearly

constant flame temperature and were obtained by varying the acetylene flow.
The Na excited-state lifetime in the lean flame was measured to be 0.67 ns
| and in the rich flame to be 0.65 ns. Importantly, the lifetime values for
h all three flame conditions fall within the precision (0.07 ns) of the mea-

surement technique, and a statistical analysis of the values shows the

difference not to be significant.

Natural Gas-Air Flame. A fluorescence lifetime of 0.48 + 0.08 ns was

measured for Na in a natural gas-air flame (cf. Fig. 7). This low value

would ordinarily be surprising for this flame whose temperature is in the

1500 K range. However, the measurement was obtained outside the visible
flame boundary where air entrainment is substantial. The lifetime was
recorded at this location because it was the only place where Na fluorescence
was strong and where thermal emission (background) was absent. Because

of the Tow flame temperature, atom formation was not complete until approxi-
mately 10 cm above the burner top, although some atoms were present at the

flame edge at a height of 4 cm, the measurement location in the flame.

CONCLUSION
v

Although the conventional time-correlated single-photon technique offers

picosecond resolution and single photon sensitivity, it cannot be used to

measure atomic 1ifetimes in analytical flames. In addition, the sampling




oscilloscope was found in this study to be incapable of measuring the weak
Na fluorescence signal resulting from excitation by the relatively low-
power synchronously pumped dye-laser. However, the opto-electronic cross-
correlation technique appears to be suited for these sensitive fluorescence
1ifetime measurements.

The low power of the sync-pump dye-laser system renders frequency
doubling very inefficient. Consequently, this laser cannot easily be used
to obtain fluorescence lifetimes in the UV spectral region, where most
elements exhibit strong resonance lines. Clearly, a higher laser power
is desirable. In addition to increasing its utility for UV measurements,

a higher laser power would enable the measurement of fluorescence 1ifetimes
in strongly emitting sources, such as the ICP. Such measurements would
provide a good method of determining quantum efficiency, a parameter which

has not yet been characterized in plasmas.
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Table 1. Characteristics of Synchronously
Pumped Dye Laser System

Mode-locked Ar' Laser (Pump) (Model 171-06, Ar ion laser; Model 342 mode-
locker with Model 452 mode-locker driver,
Spectra-Physics, Mountain View, CA)

o
' Wavelength 5145 A
Pulse width 170 ps P
Pulse repetition rate 82 MHz ‘

Power Stability:

Tight control + 0.5% '
current control + 4%
Mode spacing with prism 83.3 - 86.2 MHz
Power at 5145 A (30 Amps)
CW 1.8 W
Mode locked 600 mW
Mode locker frequency 40.9400 MHz

Sync-Pump Dye Laser (Model 375 dye laser, Model 341 synchronous pumping
accessory package, Spectra-Physics, Mountain View,

CA)
; Dye - Rhodamine 6G (1.5 mM)
Tunable wavelength range 570 - 630 nm
Pulse width 5 -7 ps
Pulse repetition rate 82 MHz j
Average power 130 mW @ 590 nm |
Duty cycle 5 x 107 %
Stabi1ity: j
light control 1% *

current control 6%




Table 2. Spectral Region of Study: Excitation
Wavelength, Detection Wavelength, and

Interference Filter i
i
i *Excitation Detection **Detection
Fluorophore Wavelength(nm) Wavelength(nm) Filter Bandpass
Maximum(nm)
Na 589 589 590 !
Rhodamine B 560 590 560/590
Rose Bengal 560 580 560/580
Cresyl Violet 601 630 600/630

*Laser Bandwidth approximately 0.2 - 0.3 nm

**A11 filters have 10 nm bandpass
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Table 4. Calculated Chemical Composition of
Stoichiometric Air-Acetylene Flame

Flame-Gas Partial Pressure (atm) Partial Pressure (atm)
Component at T=2500 K (48) at T=2600 K (50)
H20 0.07 0.08
; C0. 0.12 0.09
i co 0.04 0.1
} 0. 0.02 0.01
i Ho 0.00 0.01
i OH 0.01 --
H 0.00 --
0 0.00 --
NO 0.01 --

N2 0.73 0.69

y R
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.
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FIGURE CAPTIONS
QY Y VYV Y VYV VY

Block diagram of experimental system employed for time-
resolved fluorescence measurements. PD, fast photodiode;
BS, beam splitter; M, mirrors; PMT, photomultiplier tube;
R, reference frequency input to mixer; L, local oscillator

input to mixer; I, intermediate frequency output of mixer.

Diagram of double-balanced microwave mixer used in the cross-
correlation experiment. PMT, photomultiplier tube; PD,
photodiode; LO, local oscillator input; IF, intermediate

frequency output; and RF, reference frequency input.

Diagram of experimental arrangement for optical delay line

employed in the opto-electronic cross-correlation instrument.

Measured and calculated (convoluted) fluorescence response
curves for a 1 uM cresyl violet solution in ethanol. A,
instrument response function; B, measured fluorescence
response curve; and C, convoluted fluorescence response

curve. Measured lifetime - 3.48 ns.

Measured and convoluted atomic fluorescence response curves
for Na in an air-acetylene flame. A, instrument response
function; B, measured fluorescence response curve; and C,
convoluted fluorescence response curve. Measured lifetime -

0.72 ns.




Figure 6: Excited-state 1ifetime versus radial flame position for Na.

Vertical distance from burner top = 5 cm.

Figure 7. Measured and convoluted atomic fluorescence response curves

for Na in a natural gas-air flame. A, instrument response ;
function; B, measured fluorescence response curve; and,

C, convoluted fluorescence response curve. Measured life-

‘ time - 0.48 ns.
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LO 5MHz - |.2GHz
RF 5MHz - |.2 GHz
IF DC - 1.2GHz
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